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Abstract Background/purpose: With advancements in digital technology, fully digital work-
flow for complete denture fabrication using 3D-printed denture base resin (DBR) has gained
increasing clinical acceptance in recent years. However, the surface characteristics, biocom-
patibility, and biofilm formation of 3D-printed DBR materials remain insufficiently understood.
Therefore, in this study, we investigated and analyzed these aspects.

Materials and methods: Disk-shaped DBR specimens (@ 2.5 mm, 3 mm thick) were fabricated
using packed (PA), milled (ML), and 3D-printed (3D) processes. All specimens were ground with
silicon carbide sandpaper (#600) and ultrasonically cleaned. Surface microtopography and sub-
micron roughness were analyzed using scanning electron microscopy and atomic force micro-
scopy, while a goniometer was used to measure contact angles to calculate the surface energy.
Human gingival fibroblasts and Aggregatibacter actinomycetemcomitans were cultured on the
specimens to assess the cytotoxicity and biofilm formation. Statistical analyses were per-
formed with a significance level set to 0.05.

Results: Microscopic imaging revealed that the 3D group exhibited a more uniformly distrib-
uted texture, while it also had the lowest surface roughness (0.85 um). Additionally, the PA
group had the most hydrophobic surface (82.47°) and the highest surface free energy
(46.08 mN/m). Notably, no group showed cytotoxic effects after 72 h of testing. In addition,
the 3D group demonstrated the lowest biofilm formation after both 24 h and 72 h of microbial
culture.

Conclusion: 3D-printed DBRs exhibited the lowest surface roughness, maintaining non-
cytotoxic and superior resistance to microbial adhesion, suggesting their potential for com-
plete denture fabrication, easy maintenance of oral hygiene, and long-term clinical perfor-
mance.

© 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

For edentulous patients whose treatment options are
limited due to systemic conditions, oral health status, or
financial constraints, complete dentures remain the treat-
ment of choice.’ Denture base resin (DBR), as the primary
material for complete dentures, must exhibit excellent
mechanical strength, biocompatibility, and stability to
ensure long-term durability and patient comfort.”?
Currently, polymethyl methacrylate (PMMA) remains the
most commonly used DBR in clinical practice due to its ease
of processing, esthetic properties, cost-effectiveness, and
adequate mechanical performance.” Conventional fabrica-
tion methods for DBRs primarily include cold-curing and
heat-curing polymerization. Cold-cured DBRs are polymer-
ized through chemical self-curing, offering convenient
handling;® however, they tend to have higher residual
monomer contents.® In contrast, heat-cured DBRs undergo
polymerization under elevated temperature and pressure,
effectively reducing porosity and enhancing flexural
strength and wear resistance.” Nonetheless, the heat-
curing process still suffers from polymerization shrinkage,
which compromises the fit of the denture.® Additionally,
the conventional fabrication workflow is complex and re-
quires highly skilled technicians. Therefore, improving the
properties of DBRs while simplifying the manufacturing
process has become a crucial area of development in digital
dental technology.® "

The full digitalization of denture fabrication workflows
has emerged as a significant trend in recent years, leading

to notable improvements in both efficiency and pre-
cision.'®"? Among these advancements, milling and three-
dimensional (3D) printing are the most representative dig-
ital manufacturing techniques. The milling process utilizes
pre-polymerized PMMA blocks for high-precision cutting,
which not only enhances the fitting accuracy of dentures
and minimizes the deformation issues associated with
conventional heat-curing processes but reduces the release
of residual monomers.">'* However, milling results in
considerable material waste and involves high equipment
costs.”™'® In comparison, 3D printing reduces material
waste through layer-by-layer photopolymerization and en-
ables the fabrication of DBRs with complex geometries and
customized designs.'® '® While digital manufacturing
techniques have significantly advanced DBR applications,
most research has focused on comparing the mechanical
properties, dimensional accuracy, and color stability of
conventionally packed, milled, or 3D-printed DBRs; yet
comprehensive evaluations of their biocompatibility and
biofilm formation remain limited.

