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Abstract: The aim of this study was to evaluate the adhesion and biofilm formation of Candida
albicans (C. albicans) on conventionally fabricated, milled, and 3D-printed denture base resin materials
in order to determine the susceptibility of denture contamination during clinical use. Specimens
were incubated with C. albicans (ATCC 10231) for 1 and 24 h. Adhesion and biofilm formation
of C. albicans were assessed using the field emission scanning electron microscopy (FESEM). The
XTT (2,3-(2-methoxy-4-nitro-5-sulphophenyl)-5-[ (phenylamino) carbonyl]-2H-tetrazolium hydroxide)
assay was used for the quantification of fungal adhesion and biofilm formation. The data were
analyzed using GraphPad Prism 8.02 for windows. One-way ANOVA with Tukey’s post hoc testing
were performed with a statistical significance level set at « = 0.05. The quantitative XTT biofilm assay
revealed significant differences in the biofilm formation of C. albicans between the three groups in
the 24 h incubation period. The highest proportion of biofilm formation was observed in the 3D-
printed group, followed by the conventional group, while the lowest candida biofilm formation was
observed in the milled group. The difference in biofilm formation among the three tested dentures
was statistically significant (p < 0.001). The manufacturing technique has an influence on the surface
topography and microbiological properties of the fabricated denture base resin material. Additive
3D-printing technology results in increased candida adhesion and the roughest surface topography
of maxillary resin denture base as compared to conventional flask compression and CAD/CAM
milling techniques. In a clinical setting, patients wearing additively manufactured maxillary complete
dentures are thus more susceptible to the development of candida-associated denture stomatitis
and accordingly, strict oral hygiene measures and maintenance programs should be emphasized
to patients.

Keywords: 3D-printing; CAD/CAM milling; compression flask technique; manufacture technology;
candida adhesion; candida biofilm formation; denture stomatitis
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1. Introduction

Complete denture and overdenture prostheses have long been used and are well-
established treatment modalities for the rehabilitation of completely edentulous patients [1].
Conventionally, poly-methyl-methacrylate (PMMA)-based removable complete prostheses
can be fabricated using compression and injection-mold or microwave-processed tech-
niques [2,3]. PMMA-based materials are popularly used in removable prosthodontics
because the material is easy to repair and light in weight, with a low cost. Following
the breakthrough in digital dentistry and material development, namely in the field of
prosthodontics, various clinical, laboratory procedures, and biomaterials have emerged for
the fabrication of digital complete dentures [1,4]. Computer-aided design and computer-
aided manufacture (CAD/CAM) of removable prostheses made from PMMA materials
can be achieved either through additive/3D-printing or subtractive/milling manufactur-
ing techniques [4-7]. Additive manufacturing of complete dentures is based on photo-
polymerization of liquid resin, forming dentures on a layer-by-layer basis through a process
known as 3D-printing. On the other hand, milled dentures are fabricated by milling of
prefabricated, highly polymerized resin blanks.

CAD/CAM techniques, both milling and 3D-printed, offer several advantages over the
conventional fabrication methods, such as shortened fabrication time, data archiving, and
automated denture fabrication. The 3D-printing technique is a more sustainable approach
for fabrication with less material waste, lower cost, and more potential for fabrication of
detailed customized structures. Furthermore, opposite to milling, objects with a complex
structure can be fabricated using 3D-printing as the tolerance of milling tools is not an
issue [8].

The manufacturing technique utilized influences the surface topography of the ma-
terial presented by surface defects, irregularities, cracks, and porosities [9]. Such defects
provide a protective surface to which the microbes can bind and accordingly, the sus-
ceptibility of base material to the adhesion of microorganisms. The stepwise nature of
the 3D-priniting technique results in the formation of what is known as stair-stepping
phenomena, which is most apparent on curved surfaces [10,11]. Of much relevance is
the palatal surface of maxillary complete dentures. Milled surfaces are characterized by
parallel oriented lines created by milling burs [9]. Whereas, in the conventional fabrication
technique, small, microscopic voids, porosities, and roughness are common, inherent to
the conventional processing technique associated with linear and volumetric shrinkage of
material [12,13].

The performance evaluation of differently fabricated resin base materials is no longer
solely dependent on the physical and mechanical properties but also on the microbiological
properties of the material. Candida-associated denture stomatitis is a well-known inflam-
matory condition of denture-bearing mucosa in edentulous patients wearing maxillary
complete dentures, especially those with poor oral hygiene or those who are medically
compromised and can cause both oral and systemic candidiasis [14]. Other denture-related
factors that can lead to denture stomatitis are poor denture hygiene procedures and the
roughness of resin base materials. Porosities and rough surfaces provide protective sur-
faces for irreversible adhesion of fungal cells and promote biofilm formation that act as
a reservoir that represents the main source of infection [15,16]. Among various species
available, Candida albicans (C. albicans) is the most commonly isolated species in cases of
denture stomatitis [14]. Several studies compared the adhesion of C. albicans between
conventional heat-polymerized and novel CAD/CAM additive or subtractive resin base
materials [17-19]. However, in these studies, the specimens were either disc-shaped [17,18]
or were highly polished, with a smooth surface finish [17,19], both of which are known
factors that influence the microbial adhesion to the tested specimens [20].

