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ABSTRACT 

 

Antifungal effect of 3D printing  

denture base resin by addition of nanoceria  

on Candida albicans  

 

Hye-Bin Go 

 

Department of Applied Life Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Kwang-Mahn Kim, D.D.S., Ph.D.) 

 

As 3D printing technology advances in the dental field, 3D printing dentures 

are currently being used. However, denture stomatitis is a problem with 3D 

printed dentures. One of the main causes of denture stomatitis is Candida 

albicans, which attach to the surface of dentures. Recently, many studies have 

been conducted on the manufacture of 3D printing denture base resins with 

antibacterial and antifungal properties to solve this problem. Cerium oxide 

nanoparticle (Nanoceria) is a material that has antifungal effects against 

Candida albicans. Nonetheless, there are no studies investigating the antifungal 

effects by adding nanoceria to 3D printing denture base resin. Therefore, the 

aim of this study was to manufacture the 3D printing denture base resin 



 

x 

 

incorporating nanoceria, and investigate the antifungal effects and clinical 

applicability of the manufactured resins to Candida albicans. 

 

Nanoceria was incorporated into 3D printing denture base resin using a 

solvent-based mixing method (0-control, 0.5, 1.0, 2.0 and 4.0 wt%). The degree 

of nanoceria aggregation in the 3D printing denture base resin incorporating 

nanoceria was observed by TEM, and the viscosity was measured in order to 

determine the possibility of 3D printing. All specimens were designed and 

printed and used for the test after post-treatment and post-curing process. The 

degree of conversion before and after printing was confirmed using FT-IR. The 

surface properties were identified by SEM/EDS, surface profilometer, gloss 

meter, and droplet analysis device. The physical properties were observed for 

water absorption and solubility. The mechanical properties were determined by 

flexural strength and modulus, microhardness. The cytotoxicity was observed 

through the MTT method. The Candida albicans was used for antifungal tests 

and tests were performed for anti-adhesion and growth inhibition. The anti-

adhesion assessment was performed by colony forming unit (CFU) and the 

attached Candida albicans were observed using CLSM and SEM. The growth 

inhibition was measured by a colony forming unit (CFU). Finally, trueness and 

precision were observed for accuracy. 

 

Through the TEM results, it was showed that the higher the nanoceria content, 

the more aggregated. As a result of the degree of conversion, the 2.0 and 4.0 

wt% groups showed significantly lower values than the control group (p < 0.05). 

The SEM/EDS results was confirmed that nanoceria was homogeneous in the 

printed specimen. The results of surface roughness and gloss were not 

significantly different in all groups (p > 0.05), and water sorption and solubility 

were significantly lower value in the 2.0 and 4.0 wt% groups compared to the 

control group (p < 0.05). For flexural strength and flexural modulus, the 0.5 and 



 

xi 

 

1.0 wt% groups were not significantly different from the control group (p > 

0.05). As a result of the hardness, the group containing 1.0 wt% nanoceria 

showed a significantly higher value than the other groups (p < 0.05). In the case 

of cytotoxicity, all groups were not significant difference from control group (p 

> 0.05). In the case of anti-adhesion, Candida albicans adhesion decreased 

significantly (p < 0.05) as the nanoceria content increased, and CLSM and SEM 

results also showed similar appearance. In addition, the results of growth 

inhibition were confirmed that the growth of Candida albicans decreased 

significantly as the content of nanoceria increased (p < 0.05). For trueness, the 

0.5 and 1.0 wt% groups were not significant difference from the control group 

(p > 0.05). In the case of precision, there was a significant difference between 

the control group and all test groups (p < 0.05). 

 

This study showed that the higher the content of nanoceria added to 3D 

printing denture base resin, the higher the antifungal effects. As a result of anti-

adhesion and growth inhibition, the control groups showed the highest value 

and the 3D printing denture base resin incorporating 4.0 wt% nanoceria showed 

the lowest value, and there was significantly difference between the two groups. 

In addition, the physical, mechanical, biological properties and trueness of the 

3D printing denture base resin incorporating 0.5 and 1.0 wt% nanoceria were 

not significantly different from the values of the control group. Therefore, it is 

expected that the 3D printing denture base resin incorporating 1.0 wt% 

nanoceria can be usefully used as a material for producing 3D printed dentures. 

 

Key words; 3D printing denture, Anti-adhesion effect, Growth inhibition effect, 

Mechanical properties, Nanoceria, Precision, Surface properties, 

Trueness
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I. INTRODUCTION 

 

1. 3D printing technology 

With the development of digital technology, dental manufacturing technology 

is progressing toward computer-aided design (CAD) and computer-aided 

manufacturing (CAM) (Sa et al., 2019). Among digital manufacturing 

technologies, 3D printing, also known as an additive manufacturing (AM), 

generally refers to a manufacturing method in which layers are stacked one at 

a time to add multiple layers to form an object (Dawood et al., 2015). 3D 

printing technology has shown great potential in the field of personalized 

medicine, with lower technical requirements, more comfortable treatment for 



 

