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Abstract: Background In dentistry, interest in computer-aided design and computer-aided manufacturing
(CAD/CAM) over traditional denture fabrication systems is increasing. However, few studies have compared the
physiochemical and biological properties of different fabrication methods. Therefore, the aim of this study was to
evaluate and compare the physicochemical properties of different denture materials in terms of surface roughness
and Candida albicans adhesion on the basis of polymerization methods and 3D print orientation. Methods Four
types of resin disks were prepared: autopolymerization, heat-activated polymerization, milling, and 3D printing. The
surface roughness and water contact angle were measured via a profilometer and the sessile drop method. After C.
albicans inoculation, microbial adhesion was measured by scanning electron microscope (SEM), a crystal violet
assay, and an alcian blue assay. To further investigate the relationship between surface roughness and microbial
adhesion, 3D-printed resin was fabricated at different build orientations. The resins were printed at 0, 45, and 90-
degrees to modulate different surface roughness and the same experimental set was used. The cell wall thickness of
each group was measured via confocal laser scanning microscopy (CLSM). For statistical analysis, one-way
ANOVA and Tukey’s post hoc tests were performed. Results The 3D-printed group presented the greatest adhesion
with the highest roughness parameters (Ra, Rdg). The milled group presented the lowest adhesion with the lowest
surface roughness values. (p < 0.05) Among the 3D-printed samples with different build orientations, the 0-degree
presented the lowest surface roughness and the lowest microbial adhesion. (p < 0.05) Microbial adhesion was less
related to average roughness and more related to microroughness. The cell wall thickness showed no difference
between the groups. (p < 0.05) Conclusion Microbial adhesion is significantly affected by fabrication methods and
build orientation. Milled and 0-degree 3D printed resins provide improved options with the potential to minimize
Candida albicans adhesion with the lowest surface roughness. Due to their relatively high surface roughness and
microbial adhesion, 3D-printed resins with different printing orientations require care and further modifications.
This study aims to provide a deeper understanding of surface morphology and microbial adhesion and lead to
novel approaches to prevent and manage intraoral infections.
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1. Introduction

Oral candidiasis is one of the most common fungal
infections, often related to dentures and the edentulous
population [1,2]. Denture stomatitis has a multifactorial
etiology including ill-fitting dentures, poor denture
maintenance, and suboptimal oral hygiene [1]. Among
these factors are the biofilm formation of C. albicans on

the denture surfaces. According to previous studies, a
greater number of C. albicans were detected on the
intaglio surface of the denture, than on the patient’s
mucosa, implying that the dentures can act as a reservoir
and a source of infection that poses a significant threat to
patient health [3,4]. C. albicans biofilm formation also
results in increased virulence due to enhanced resistance
to treatment, particularly when it acts synergistically with
other species in a commensalism [5]. In particular, elderly
patients with limited dexterity for self-care and health
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management may be at greater risk of local and systemic
fungal infections such as pneumonia, emphasizing the
importance of biofilm management in dentures [6].

Resin is a commonly used material to fabricate dentures
with a porous and rough surface, on which C. albicans can
easily attach and form biofilms [7,8]. The presence of
biofilms impedes the complete removal of pathogens and
enables quick regrowth of pathogens at previously
infected sites [9,10,11,12,13]. There are several factors
influencing the formation and ease of biofilm removal,
including surface characteristics, thickness, and elasticity
[14,15]. These factors are often dependent on the material
used to fabricate the denture [16]. Heat-activated
polymerization was the most common method used to
manufacture dentures. However, with the advent of
computer-aided design (CAD) and computer-aided
manufacturing (CAM) technology, more clinicians and
dental technicians have utilized subtractive and additive
resin fabrication methods for denture fabrication [17,18].
Each method of resin production presents various surface
characteristics, leading to difference in microbial growth.