To our knowledge, only a few 3D-printed DBR materials
or brands have received medical device licenses from the
Taiwanese government or international regulatory
agencies, highlighting the need for further investigation.
Therefore, in this study, we analyzed the surface charac-
teristics, biocompatibility, and biofilm formation of DBRs
fabricated using three different processes: conventional
cold-polymerized packing (SR Triplex Cold), milling (IvoBase
CAD Pink V), and 3D printing (FREEPRINT denture). The
findings will provide scientific evidence for evaluating the
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clinical safety and feasibility of 3D-printed DBRs and
contribute to the advancement of fully digital denture
fabrication technologies.

Materials and methods

Fabrication of test specimens

Disk-shaped samples (210.0 mm, 3.0 mm thick) were
fabricated using conventional packing (PA), five-axis milling
(ML), and 3D printing (3D) processes. The materials used
and fabrication methods in this study are listed in Table 1.
All samples were ground with silicon carbide paper, cleaned
with distilled water in an ultrasonic cleaner, and air-dried.

Surface characterization

Surface microtopography was observed using a thermal
field emission scanning electron microscope (FE-SEM; JSM-
7800F Prime, JEOL, Tokyo, Japan), with images recorded at
2500 x and 5000 x magnification. An atomic force micro-
scope (AFM; Bruker Dimension Icon VT-1000, Santa Barbara,
CA, USA) was used to measure submicron surface roughness
over a 5 x 5-um area (n = 10). Contact angles of distilled
water (CAyw) and diiodomethane (CAp) were measured on 10
specimens per group using a goniometer (Phoenix Mini,
Surface Electro Optics, Seoul, South Korea), with three
10 pL drops of each liquid measured per specimen. The
surface energy (SE) was further calculated using the
method of Owens, Wendt, Rabel and Kaelble via Surface-
ware software (vers. 9, Surface Electro Optics) based on
contact angle data.

Cell cultures and cell cytotoxicity

The human gingival fibroblast (HGF-1) cell line (ATCC #CRL-
2014) was cultured in Dulbecco’s modified Eagle medium
(DMEM), following a method described by Peng et al."
Autoclaved specimens (121 °C, 1.2 kg/cm?, 30 min) from
each processing were immersed in DMEM at 37 °C for 72 h to
prepare extracts for the cytotoxicity assay. HGF-1 cells

were seeded in a 96-well plate (at 10° cells/well). After cell
attachment, the culture medium was replaced with DMEM
containing specimen extracts. After 24 h of incubation, cell
viability was assessed using the PrestoBlue reagent ac-
cording to the manufacturer’s instructions.

Microbial cultures and biofilm formation assay

An Aggregatibacter actinomycetemcomitans microbial
strain (BCRC #80375) was cultured in brain heart infusion
broth, following a method described by Peng et al.?’ The
optical density at 600 nm (OD600) was adjusted to 1.0 using
fresh broth to obtain a standard inoculum of 3 x 108 colony-
forming units (CFU)/mL.  Aggregatibacter actino-
mycetemcomitans (106 CFU/mL) was inoculated into all
wells of a 24-well plate containing DBR samples (PA, ML, or
3D) and incubated at 37 °C for 24 h and 72 h. After incu-
bation, the medium was removed, and wells were washed
twice with phosphate-buffered saline (PBS) and air-dried
for 1 h. Crystal violet (150 pL of 0.1 % w/v) was added to
each well and incubated at room temperature for
10—15 min. The absorbance at 490 nm (OD490) was
measured on an enzyme-linked immunosorbent assay
(ELISA) microplate reader (Molecular Devices, San Jose, CA,
USA).