Therefore, the aim of the current study was to simulate the actual clinical situation by
evaluating the biofilm formation and comparing the adhesion of C. albicans to unpolished
denture base resin specimens designed to simulate the curved part of the palatal cross-
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section of a maxillary complete denture fabricated with either the conventional flask
compression technique or with CAD/CAM-milled or 3D-printed technology.

The null hypothesis was that there would be no difference in the candida adhesion
and biofilm formation between conventionally fabricated, milled, and 3D-printed denture
base resin materials.

2. Materials and Methods
2.1. Sample Preparation and Study Design
The specimens were digitally designed to simulate the curved part of the palatal cross-

section of a maxillary complete denture using Meshmixer open-source software (Autodesk,
CA, USA) (Figure 1).

Conventional Milled 3D-Printed

Figure 1. (A) Illustration of the designed test specimen as a section of the maxillary complete denture
marked in pink. Enlarged specimen is shown on the right side. (B) Scale bar showing the standardized
dimensions of the fabricated specimens in each test group: conventional, milled, and 3D-printed, to
control all variables except for the material of fabrication.

A total of 42 specimens were prepared and divided into three groups each (n = 14)
based on the fabrication method. The fabrication techniques used were conventional
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compression molding (control), additive 3D-printing, and subtractive milling techniques.
The biofilm formation of C. albicans was evaluated both qualitatively and quantitatively on
the curved surface, simulating the fitting surface of the denture in all groups. The lower
surface of specimens opposite to the test surface was designed to be almost flat to facilitate
the examination of specimens under field emission scanning electron microscope (FESEM,
Thermoscientific Apreon, Waltham, MA, USA) (Figure 1).

In each group, 9 specimens were used for fungal biofilm quantification using the XTT
assay assessment in a 24 h period, 2 specimens were randomly selected for the qualitative
FESEM examination after 1 and 24 h of incubation with C. albicans, and the other 3 specimens
were used as control specimens without fungal incubation on the surface. The XTT assay of
the 3 test groups (conventional, milled, and 3D-printed groups) was performed in triplicates
in well plates. All the specimens were used as produced following the fabrication technique
with no surface treatment being performed to any of the specimens’ surfaces.

2.1.1. Conventional Compression Molding Technique

To standardize the specimens’ dimensions, the digital design file was 3D-printed
in cast resin material (Fusia RF 080; DWS, Thiene, Italy) (n = 14) with a layer thickness
of 0.05 mm following the manufacturer’s instructions. The printed cast material was
then embedded in gypsum (Moldabaster S, Heraeus Kulzer GmBH, Hanau, Germany) to
produce a two-piece mold using a copper flask (Varsttym Hanau; Buffalo, NY, USA). After
the mold was created, the cast resin was eliminated using a clean brush and boiling water
to which detergent had been added to eliminate all traces of the resin. The stone mold
was then painted with an aqueous alginate-based separating medium (ISO-K; Candulor,
Glattpark, Switzerland) and allowed to dry before the packing of the resin. The specimens
were fabricated using a conventional compression-molding technique from heat-cured
denture resin base material (major. base20; Moncalieri (TO), Italy) [3].

The denture resin was packed and cured using a long curing cycle at 90 °C with a
pressure of 3000 psi for 3 h, followed by a holdout period at a temperature of 70 °C for 9 h.
The holdout period allowed for the dissipation of the exothermic heat reaction within the
processing flask to prevent any gaseous porosity before increasing the temperature for final
processing. The cured specimens were then de-flasked by a flask ejector (Hanau; Louisville,
KY, USA) after slow cooling at room temperature for 12 h to minimize the processing strains
within the specimens. All specimens were stored in distilled water at room temperature
until testing.

2.1.2. CAD/CAM 3D-Printing Technique

Specimens were 3D-printed in NextDent Denture 3D+ material (NextDentTM, LOT:
WY032NO1, shade: light pink) using an Asiga Digital Light Processing (DLP)-based 3D-
printer (Asiga; Sydney, Australia). NextDent Denture 3D+ material is a biocompatible class
Ila material with excellent mechanical properties, comparable to conventional resin base
material, and is suitable for printing all types of removable denture bases. The specimens
were printed using a 45° build angle, recommended for printing of maxillary complete
dentures [21]. Figure 2A shows the attachment of support structures relative to printed
specimens, and no support was attached to the surface representing the tissue-bearing area
of dentures.
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Figure 2. The manufacture of specimens in the (A) 3D-printed group, (B) milled group, and (C) con-
ventional group. (A) The 3D-printed group, where the stair-stepping phenomena is evident on the
fitting surface of the denture as a result of the manufacture layering process and the attachment of
support structures to the opposite surface, representing the polished surface of the denture. (B) The
milled specimens nested within the milling resin disc. (C) The conventional technique, where the
specimen is invested for the flasking procedure.

The printing layer thickness was 0.05 mm. After printing, all specimens were cleaned
with 96% ethanol and post-cured using the UV-curing unit (Asiga Flash: Asiga; Sydney,
Australia) following the manufacturer’s instructions.

2.1.3. CAD/CAM Milling Technique

The standard tessellation language (STL) file of the designed specimens was exported
into the milling machine and specimens were milled from pre-polymerized poly-methyl-
methacrylate (PMMA) blocks (Opera Systems, Principaute de Monaco, Monaco, France).
The design was virtually aligned within the disc with a 1.8 mm sprue thickness. Milling
was performed using a 5-axis milling machine (Ceramill motion 2; Amann Girrbach AG,
Koblach, Austria). Figure 2B shows the milled specimen nested within the resin disc.