According to previous studies, the average surface
roughness (Ra) is commonly used to describe surface
roughness [19,20,21]. However, its limited ability to
accurately represent intricate surface patterns has led to
the need for additional parameters [22,23]. Previous
studies have reported mixed results regarding the
relationship  between  multiple surface  roughness
parameters and microbial adhesion, emphasizing the need
for further research. Notably, the build orientation of 3D-
printed resin has been associated with various
susceptibility levels to microbial attachment [24,25]. The
build orientation determines the direction and
configuration of the layers, resulting in a unique surface
geometry and roughness [26]. However, the relationship
between roughness and microbial attachment remains
inconclusive, necessitating further investigation into the
connection between build orientation, surface roughness,
and microbial adhesion.

This research aims to evaluate the amount of microbial
adhesion on different denture resin surfaces and its
relationship with surface roughness. Four alternative
fabrication methods, including autopolymerization, heat-
activated polymerization, milling, and 3D printing, were
tested, followed by 3D-printed resin at different build
orientations to modulate surface roughness. The null
hypotheses were that different resin fabrication methods
would not influence C. albicans adhesion, and that the
build orientation would not influence the surface
roughness or microbial adhesion.

2. Methods

Fabrication of the resin samples

Denture resin disk samples were designed via using
CAD software (Meshmixer, Autodesk, San Rafael, CA,
USA) with dimensions of 10mm in diameter and 3mm in
thickness. The disks were then saved as standard
tessellation language (STL) files for milling (Pink PMMA
BLOCK, Huge Dental, Walnut, CA, USA), and 3D
printing (Denture Plus ARUM 5.0, ARUM Dentistry,
Daejeon, Korea).

Resin patterns were made with the same STL file to
make autopolymerization (PressLT, Scheftner, Mainz,
Germany), and heat-activated polymerization (DON 2000,
Retec GmbH, Rosbach, Germany) resin disks. Resin
sample disks were manufactured as manufacturer’s
instruction via conventional flasking and pressure packing
techniques. All samples were then ground down to 2 mm
thickness and immersed in distilled water for 24 h to
minimize monomer residues. The samples were then
sterilized by Ethylene Oxide sterilization [9].

Surface Characterization

The surface roughness of each resin was measured via a
confocal laser scanning microscope (CLSM; LSMB800,
Carl Zeiss, Oberkochen, Germany) with the 1SO 4287
standard. Five points were taken from each sample. The
average roughness (Ra) and root mean square slope of the
assessed profile (Rdq) values were measured. To evaluate
hydrophilicity, the sessile drop method was utilized with
distilled water. Each drop was horizontally photographed
(Nikon, Nikon Instech Co., Ltd., Kanagawa, Japan) and
the contact angle was analyzed using image analysis
software (ImageJ, National Institutes of Health, Bethesda,
MD, USA)

Microbial Inoculum

Each resin disk was placed in a 24-well plate and
inoculated with 2 ml of C. albicans (KCTC 7270)
suspension (1x10° cells/ml). C. albicans was cultured in
yeast malt broth (0.3% yeast extract, 0.3% Malt extract,
0.5% peptone, 1% dextrose concentration). Each sample
was aerobically cultured for 24 h at 37°C [27].

Biofilm assessment

To visually confirm growth in each group by scanning
electron microscopy (SEM) after 24 hours of inoculation,
the samples were fixed with 1 ml of 4% paraformaldehyde
for 4 hours and rinsed three times with 1 ml of phosphate
buffered saline (PBS) for 15 minutes. Then, the samples
were fixed with 1 ml of 1% osmium tetroxide for 60 min
and washed with 1 mL of PBS for 15 min. The samples
were further dehydrated in successively increasing
concentrations of 70%, 80%, 90%, 95%, and 100%
ethanol. The resin samples were then treated in 1 mL of
100% hexamethyldisilazane for 20 minutes. The samples
were then platinum coated and examined at 10-kV voltage
via SEM (S-4700, Hitachi Ltd., Tokyo, Japan) [27].