Statistical analysis

Data are expressed as the mean =+ standard deviation (SD).
Normality was confirmed using the Shapiro—Wilk test,
allowing for parametric analysis. Ra values and hydrophi-
licity comparisons were conducted using a one-way analysis
of variance (ANOVA), followed by Tukey’s post-hoc honest
significant difference (HSD) test for multiple group com-
parisons (PA, ML, and 3D). Biological evaluation assays
(cytotoxicity and biofilm formation) were performed with
three replicates per group and analyzed using a one-way
ANOVA with Tukey’s HSD post-hoc test. Statistical analyses
were conducted using SPSS (vers. 19, IBM, Amork, NY, USA)
and Prism (vers. 10, GraphPad Software, San Diego, CA,
USA), with significance set to P < 0.05.

Table 1  Materials used in this study.
Identification Composition® Fabrication process Machine (Manufacturer) Abbreviation
(Manufacturer)

SR triplex cold (ivoclar Powder: PMMA, catalyst,

Vivadent AG, Schaan, pigments

Liechtenstein) Liquid: MMA,
dimethacrylate, catalyst,
stabilizer

IvoBase CAD Pink V (ivoclar PMMA, co-polymer for
Vivadent AG, Schaan, impact toughness
Liechtenstein) modification, pigments

FREEPRINT denture =
(Detax, Ettlingen,

Germany)

Universal five-axis
production unit

Conventional packing = PA
(self-curing)

inLab MC X5 (Dentsply ML
Sirona, long island City,
NY, USA)

DLP light-curing 3D printer 3Demax (DMG medical 3D

devices, Hamburg,
Germany)

PMMA, polymethylmethacrylate; MMA, methylmethacrylate; DLP, digital light processing.
2 Composition information was provided by the manufacturer, while the 3D printing manufacturer did not provide the detailed

composition.
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Results
Surface microtopography and topography

Based on microscopic images shown in Fig. 1, all specimens
exhibited distinct linear grinding marks. The PA group
showed the most pronounced texture, the ML group
featured parallel deep grooves, and the 3D group presented
a uniformly distributed microstructure. The surface
roughness and topography of the DBRs are summarized in
Table 2 and Fig. 1. The Ra value of the PA group was
significantly higher than those of the ML and 3D groups
(P < 0.05), and Rq values followed a similar trend, indi-
cating that the PA group exhibited greater surface micro-
topographical variations and more-pronounced height
fluctuations. Rz, which represents the maximum height
roughness, was greatest in the PA group, followed by the ML
and 3D groups, with a significant difference between the PA
and 3D groups (P < 0.05).

Surface wettability

The surface wettability results are presented in Table 2.
CAw, which reflects the surface wettability to polar liquids,
was significantly lower in the PA group than in the ML and
3D groups (P < 0.05), indicating higher hydrophilicity. CAp,
representing wettability to non-polar liquids, ranged
25.92°—-28.88°, with no significant differences among the
three groups (P > 0.13). Although the PA group exhibited a
lower CAy value, no significant differences in SE were
observed among the three groups (P > 0.24).

Cytotoxicity

The cytotoxicity assessment results (Fig. 2) showed no
significant differences in cell viabilities among the pro-
cessing groups compared to the blank group (NT) at any

Figure 1

5 um5 um

time points (P > 0.95). This indicated that different DBR
fabrication processes did not induce immediate or inter-
mediate cytotoxicity in HGF-1 cells. Cell viability
remained stable, confirming the excellent cytocompati-
bility of DBR materials and the absence of significant
cytotoxic substance release.

Biofilm formation

Fig. 3 illustrates A. actinomycetemcomitans biofilm for-
mation on DBRs fabricated using the three processes. The
PA group exhibited significantly greater biofilm formation
at 72 h than at 24 h (P < 0.05), indicating a clear accu-
mulation trend over time. In contrast, the ML and 3D
groups showed minimal variations between 24 h and
72 h (P> 0.06), suggesting more-stable bacterial adhesion.
Notably, the 3D group demonstrated the lowest biofilm
formation at both time points compared to the PA and ML
groups, suggesting that the surface characteristics of the
3D-printed DBRs may inhibit A. actinomycetemcomitans
adhesion.