2.2. Denture Microbial Susceptibility

To detect and measure fungal adhesion and biofilm formation, Candida albicans (ATCC
10231, Microbiologics; St. Cloud, MN, USA) from the American Type Culture Collection
(ATCC) was used. This fungal strain was selected due to its ability to produce biofilm.
Potato dextrose agar (Himedia, MH, Mumbai, India) was used to culture C. albicans aerobi-
cally at 37 °C. Sabouraud Dextrose Broth (SDB; Himedia, Mumbai, India) was used to form
the Candida albicans biofilm.

2.2.1. Microbial Culture and Biofilm Formation

C. albicans (ATCC 10231) was cultured in Sabouraud Dextrose Broth (SDB) and incu-
bated at 37 °C for 24 h. SDB was prepared with 5% sucrose. The samples were sterilized by
using 70% ethanol followed by exposure to UV light for 30 min, and afterwards, samples
were placed at the bottom of a 12-well plate (Costar, Corning Incorporated, Tewksbury,
MA, USA). Then, 1.5 mL of each microbial SDB broth (0.5 MCEF, equivalent to 10° microbial
cells per mL) was added to each well of 12-well microtiter plates containing a denture
sample of each tested group. The denture samples were kept incubated with candida
culture aerobically for 1 h at 37 °C to evaluate the microbial adhesion by scanning electron
microscope and for 24 h at 150 rpm using a shaking incubator (Labnet, Labnet Interna-
tional, Inc.; Mayfield Ave, Edison, NJ, USA) to evaluate the biofilm formation by the XTT
assay. Uninoculated wells containing sterile SDB supplemented with 0.5% sucrose with the
samples were considered as the negative controls [22,23]. All denture samples were placed
in triplicates in 12-well microtiter plates (Figure 3).
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Figure 3. Biofilm quantification of the three test groups (conventional, milled, and 3D-printed groups)
in well plates in triplicates after 24 h of incubation with C. albicans using the XTT assay. Control group
represents samples from each group kept uninoculated with C. albicans.

2.2.2. Biofilm Assessment by XTT Assay

Following incubation (1 and 24 h), the dentures were washed with phosphate buffer
saline (PBS) to remove the non-adhered planktonic cells. Then, biofilm formation was
measured by the XTT assay following the method used by Peeters et al., with minor
modification to fit 12-well plate as follows: 5 mg/mL of XTT, and incubation between XTT
and the cells was kept until the first sign of color changes [24].

Metabolic activity of the adhered cells was measured by the XTT (2,3-(2-methoxy-
4-nitro-5-sulphophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide) (Sigma-
Aldrich) reduction assay. Briefly, 1.5 mL of 5 mg/mL of XTT ((2,3-(2-methoxy-4-nitro-
5-sulphophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide) (Abcam, Cam-
bridge, UK) and 1 mM of menadione (Sigma-Aldrich, St. Louis, MI, USA) were added
to each well. Following incubation in the dark at 37 °C, 150 rpm, 100 puL was transferred
to 96-well plates once color changes started to appear. Absorbance of XTT-menadione
was read at 490 nm using a microplate reader (LT-4500 Labtech, Pocklington, York, UK).
The values were standardized per unit area of acrylic specimens (Abs/cm?), and the wells
containing AS without candida cells were considered blanks. The assays were carried out
in triplicate on 9 separate dentures and the average value was calculated [25].

2.2.3. Qualitative Analysis of Microbial Adherence and Biofilm Formation Using Field
Emission Scanning Electron Microscope (FESEM)

For the scanning electron microscope observation, denture samples were washed
following incubation of 1 h (adhesion assay) or 24 h (biofilm assay) with 0.1M PBS one
time. Denture samples were then air-dried in a desiccator, and finally sputter-coated with
gold prior to observation. The 3D images were constructed using field emission scanning
electron microscope (FESEM, Thermoscientific Apreo C, Waltham, MA, USA), available at
the University of Sharjah, Advanced Materials Research Lab, M1, at 3000 x magnification.
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2.3. Statistical Analysis

Sample size calculation was based on similar previous studies, where 10 samples were
selected to estimate a power of 0.85 at « = 0.05 [26]. The gathered data were tabulated and
graphed using GraphPad Prism 8.02 for windows (GraphPad Inc., La Jolla, CA, USA). The
normality of the data was checked using the Shapiro-Wilk test and found to be normally
distributed. Bacterial absorbance and relative absorbance were analyzed by one-way
analysis of variance (ANOVA) using Tukey’s multiple comparison test. The significance
level was set at & = 0.05.

3. Results

Optical analysis of FESEM revealed substantial differences in the appearance of speci-
mens’ surfaces. Figure 4 shows the FESEM images of surfaces of both control and cultured
specimens, and initial candida adhesion after a 1 h incubation period and biofilm formation
of the C. albicans after 24 h of incubation. The 3D-printed dentures showed increased porosi-
ties of variable sizes, and deep grooves scattered all over the observed areas compared to
the other two groups. Milled specimens showed the smoothest surface of all the groups
with only grinding scratch lines detected on the surface of the specimens. The surface
smoothness of the conventionally fabricated specimens was somewhere in between the
other two groups, with some surface irregularities which were probably caused by stress
relief and polymerization of resin during the fabrication process.