After 24 h of biofilm formation, the biofilm on each
resin sample were quantified via a crystal violet assay. [28]
The samples were stained with 1% (w/v) crystal violet
solution (HMDS, Sigma-Aldrich, St. Louis, MO, USA) for
10 min in the dark. The samples were then gently rinsed 3
times with PBS to remove excess dye. The samples were
subjected to bright field imaging via a stereomicroscope
(Leica S6D, Leica, Wetzlar, Germany). The crystal violet
dye bound to the biofilm was dissolved in a destaining
buffer of ethanol-water (50: 50, v/v). The optical density of
the dissolved dye was measured via a microplate reader
(Epoch 2, Bio-Tek, Winooski, VT, USA) at 595 nm.

After biofilm formation for 24 h, the samples were
stained with alcian blue solution (HMDS, Sigma-Aldrich) for
10 min in the dark. The samples were then gently washed 2
times with PBS to remove excess dye. The samples were
subjected to bright field imaging by stereomicroscope. The
remaining dye was extracted using a 3% acetic acid solution.
The optical density of the dissolved dye was measured via
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a microplate reader at 620 nm [29].
Build orientation modulation

To further investigate the influence of surface
roughness, disks were printed at different build angle. A
total of 24 disks of the same size were designed via the
same CAD software at build angles of 0, 45, and 90-
degrees. Disks were fabricated by the same 3D printer
(Denture Plus ARUM 5.0, ARUM Dentistry, Daejeon,
Korea). The surface roughness was measured via confocal
laser scanning microscopy with the 1SO 4287 standard,
with 8 points for each sample. The average Roughness (Ra)
and root mean square slope of the assessed profile (Rdq)
values of the measurements were obtained. For the biofilm
formation assay, each resin disks were inoculated with C.
albicans as previously described. A crystal violet assay
was performed to assess microbial adhesion.
Staining and visualization of biofilms via CLSM

The biofilms on the resin disks were stained in PBS
containing 250 pg/mL Concanavalin A (Sigma-Aldrich, St.
Louis, USA), and 25 pg/mL Hoechst (Sigma-Aldrich, St.
Louis, USA) for 30 min at room temperature in the dark.
[30,31] Each sample was then washed with PBS three
times and placed upside down on glass bottom confocal
dishes (SPL Life Sciences, Pocheon-si, South Korea) with
BacLight mounting oil (Thermo Fisher Scientific,
Waltham, MA, USA). Images were obtained via CLSM
(LSM980, Carl Zeiss, Oberkochen, Germany) in the 519
nm and 432 nm excitation ranges. The images were
processed, and the cell wall thickness was measured via
ZEN (Carl Zeiss, Oberkochen, Germany). A minimum of
10 walls were measured per group.
Statistics

The significance of differences among the groups was
analyzed via one-way analysis of variance (ANOVA) with
Tukey’s test for multiple comparisons (0=.05) via the
GraphPad Prism 9 (GraphPad, San Diego, CA, USA)
program.

3. Results

Physiochemical surface characterization

To analyze the surface roughness and topology of the
resin samples fabricated via the four different methods,
3D surface scanning via confocal microscopy was
performed. A surface topology heatmap and cross-
sectional profile curve revealed that the 3D printed groups
presented a highly intricate surface pattern of erratic
variation in height (Figure 1A). This complexity
manifested as a highly irregular pattern of prominences
and depressions, leading to a surface with high
microroughness (Figure 1A). The autopolymerized and
the heat-activated polymerized groups presented relatively
smoother surfaces (Figure 1A). The milled group
presented consistently defined contours with little
variation in surface topography (Figure 1A). Despite the
presence of prominent peaks and valleys, with the
exception of the 3D-printed group, did not exhibit
significant microirregularities (Figure 1 A). The average
Roughness (Ra) and root mean square slope of the
assessed profile (Rdqg) of ISO 4287 were quantified for
each group. The autopolymerized and 3D-printed groups
showed the highest Ra values. The Ra value of the heat-

activated polymerized group was ranged in between, and
the milled group presented the lowest Ra value (p < 0.05)
(Figure 1B). For Rdq value, the 3D-printed group
presented the highest Rdg value, and the milled group
showed the lowest Rdqg value (p < 0.05). There was no
significant difference in the Rdq value between the
autopolymerized group and that of the heat-activated
polymerized group (p > 0.05) (Figure 1 C).