Discussion

Compared to conventional packing (self-curing) and five-
axis milling, digital light processing (DLP) 3D printing
significantly reduces the surface roughness of DBRs. This
improvement stems from its high-precision layer-by-layer
stacking, the self-leveling effect of liquid resin, reduced
mechanical stresses, and controlled post-processing.’’??
DLP technology employs a digital light source to simulta-
neously cure the entire resin layers, achieving a minimum
layer thickness of 50 pum, which enhances surface smooth-
ness.”> The liquid resin fills minor irregularities before
photopolymerization, minimizing defects.?' 23 In contrast,
conventional packing is prone to polymerization shrinkage,
air bubbles, and mold limitations, while milling introduces
tool marks, increasing roughness.> "> 1¢ Additionally, DLP

5 um5 um

Surface microtopography and topography of denture base resins (DBRs) fabricated using (A) conventional packing, (B) a

universal five-axis production unit, and (C) a digital light processing (DLP) light-curing 3D printer.

1719



C.-F. Tseng, C.-C. Sung, Y.-T. Yang et al.

eliminates tool-induced microcracks and scratches. Post-
processing, including isopropanol cleaning and secondary
curing, further reduces roughness. The uniform cross-linked
molecular structure formed during DLP printing minimizes
microscopic defects, ensuring superior surface quality
compared to thermosetting or self-polymerizing resins.?>~2°

To the best of our knowledge, most 3D-printable DBRs
are primarily designed for provisional (temporary) or im-
mediate dentures. However, the FREEPRINT denture
(Detax) used in this study is the material that has received
approval from the US Food and Drug Administration and
European Union Medical Devices Regulation, allowing its
use in definitive dentures. Given its long-term clinical
application, it is crucial to further evaluate its biocom-
patibility, as potential cytotoxicity may arise from the
release of unpolymerized monomers, residual polymeriza-
tion initiators, or other degradation byproducts.®'*' In
this study, none of the tested DBR materials induced sig-
nificant cytotoxic reactions (Fig. 2), indicating that their
chemical composition and fabrication processes support
stable cell growth without adverse effects on HGF-1 cells.
The observed stable cell viability and favorable biocom-
patibility further reinforced the clinical safety of these
materials, supporting their feasibility for use in definitive
denture fabrication.?®

Surface roughness plays a crucial role in determining
the wettability and bacterial adhesion characteristics of
materials.”?” The PA group exhibited higher Ra and Rz
values (Table 2), indicating a greater degree of surface

microtopography, which may promote moisture reten-
tion and the exposure of polar functional groups such as
hydroxyl (—OH) and carboxyl (—COOH), thereby
increasing hydrophilicity (lower CAyw).?®2° Hydrophilic
surfaces tend to more readily adsorb water and bio-
molecules, such as proteins, providing initial conditions
favorable for bacterial adhesion.?%*" The pronounced
surface polarity of the PA group may facilitate early
bacterial colonization and accelerate biofilm develop-
ment. Studies showed that moderately hydrophilic sur-
faces create a conducive wetting environment for
bacterial adhesion and proliferation,? which explains
the significant increase in biofilm formation in the PA
group within 72 h. In contrast, the ML and 3D groups
exhibited significantly higher CAy values than the PA
group, indicating greater hydrophobicity. Notably, the
3D group displayed the lowest Ra, Rq, and Rz values
(Table 2), resulting in the smoothest surface, which may
have further influenced the bacterial adhesion behavior.
Generally, smoother surfaces reduce microscopic pores
and depressions, making it more difficult for bacteria to
establish stable attachment and aggregation, thereby
limiting biofilm accumulation.®” The specific micro-
layered structure generated by 3D printing may also
affect the water contact angle and bacterial adhesion
mechanisms, which may have led to lower biofilm for-
mation at both 24 h and 72 h compared to the PA and ML
groups.>® This suggests that 3D-printed DBRs may inhibit
the adhesion of periodontal pathogens.