Conventional denture Milled denture 3D printed denture
V4 o PR L SR j i :

e K

Control

1h

24h

Figure 4. FESEM showing denture surfaces topographies (control) and C. albicans adherence (1 h)
and biofilm growth (24 h) in all test specimens (magnification 3000, scale bar: 20 um). White arrows
show adherent separate ovoid fungal cells and white circles indicate clusters of cells presenting the
initial stage of biofilm formation.

At the 24 h incubation period, initially adherent C. albicans cells were clustered, forming
typical hyphae that were more organized in the 3D-printed group compared to the other two
groups (Figure 4), indicating a mature, well-developed formed biofilm. The quantitative
XTT assay showed a significant difference in the biofilm formation between the groups in
the 24 h incubation period (Figure 5). The relative absorbance measured by the XTT assay
was used to reflect the biofilm formation on the tested dentures. In the conventional group,
the relative absorbance was 0.98 £ 0.14, while in the milled and 3D-printed groups, the
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relative absorbance was 0.48 &= 0.14 and 2.2 £ 0.19, respectively. Milled specimens showed
the lowest average fungal adhesion value, followed by conventional samples, and last
was the 3D-printed group, with the highest adhesion values and the highest proportion
of biofilm formation. The difference in biofilm formation among the three tested dentures
was statistically significant (p-value < 0.001), as shown in Figure 6 (Table S1).

(A) (8)

*ok kK I
T Tyxx |
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0.3 - . 31 Kok ok '
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E=R Conventional 8 — v
- = Milled = 3 Milled
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0 )
0.0 !
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Figure 5. Biofilm assessment on conventional, milled, and 3D-printed groups. Average absorbance
obtained with the XTT assay for C. albicans adhered for 24 h (A), and relative absorbance obtained
with the XTT assay for C. albicans adhered for 24 h (B). Significance level is indicated by asterisks
(**** p < 0.001). The data display the mean of either absorbance or relative absorbance.

(A)
hE
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aEEE
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Figure 6. Biofilm assessment on conventional, milled, and 3D-printed groups and the control of
each denture type. Average absorbance obtained with the XTT assay for C. albicans adhered for
24 h (A), and relative absorbance obtained with the XTT assay for C. albicans adhered for 24 h (B).
Significance level is indicated by asterisks (** p = 0.005; ****, p < 0.001). The data display the mean of
either absorbance or relative absorbance of each denture group to its control denture group.
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4. Discussion

Manufacturing techniques influence the surface properties of the manufactured part,
which in turn impacts the microbiological properties of the material [27]. The purpose of
this study was to evaluate the microbial response in terms of candida adhesion and biofilm
formation on denture base resin materials manufactured using conventional compression
molding technique, milling, and 3D-printing technologies. The null hypothesis was rejected
as a significant difference in fungal adhesion and biofilm formation was found between the
three groups in the 24 h incubation period. The candida adhesion and biofilm formation
were significantly higher on 3D-printed specimens compared to heat-cured and milled
CAD/CAM specimens. FESEM optical analysis revealed the roughest surface topography
for unpolished 3D-printed specimens as compared with their milled counterparts, which
exhibited the smoothest topography.

A number of authors found significant differences in fungal adhesion on polished
and roughened denture base resin materials [28,29]. Thus, for the purpose of this study, it
was deemed more clinically relevant that the specimens in all test groups be used as such
when manufactured without performing any finishing or polishing procedures. In actual
clinical settings, no finishing or polishing procedures are performed on the fitting surface
of maxillary dentures so that not to alter the fit and retention of the fabricated denture.

The conversion degree of polymer material influences the amount of residual monomer
in the processed material, and accordingly its physical, mechanical, and microbial prop-
erties [30,31]. Subtractive CAD/CAM discs are processed under high pressure and tem-
perature, which reduces the level of residual monomer and enhances the structure of the
processed material. In the current study, FESEM micrographs of the milled group revealed
the smoothest surface topography (Figure 4), and the lowest levels of biofilm formation and
candida adhesion of all the groups. Similar to our findings, Di Fiore et al. found that the
milled PMMA samples had the lowest surface roughness before the polishing and the low-
est microbial adhesion in the 90 min incubation period compared with heat-polymerized
and additively manufactured samples [28].