The hydrophilicity of the different groups was
compared via water contact angle analysis. However, there
was no statistically significant difference in the water
contact among the groups. (Figure 1D and Figure 1E)
Resin type dependent biofilm proliferation

To visually confirm the growth of C. albicans, all four
groups of resin samples were imaged via SEM. Large
clusters of C. albicans were observed on the 3D printed
groups, whereas only a sparse presence of C. albicans was
observed on the milled groups (Figure 2A). The amounts
of C. albicans bound to the autopolymerized and heat-
activated polymerization groups were similar, ranging
between the 3D-printed and milled groups (Figure 2A).
The total biomass of C. albicans bound to different resin
samples was determined via a crystal violet assay. The
3D-printed groups exhibited widespread contamination,
whereas the milled group presented the lowest
contamination (Figure 2A). The contamination areas of
the autopolymerized and heat-activated polymerization
groups were similar, ranging between the 3D-printed and
milled groups (Figure 2A). Similarly, the optical density
(OD) values of the autopolymerized and heat-activated
polymerized groups were not significantly different (p >
0.05). The OD value of the milled resin was significantly
lower than that of the other three groups (p< 0.05). The
OD value of the 3D-printed resin was significantly greater
than that of the other three groups (p< 0.05) (Figure 2B).

Next, the carbohydrate content in the biofilm was
evaluated via an alcian blue assay. Both bright field
images and OD value-based quantification data revealed
significantly greater carbohydrate contents in the 3D-
printed groups and significantly lower carbohydrate
contents in the milled groups than in the other groups
(Figure 2A and 2C). The carbohydrate contents of the
autopolymerized and heat-activated polymerization groups
were similar (p > 0.05), ranging between the 3D-printed
and milled groups (Figure 2A and 2C).

Printing orientation dependent biofilm growth

On the basis of these previous results, this study
hypothesized that the surface roughness of differently
fabricated resins is the key factor for the surface binding
and proliferation of C. albicans. Therefore, a test was
performed to evaluate whether printing orientation-
dependent modulation of surface roughness can reduce or
enhance C. albicans binding and proliferation. The 3D
surface analysis revealed the lowest Ra value in the O-
degree orientation group and the highest Ra value in the
45-degree orientation group (Figure 3A and 3B). With
respect to surface complexity, the O0-degree group
presented the lowest Rdqg value, and 45-degree group
showed highest Rdg value (p < 0.05) (Figure 3C). As
expected, the results of crystal violet staining results
revealed that the O0-degree groups, which had the
smoothest surfaces, presented the lowest level of
contamination, whereas the 45-degree groups, which had
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the roughest surfaces, presented the highest level of
contamination. However, there was no significant
difference in C. albicans contamination between the 45-
degree and 90-degree groups (p > 0.05) (Figure 4).