Table 2  Surface roughness and wettability of the denture base resins (DBRs).
Group Surface roughness Surface wettability

Ra (um) Rqg (um) Rz (um) CAw (°) CAp (°) SE (mN/m)
PA 0.90 + 0.162 1.14 £+ 0.28% 6.40 + 1.752 82.47 + 1.44° 25.92 + 0.682 46.09 + 0.43?
ML 0.84 + 0.11° 1.02 + 0.13° 6.01 & 1.40*° 86.43 + 1.16° 26.69 + 2.42° 45.34 + 0.95°
3D 0.83 & 0.14° 1.03 + 0.14° 5.73 + 0.88° 85.05 + 1.98° 28.88 + 3.992 44.64 + 1.75°

DBRs were fabricated using conventional packing (PA), a universal five-axis production unit (ML), and a DLP light-curing 3D printer (3D).
Ra, arithmetic mean deviation; Rq, root mean square deviation; Rz, maximum height of profile; CAy, contact angle of distilled water;

CAp, contact angle of diiodomethane; SE, surface energy.

2 and °: Different superscript letters in the same column indicate a significant difference in the mean of the parameter between the two

groups.

120 120 120
£ 100 £ 100+ £ 100
b = b
) o o Al
2 80 § 80 g\o, 80
2 60 2 60 2 60
3 3 3
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8 20 8 204 8 204
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NT  PA 3D NT

24h

ML
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ML
48h

PA ML
72h
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Figure 2  Assessment of human gingival fibroblast (HGF-1) cytotoxicity on denture base resin (DBR) surfaces after (A) 24 h, (B)
48 h, and (C) 72 h, as determined using the PrestoBlue cell viability reagent. NT, blank group without a DBR specimen; DBRs were
fabricated using conventional packing (PA), a universal five-axis production unit (ML), and a digital light processing (DLP) light-

curing 3D printer (3D).
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A. actinomycetemcomitans
Figure 3 Biofilm formation ability of A. actino-

mycetemcomitans on denture base resin (DBR) surfaces fabri-
cated using conventional packing (PA), a universal five-axis
production unit (ML), and a digital light processing (DLP) light-
curing 3D printer (3D). * Significantly differs from PA at 24 h and
72 h (P < 0.05).

It is noteworthy that biofilm formation on DBR surfaces is
closely associated with surface roughness values.>* Previous
studies demonstrated that when the Ra of resin exceeds the
clinically acceptable threshold of 0.2 um, bacterial adhe-
sion and biofilm formation significantly increase.* There-
fore, controlling the surface roughness of DBR materials
below this threshold is essential for minimizing bacterial
attachment and preventing biofilm-associated infections.
However, in this study, all DBR samples were subjected only
to sandpaper polishing without additional polishing treat-
ments, resulting in surface roughness values exceeding the
threshold. Consequently, biofilm formation was observed
on all material surfaces, consistent with previous research
findings. This highlights an important clinical recommen-
dation that DBR should undergo appropriate polishing pro-
cedures to reduce surface roughness and prevent microbial
adhesion in clinical applications.

There are several limitations in this study, including
optical properties, water absorption, and dimensional sta-
bility of 3D-printed DBRs which were not investigated.
Additionally, the biocompatibility and biofilm formation
assays utilized only a single cell line and microbial strain,
which might not comprehensively reflect the complex oral
microbiome and clinical environment. Future research
should further explore these factors to obtain more-
complete evaluations. Despite these limitations, the find-
ings of this study indicate that DBRs fabricated using
different manufacturing processes (PA, ML, and 3D)
exhibited good biocompatibility, and that surface wetta-
bility and roughness significantly influence biofilm forma-
tion. Due to its higher hydrophobicity and lower surface
roughness, 3D-printed DBRs may reduce moisture retention
and bacterial adhesion, leading to more-stable biofilm

1721

formation and lower bacterial counts over time compared
to other manufacturing methods. This suggests that its
surface characteristics may help mitigate biofilm develop-
ment, thereby reducing the risk of infection and biofilm-
associated complications. Overall, 3D printing technology
provides a simple and efficient method for DBR fabrication,
and the findings of this study can serve as a valuable
reference for clinical applications and material selection.
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