In the printed specimens, the layers were linked stepwise, clearly demonstrating
the stair-stepping phenomena (Figure 2A). The stepwise junction between the printing
layers resulted in increased porosities and deep grooves that were observed in the surface
structure. Such roughness is suggested to be the reason for the significantly increased
candida adhesion that was observed in the 3D-printed group compared to the other two
groups. Several authors suggested that surface roughness in the form of pits and fissures
provides protective surfaces against shear forces and allows for irreversible adhesion of
microorganisms [32-35]. Other authors attributed the increase in fungal adhesion on
roughened surfaces to the increase in the surface area, which is provided by surface irregu-
larities [29,36]. In the additive manufacturing technology, the quality and surface roughness
of 3D-printed parts is dependent on the printing parameters selected (build angle, layer
thickness, and orientation of support structures), the type of printer, and the underlying
printing technology. All the above factors influence the degree of polymerization of the
printed material, its physical properties, its surface roughness, and its microbiological
properties [37-41]. Accordingly, to optimally simulate the actual clinical situation, a 45°
(135°) [21] build angle with a 0.05 mm layer thickness was selected for the purpose of this
study. Jin et al. demonstrated that such an angle results in the most accurate fitting surface
of printed maxillary dentures [21]. Though Jin et al. referred to the angle used in their
study as a 135° angle, it is equivalent to the 45° angle which was used in the current study
considering the difference in the initial surface which was used to calculate the subsequent
angles [21]. In their experimental setup, at the startup position, the support structure
was attached to the fitting surface of the maxillary denture. Reduced layer thickness was
selected to reduce the surface roughness of printed part, especially on curved geometries,
though at the expense of an increased printing time [42].

Conflicting results are found in the literature when comparing the influence of different
printing orientations (0°, 45°, 90°) on the physical and mechanical characteristics and the
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microbial response of 3D-printed denture base resin material. Shim et al. recommended a
90° build orientation because of its high accuracy, low roughness, and reduced attachment
of C. albicans, disregarding its relatively low flexural strength [39]. On the contrary, Li et al.
found no influence of the additive manufacturing method (SLA and DLP) and the print
orientation (0°, 45°, 90°) on C. albicans adhesion on 3D-printed denture base resins [26].
However, the results of both studies should be regarded with caution as the use of disc-
shaped specimens makes all their results clinically irrelevant and possibly different when
considering the complex geometry of complete denture prostheses. Furthermore, from
the authors’ point of view, when weighing printed dentures with improved strength and
relatively increased microbial adhesion versus dentures with reduced mechanical properties
and microbial adhesion, the preference could be in favor of the former. Printed dentures
with reduced strength are more prone to repeated fractures, which might necessitate
multiple maintenance events with its associated burden to both the dentists and patients
alike. Dentures with increased microbial adhesion and improved strength could be better
handled via emphasizing strict oral and denture hygiene measures. The weighed choice
between mechanical, physical, and microbial properties of 3D-printed materials should thus
be clinically driven based on the patient’s manual dexterity, compliance, and eating habits.

Arutyunov et al. found a difference in the adhesion index of candida on materials man-
ufactured using the same manufacturing technology whether it was additive or subtractive
denture base resin material. The slightest difference in the material composition alters
its microbial characteristics [41,43]. Thus, for the sake of future studies, the difference in
biofilm formation and candida adhesion between materials printed using different printers
and different printable materials should be evaluated.

A direct comparison between our findings and previous studies that compared biofilm
formation and candida adhesion on differently manufactured denture base resin materials
was not possible and only general tendencies could be seen. In the current study, the
specimens were designed to simulate the curved part of the palatal cross-section of the
maxillary denture and a microbiological experiment was performed on the non-polished
surface, representing the fitting surface of the denture as opposed to the flat-surface,
polished disc-shaped specimens in the previous studies. The surface roughness and shape
of the specimens were found to influence the degree of microorganisms” adhesion on the
examined part [20]. Consistent with our findings, Meirowitz et al. found the highest level
of candida adhesion on the surface of additively manufactured specimens and the lowest
with the subtractive ones, whereas the heat- and cold-polymerized specimens occupied
an intermediate position between the other two groups [17]. Nevertheless, the authors
correlated increased fungal adhesion on the printed surface to mucin adsorption rather than
the surface roughness of the material. This could be attributed to the fact that the authors
used polished, flat-surface specimens. On the contrary, Murat et al. did not perform
polishing procedures and found a positive correlation between surface roughness and
candida adhesion to milled CAD/CAM and conventional heat-polymerized resins, with
statistically increased candida adhesion to conventional resins compared to CAD/CAM
polymers [18]. In disagreement with all the previous findings, Schubert et al. found
increased candida adhesion on CAD/CAM 3D-printed and milled oral splints compared
to conventionally fabricated ones [19]. However, it must be highlighted that in their study,
there was no specific mention of the selected printing parameters or specimen designs
adopted, and the specimens were polished, resulting in a high gloss surface.

It is acknowledged that the oral cavity represents a very complex environment with
the presence of saliva and the interaction of various microbial biofilms that may play a key
role when considering the fungal adhesion to printed resin base materials. Clinical in vivo
studies are strongly recommended to complement the findings of this in vitro study and
enable better understanding of the microbial behavior of this novel introduced, printed
denture base resin material.
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5. Conclusions

The manufacturing technique had an influence on the surface topography and micro-
biological properties of the fabricated denture base resin material. Additive 3D-printing
technology resulted in increased candida adhesion and the roughest surface topography
of the maxillary resin denture base as compared to conventional flask compression and
CAD/CAM milling techniques. In a clinical setting, patients wearing additively manu-
factured maxillary complete dentures are thus more susceptible to the development of
candida-associated denture stomatitis, and accordingly, strict oral hygiene measures and
maintenance programs should be emphasized to patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15081836/s1, Table S1: Average Optical Density (Avg OD)
and Standard Deviation (STDEV).