Cell wall thickness measurement and visualization by
CLSM
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The cell wall thickness did not differ among the 3D-
printed groups (Fig 5 B). Visual inspection and counting
of the cells in each group revealed findings consistent with
previous results, where the 0-degree group presented a
lower level of microbial adhesion, whereas the 45-degree
and 90-degree groups presented the higher levels.
(Figure5A and 5C)
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Figure 1. Physicochemical characterization of denture surfaces generated by different fabrication methods. A Laser scanned surface, surface topology
heatmap, and surface profile. B Average surface roughness (Ra) values of the samples. C Root mean square slope (Rdq) values of the samples. D
Representative image of a sessile drop on the sample for hydrophilicity analysis. E Water contact angle of the samples. (*p < 0.05, ****p < 0.0001)
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um. Original magnification x2000. B Quantification of the OD values of the samples subjected to dissolved crystal violet staining at 595 nm. C
Quantification of the OD values of dissolved alcian blue staining at 620 nm. (** p < 0.01, ***p < 0.001 ****p < 0.0001)
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Figure 3. Surface topology and roughness of 3D-printed resins with different printing angles. A Laser scanned surface and surface topology heatmaps
of 0, 45, and 90-degree resin samples. B Average surface roughness (Ra) values of the samples. C Root mean square slope (Rdq) values of the samples.
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Figure 4. C. albicans growth on 3D-printed resins with different printing angles. A Image of crystal violet assay for 0,45, and 90-degree resin samples.
B Quantification of the OD values of the 0, 45, and 90-degree resin samples subjected to dissolved crystal violet staining at 595 nm. (**p < 0.01, ***p <
0.001)
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4. Discussion

The aim of this study was to evaluate the surface
roughness and microbial adhesion of resin surfaces
fabricated via different methods and build orientations.
The first hypothesis that there is no difference between the
resin groups fabricated by different methods was rejected,
as the milled group presented the lowest Ra, Rdg, and
microbial adhesion. The highest Ra, Rdg, and microbial
adhesion were found in the 3D-printed group. The second
hypothesis was also rejected, as the 0-degree group
presented lower Ra, Rdg, and microbial adhesion values.
The findings are consistent with those of previous studies.

Among the different characteristics, previous research
has demonstrated that the level of growth is directly
proportional to the roughness of the surface [19]. Surface
roughness was found to play an important role in the
initial adherence of bacteria and could act as a buffer to
shear forces applied to biofilms [20]. In this study, the
arithmetic average roughness (Ra) and root mean square
slope of the assessed profile (Rdq) values were analyzed.
The Ra value is widely used to describe surface roughness
[21]. Compared with those of the other groups, the Ra
value of the milled resin was the lowest, implying a
smoother surface. However, the Ra value of the 3D-
printed resin was comparable to that of the
autopolymerized group, which highlights the limitations
of Ra as the sole parameter for explaining variations in
microbial adhesion.

The Ra value is defined as the absolute average relative
to the base length which presents general description of
the surface roughness but provides little information on
the microstructure of the surface. Consequently, even if
two surfaces display distinctive characteristics, the
average could be similar which could be a possible
explanation for the lack of difference between the
autopolymerized and the 3D-printed groups [32,33].

Furthermore, according to previous studies, biofilm
formation and bacterial growth heavily depend on the
microroughness of the surface, which cannot be accurately
reflected by the Ra values [22,34].

Therefore, this study focused on the Rdq value, which
is defined as the root mean square slope of the assessed
profile. The Rdq value better reflects the complexity of the
surface and its microroughness. The Rdq value properly
coincided well with the C. albicans growth and biofilm
formation results. With a higher Rdg value and more
complex surface, the 3D-printed resin had the highest C.
albicans adhesion. With a lower Rdq value, and hence
smoother surface, the milled resin showed less adhesion.
The profile curve of the surface topography results further
illustrates the results. The 3D-printed resin presented
extreme microroughness with highly varied heights on its
surface. Autopolymerized and heat-activated polymerized
resin showed mild elevation and depression that lacked
pronounced irregularities. The milled group presented a
relatively smooth surface with little variation. The results
revealed that the microstructures of the surfaces varied
among the groups, and could lead to different levels of
microbial attachment.