Author Contributions: Conceptualization, R.B.O., G.K. and N.A.; data curation, R.B.O., GK,, B.E.
and R.A K.; formal analysis, G.K. and R.A K,; funding acquisition, G.K. and N.A.; methodology,
R.B.O,, B.F, R A K. and N.A.; project administration, Y.E.; supervision, R.B.O.; visualization, N.A.;
writing—original draft, R.B.O., R.A K. and N.A ; writing—review and editing, R.B.O., G.K. and N.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Sharjah, grant number: 2201110266.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lee, DJ.; Saponaro, P.C. Management of edentulous patients. Dent. Clin. N. Am. 2019, 63, 249-261. [CrossRef]

2. Renu Tandon, S.G.; Agarwal, S.K. Denture base materials: From past to future. Ind. J. Dent. Sci. 2010, 2, 33—39.

3.  Zarb, G.A,; Hobkirk, J.; Eckert, S.; Jacob, R. Prosthodontic treatment for edentulous patients. In Complete Dentures and Implant-
Supported Prostheses, 13th ed.; Mosby: St. Louis, MO, USA, 2013.

4. Baba, N.Z.; Goodacre, B.].; Goodacre, C.J.; Miiller, E;; Wagner, S. CAD/CAM complete denture systems and physical properties:
A review of the literature. J. Prosthodont. 2021, 30, 113-124. [CrossRef]

5. Lee,H]J,;Jeon,].; Moon, H.S.; Oh, K.C. Digital workflow to fabricate complete dentures for edentulous patients using a reversing
and superimposing technique. Appl. Sci. 2021, 11, 5786. [CrossRef]

6. Baba, N.Z.; AIRumaih, H.S.; Goodacre, B.]J.; Goodacre, C.J. Current techniques in CAD/CAM Denture Fabrication. Gen. Dent.
2016, 64, 23-28.

7. Bilgin,M.S,; Erdem, A.; Aglarci, O.S.; Dilber, E. Fabricating complete dentures with CAD/CAM and RP technologies. ]. Prosthodont.
2015, 24, 576-579. [CrossRef] [PubMed]

8. Goodacre, B.J.; Goodacre, C.J. Additive manufacturing for complete denture fabrication: A narrative review. J. Prosthodont. 2022,
31, 47-51. [CrossRef]

9. Kraemer Fernandez, P.; Unkovskiy, A.; Benkendorff, V.; Klink, A.; Spintzyk, S. Surface characteristics of milled and 3D printed
denture base materials following polishing and coating: An In-Vitro study. Materials 2020, 13, 3305. [CrossRef] [PubMed]

10. Mohan Pandey, P.; Reddy, N.V.; Dhande, S.G. Slicing procedures in layered manufacturing: A review. Rapid Prototyp. ]. 2003, 9,
274-288. [CrossRef]

11.  Oropallo, W,; Plegl, L.A. Ten challenges in 3d printing. Engin. Comp. 2016, 32, 135-148. [CrossRef]

12. Wong, D.M,; Cheng, L.Y.; Chow, T.W.; Clark, R.K. Effect of processing method on the dimensional accuracy and water sorption of
acrylic resin dentures. J. Prosthet. Dent. 1999, 81, 300-304. [CrossRef] [PubMed]

13.  Zissis, A.].; Polyzois, G.L.; Yannikakis, S.A.; Harrison, A. Roughness of denture materials: A comparative study. Int. J. Prosthodont.
2000, 13, 136-140.

14. Coco, B.J.; Bagg, J.; Cross, L.].; Jose, A.; Cross, J.; Ramage, G. Mixed candida albicans and candida glabrata populations associated
with the pathogenesis of denture stomatitis. Oral. Microbiol. Immunol. 2008, 23, 377-383. [CrossRef] [PubMed]

15. Kumamoto, C.A.; Vinces, M.D. Alternative Candida albicans lifestyles: Growth on surfaces. Annu. Rev. Microbiol. 2005, 59,
113-133. [CrossRef] [PubMed]

16. Ramage, G.; Ramage, G.; Tomsett, K.; Wickes, B.L.; Lopez-Ribot, J.L.; Redding, S.W. Denture stomatitis: A role for candida

biofilms. Oral. Surg. Oral. Med. Oral. Pathol. Oral. Radiol. Endod. 2004, 98, 53-59. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/polym15081836/s1
https://www.mdpi.com/article/10.3390/polym15081836/s1
https://doi.org/10.1016/j.cden.2018.11.006
https://doi.org/10.1111/jopr.13243
https://doi.org/10.3390/app11135786
https://doi.org/10.1111/jopr.12302
https://www.ncbi.nlm.nih.gov/pubmed/26032438
https://doi.org/10.1111/jopr.13426
https://doi.org/10.3390/ma13153305
https://www.ncbi.nlm.nih.gov/pubmed/32722240
https://doi.org/10.1108/13552540310502185
https://doi.org/10.1007/s00366-015-0407-0
https://doi.org/10.1016/S0022-3913(99)70273-8
https://www.ncbi.nlm.nih.gov/pubmed/10050118
https://doi.org/10.1111/j.1399-302X.2008.00439.x
https://www.ncbi.nlm.nih.gov/pubmed/18793360
https://doi.org/10.1146/annurev.micro.59.030804.121034
https://www.ncbi.nlm.nih.gov/pubmed/16153165
https://doi.org/10.1016/j.tripleo.2003.04.002
https://www.ncbi.nlm.nih.gov/pubmed/15243471

Polymers 2023, 15, 1836 12 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Meirowitz, A.; Rahmanov, A.; Shlomo, E.; Zelikman, H.; Dolev, E.; Sterer, N. Effect of denture base fabrication technique on
candida albicans adhesion In Vitro. Materials 2021, 14, 221. [CrossRef] [PubMed]

Murat, S.; Alp, G.; Alatali, C.; Uzun, M. In Vitro evaluation of adhesion of candida albicans on CAD/CAM PMMA-based
polymers. J. Prosthodont. 2019, 28, e873-€879. [CrossRef]

Schubert, A.; Biirgers, R.; Baum, E; Kurbad, O.; Wassmann, T. Influence of the manufacturing method on the adhesion of candida
albicans and streptococcus mutans to oral splint resins. Polymers 2021, 13, 1534. [CrossRef] [PubMed]

Arutyunov, S.; Kirakosyan, L.; Dubova, L.; Kharakh, Y.; Malginov, N.; Akhmedov, G.; Tsarev, V. Microbial adhesion to dental
polymers for conventional, computer-aided subtractive and additive manufacturing: A comparative In Vitro study. J. Funct.
Biomater. 2022, 13, 42. [CrossRef]

Jin, M.C.; Yoon, H.I;; Yeo, 1.S.; Kim, S.H.; Han, ].S. The effect of build angle on the tissue surface adaptation of maxillary and
mandibular complete denture bases manufactured by digital light processing. |. Prosth. Dent. 2020, 123, 473-482. [CrossRef]
Sahin, C.; Ergin, A.; Ayyildiz, S.; Cosgun, E.; Uzun, G. Effect of biofilm formation, and biocorrosion on denture base fractures.
J. Adv. Prosthodont. 2013, 5, 140-146. [CrossRef]

Sanchez-Vargas, L.O.; Estrada-Barraza, D.; Pozos-Guillen, A.J.; Rivas-Caceres, R. Biofilm formation by oral clinical isolates of
Candida species. Arch. Oral. Biol. 2013, 58, 1318-1326. [CrossRef]

Peeters, E.; Nelis, H.].; Coenye, T. Comparison of multiple methods for quantification of microbial biofilms grown in microtiter
plates. |. Microbiol. Methods 2008, 72, 157-165. [CrossRef] [PubMed]

Silva, S.; Henriques, M.; Oliveira, R.; Williams, D.; Azeredo, J. In Vitro biofilm activity of non-candida albicans candida species.
Curr. Microbiol. 2010, 61, 534-540. [CrossRef] [PubMed]

Li, P; Fernandez, PK,; Spintzyk, S.; Schmidt, F.; Beuer, F.; Unkovskiy, A. Effect of additive manufacturing method and build
angle on surface characteristics and candida albicans adhesion to 3d printed denture base polymers. J. Dent. 2022, 116, 103889.
[CrossRef] [PubMed]

Revilla-Leén, M.; Morillo, J.A.; Att, W.; Ozcan, M. Chemical composition, knoop hardness, surface roughness, and adhesion
aspects of additively manufactured dental interim materials. J. Prosthodont. 2021, 30, 698-705. [CrossRef] [PubMed]

Di Fiore, A.; Meneghello, R.; Brun, P; Rosso, S.; Gattazzo, A.; Stellini, E.; Yilmaz, B. Comparison of the flexural and surface
properties of milled, 3d-printed, and heat polymerized PMMA resins for denture bases: An In Vitro study. J. Prosthodont. Res.
2022, 66, 502-508. [CrossRef] [PubMed]

Stevens, ].P; Samant, P; Jain, V.; Babu, J.P. Augmentation of candida albicans adhesion to denture materials influenced by surface
topography and tobacco components. Dent. Health Oral. Disord. Ther. 2018, 9, 57-61.

Al-Dwairi, Z.N.; Tahboub, K.Y.; Baba, N.Z.; Goodacre, C.J. A comparison of the flexural and impact strengths and flexural
modulus of CAD/CAM and conventional heat-cured polymethyl methacrylate (PMMA). J. Prosthodont. 2020, 29, 341-349.
[CrossRef] [PubMed]

da Silva Barboza, A.; Fang, L.K; Ribeiro, ].S.; Cuevas-Suarez, C.E.; Moraes, R.R.; Lund, R.G. Physicomechanical, optical, and
antifungal properties of polymethyl methacrylate modified with metal methacrylate monomers. J. Prosthet. Dent. 2021, 125,
706.e1-706.€6. [CrossRef] [PubMed]

Taylor, R.L.; Verran, J.; Lees, G.C.; Ward, A.P. The influence of substratum topography on bacterial adhesion to polymethyl
methacrylate. . Mater. Sci. Mater. Med. 1998, 9, 17-22. [CrossRef]

Quirynen, M.; Marechal, M.; Busscher, H.J. The influence of surface free energy and surface roughness on early plaque formation.
An in vivo study in man. J. Clin. Periodontol. 1990, 17, 138-144. [CrossRef] [PubMed]

Radford, D.R.; Sweet, S.P.; Challacombe, S.J. Adherence of candida albicans to denture-base materials with different surface
finishes. J. Dent. 1998, 26, 577-583. [CrossRef]