Further study was performed to reveal the relationship
between surface roughness and microbial adhesion.
According to a previous study, printing orientation does
not influence the level of microbial adhesion {Li, 2022
#91}. On the other hand, Yacob et al. revealed that the
printing orientation is crucial to microbial adhesion, with
0-degree showing the least amount of adhesion {Yacaob,
2023 #73}. This study further revealed that microbial
adhesion is related to the printing orientation, with the 0-
degree group showing the least amount of adhesion
compared with the 45- and 90-degree groups. A previous
study reported that even with lower a Ra value, greater
level of microbial adhesion was observed. Multiple factors
including surface energy, absorbance level, and
hydrophobicity have been identified to explain this
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discrepancy {Silva, 2023 #94}. As mentioned, this study
focused on subsidiary surface roughness parameters to
evaluate this relationship. The 45-degree and 90-degree
groups had no significant difference in microbial adhesion,
despite the lower Ra value of the 90-degree group. The
45- and 90-degree groups presented similar Rdq values,
and similar levels of microsurface complexity. Therefore,
although the Ra value is commonly used to describe
surface roughness, it has several limitations, and
subsidiary parameters such as Rdq values could be used as
auxiliary tools to describe resin surface characteristics and
more accurately predict microbial adhesion.

The cell wall could be an important indicator of
antifungal agent resistance. With a thicker cell wall,
antifungal agents cannot penetrate the wall and can be
activated. There was no difference in cell wall thickness in
this study. However, the CLSM results revealed greater
number of Concanavalin A-stained cells in the 45- and 90-
degree printed resins, which could potentially indicate
thicker biofilms and greater resistance. Further studies are
needed to establish a meaningful relationship between the
surface roughness level, microbial adhesion level and cell
wall thickness.

In this study, the resin samples were unpolished to
simulate the intaglio surface of the denture, since the
intaglio surface often cannot be polished. The low
adherence of C. albicans to milled and 0-degree 3D
printed resin poses a certain advantage to patients with
limited dexterity by minimizing the number of initial
colonizers. However, despite their low adherence,
microbial adhesion is inevitable, and a high emphasis on
proper maintenance should be imposed. Owning to the
characteristics of the patient population, denture wearers
often lack the ability to mechanically clean their prosthesis
and are left to chemical cleansing alone. However,
traditional chemical cleaning alone is often insufficient for
removing mature biofilms due to their resistance [10,35].
Lee et al. presented a new chemical method for cleaning
dentures, with significant potential to properly maintain
patients’ oral health [27]. Further innovative and easily
accessible ways to maintain the oral health of denture
patients properly are needed.

The limitations of this study includ that denture have
more complex structures that resin disk samples do and
that further considerations should be taken in place before
they can be applied in clinical situations. Additionally,
various factors influencing growth and biofilm
development other than roughness should be considered.
Finally, due to such a variant way of fabricating 3D-
printed resin, the 3D-printed resin discussed in this paper
could not be the represented. Biofilm formation is
significant but not the only factor to consider when
choosing the material for denture manufacture. However,
this research aims to provide valuable guidance to
clinicians in their decision-making process by examining
biofilm formation on different denture resin surfaces.

5. Conclusion

Fabrication methods and printing orientation
significantly affect surface roughness and microbial
adhesion. The relatively smooth  micro- and

macroroughness of the milled and 0-degree printed resins
were advantages over those of conventional and other 3D-
printed resins. More precautions should be taken in the
case of 45- and 90-degree printed resins because of their
greater susceptibility to C. albicans fungal colonization
and possibly greater resistance to antifungal agents due to
thicker cell walls.

In addition to the Ra value, the Rdqg value could be used
to more accurately describe the surface morphology of
denture resins and possibly explain the different levels of
microbial adhesion. This study aims to provide valuable
data on the surface morphology of different resins and C.
albicans adhesion with respect to different parameters. A
deeper understanding of C. albicans biofilm formation
with respect to surface roughness can lead to better and
novel approaches in preventing and managing denture
stomatitis in clinical practice.

Abberviations

ANOVA: one-way analysis of variance; CAD/CAM:

Computer-aided design and computer-aided
manufacturing; CLSM: Confocal laser Scanning
Microscopy; OD: Optical density; PBS: phosphate

buffered saline; SEM: Scanning electron microscope; STL:
Standard tessellation language;
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