Pereira-Cenci, T.; Cury, A.A.; Cenci, M.S. In Vitro candida colonization on acrylic resins and denture liners: Influence of surface
free energy, roughness, saliva, and adhering bacteria. Int. ]. Prosthodont. 2007, 20, 308-310. [PubMed]

Quirynen, M.; Bollen, C.M. The influence of surface roughness and surface-free energy on supra- and subgingival plaque
formation in man. A review of the literature. J. Clin. Periodontol. 1995, 22, 1-14. [CrossRef]

Arnold, C.; Monsees, D.; Hey, J.; Schweyen, R. Surface quality of 3d-printed models as a function of various printing parameters.
Materials 2019, 12, 1970. [CrossRef]

Favero, C.S.; English, ].D.; Cozad, B.E.; Wirthlin, ].O.; Short, M.M.; Kasper, EX. Effect of print layer height and printer type on the
accuracy of 3-dimensional printed orthodontic models. Am. . Orthod. Dentofac. Orthop. 2017, 152, 557-565. [CrossRef]

Shim, J.S.; Kim, ].E.; Jeong, S.H.; Choi, Y.J.; Ryu, J.J. Printing accuracy, mechanical properties, surface characteristics, and microbial
adhesion of 3d-printed resins with various printing orientations. J. Prosthet. Dent. 2020, 124, 468-475. [CrossRef] [PubMed]
Zhang, Z.C.; Li, PL.; Chu, ET.; Shen, G. Influence of the three-dimensional printing technique and printing layer thickness on
model accuracy. J. Orofac. Orthop. 2019, 80, 194-204. [CrossRef]

Revilla-Ledén, M.; Meyers, M.].; Zandinejad, A.; Ozcan, M. A review on chemical composition, mechanical properties, and
manufacturing work flow of additively manufactured current polymers for interim dental restorations. J. Esthet. Restor. Dent.
2019, 31, 51-57. [CrossRef]


https://doi.org/10.3390/ma14010221
https://www.ncbi.nlm.nih.gov/pubmed/33466383
https://doi.org/10.1111/jopr.12942
https://doi.org/10.3390/polym13101534
https://www.ncbi.nlm.nih.gov/pubmed/34064561
https://doi.org/10.3390/jfb13020042
https://doi.org/10.1016/j.prosdent.2018.12.014
https://doi.org/10.4047/jap.2013.5.2.140
https://doi.org/10.1016/j.archoralbio.2013.06.006
https://doi.org/10.1016/j.mimet.2007.11.010
https://www.ncbi.nlm.nih.gov/pubmed/18155789
https://doi.org/10.1007/s00284-010-9649-7
https://www.ncbi.nlm.nih.gov/pubmed/20401483
https://doi.org/10.1016/j.jdent.2021.103889
https://www.ncbi.nlm.nih.gov/pubmed/34800586
https://doi.org/10.1111/jopr.13302
https://www.ncbi.nlm.nih.gov/pubmed/33290604
https://doi.org/10.2186/jpr.JPR_D_21_00116
https://www.ncbi.nlm.nih.gov/pubmed/34853238
https://doi.org/10.1111/jopr.12926
https://www.ncbi.nlm.nih.gov/pubmed/29896904
https://doi.org/10.1016/j.prosdent.2020.12.039
https://www.ncbi.nlm.nih.gov/pubmed/33581867
https://doi.org/10.1023/A:1008874326324
https://doi.org/10.1111/j.1600-051X.1990.tb01077.x
https://www.ncbi.nlm.nih.gov/pubmed/2319000
https://doi.org/10.1016/S0300-5712(97)00034-1
https://www.ncbi.nlm.nih.gov/pubmed/17580465
https://doi.org/10.1111/j.1600-051X.1995.tb01765.x
https://doi.org/10.3390/ma12121970
https://doi.org/10.1016/j.ajodo.2017.06.012
https://doi.org/10.1016/j.prosdent.2019.05.034
https://www.ncbi.nlm.nih.gov/pubmed/31810611
https://doi.org/10.1007/s00056-019-00180-y
https://doi.org/10.1111/jerd.12438

Polymers 2023, 15, 1836 13 of 13

42.  Alharbi, N.; Osman, R. Does build angle have an influence on surface roughness of anterior 3d-printed restorations? An In-Vitro
study. Int. ]. Prosthodont. 2021, 34, 505-510. [CrossRef] [PubMed]

43. Lee, M.J; Kim, M.].; Oh, S.H.; Kwon, J.S. Novel Dental Poly (Methyl Methacrylate) containing phytoncide for antifungal effect
and inhibition of oral multispecies biofilm. Materials 2020, 13, 371. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.11607/ijp.7100
https://www.ncbi.nlm.nih.gov/pubmed/33616553
https://doi.org/10.3390/ma13020371
https://www.ncbi.nlm.nih.gov/pubmed/31941105

	Introduction 
	Materials and Methods 
	Sample Preparation and Study Design 
	Conventional Compression Molding Technique 
	CAD/CAM 3D-Printing Technique 
	CAD/CAM Milling Technique 

	Denture Microbial Susceptibility 
	Microbial Culture and Biofilm Formation 
	Biofilm Assessment by XTT Assay 
	Qualitative Analysis of Microbial Adherence and Biofilm Formation Using Field Emission Scanning Electron Microscope (FESEM) 

	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