２ 

 

patients, and aid of accurate diagnosis. It is also particularly suitable for the 

production of dental products due to its shorter production cycle and higher 

product accuracy than traditional manufacturing methods (Jamróz et al., 2018; 

Stansbury and Idacavage, 2016). 3D printing technologies used in dentistry 

include stereolithography (SLA), digital light processing (DLP), photopolymer 

jetting (PPJ), fused deposition modeling (FDM), selective laser fabrication 

(SLS), etc (Lin et al., 2019). Of these, light-curing technology accounts for 

about 75% of 3D printing dental applications, and the DLP printer is the most 

commonly used due to its rapid manufacturing and high resolution (Mangal et 

al., 2020b; Quan et al., 2020). DLP is a 3D printer that uses a digital 

micromirror device to project a single light image onto each layer over the 

entire print area, so the entire layer is polymerized at the same time (Lin et al., 

2018). Mainly, dental orthodontic models, implant surgical guides, crowns and 

bridges, dental splint and denture, etc. can be printed, and for this reason, 3D 

printing is becoming the mainstream of dental prosthetics worldwide (Chen et 

al., 2018). 

  

  

 

Figure 1. Flowchart showing the process of 3D printing (Dawood et al., 2015). 
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2. 3D printed denture 

2.1. Advantages of 3D printed denture 

Unlike conventional methyl methacrylate (MMA), the denture base material 

used to DLP usually consists of several categories of methacrylate or acrylate 

monomers and oligomers. The detailed ingredients are generally kept 

confidential for commercial reasons (Li et al., 2021). Nevertheless, 3D printed 

denture using a DLP printer has many advantages. The technology for 

fabricating 3D printed dentures can be achieved through chairside, simplifying 

laboratory procedures and reducing the number of patient visits (Bidra et al., 

2013). In addition, Bligin et al. reported that dentures using additive 

manufacturing are easier to reproduce and more accurate because they use 

stored digital data ,and Tasaka et al. showed greater retention in the DLP printed 

denture base than the denture base manufactured by heat curing (Bilgin et al., 

2016; Lin et al., 2018; Tasaka et al., 2019; Unkovskiy et al., 2019).  
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2.2. Denture stomatitis of 3D printed denture 

As with traditional dentures, if microbial adhesion occurs on the surface of the 

3D printed dentures due to the oral cavity persistence, denture stomatitis can 

cause (Totu et al., 2017). Denture stomatitis is a disease of the oral mucosa that 

affects the wearer of dentures, and more than 70% of the wearer of dentures are 

known to suffer. Although there are various causes of denture stomatitis, such 

as denture cleanliness, age of prosthesis, continuous denture wearing, and 

smoking, one of the main causes is Candida albicans, a fungal pathogen 

attached to the denture surface (Jose et al., 2010; Zainal et al., 2021). If the 

antifungal and antibacterial properties of dentures are poor, Candida albicans 

being able to attach and accumulate into the biofilm, and the surface of the 

dentures will act as a reservoir for Candida albicans to induce denture 

stomatitis. Therefore, the antifungal properties of 3D printing denture base resin 

play an important role in reducing denture stomatitis (Lee et al., 2020; 

Meirowitz et al., 2021; Moussa et al., 2016; Schubert et al., 2021). 
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3. 3D printing denture base resin incorporating antifungal materials 

In recent years, in order to solve the problem of 3D printed denture, research 

is being conducted on the manufacture of antibacterial and antifungal polymers 

for 3D printing polymers. The first method is to add antibiotics or make a 

coating film to prevent the attachment of microorganisms. There was a study 

that evaluates various properties by mixing 3D printed polymers with 

antibiotics bound to carbon nanotubes (Ghoshal, 2017). Azuma et al. reported 

that silica coating with silica nanoparticles was effective in reducing bacterial 

adhesion of polymers, and Mai et al. evaluated the various effects of a newly 

developed chlorhexidine (CHX)-loaded polydimethylsiloxane (PDMS)-based 

coating material (Azuma et al., 2012; Mai et al., 2020). The second method, 

which is currently the most studied, is to add nanoscale of antibacterial and 

antifungal components into 3D printing polymers (Park et al., 2020). Chen et 

al. investigated the mechanical properties and antibacterial activities of PMMA 

composite resins with nanofiller of nanocrystalline cellulose-silver (CNCs-Ag) 

(Chen et al., 2018). Chen et al. investigated fractured surface, cytotoxicity and 

antibacterial activity of the 3D printing denture resins with various additions of 

TiO2 and PEEK (Chen et al., 2019). Mangal et al. evaluated the resultant 

antibacterial properties of 3D-printed PMMA containing nanodiamond and the 

associated changes in such tribological properties (Mangal et al., 2020a). Liao 

et al. evaluated mechanical and antibacterial properties of 3D printing polymers 

including AgNPs whose surface has been modified through silanization and 

grafting reactions (Liao et al., 2020). 
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4. Cerium oxide nanoparticles (Nanoceria) 

Recently, there has been a significant development in nanotechnology area, 

and due to this, nanoparticles have received a lot of interest in various fields 

such as industrial and medical fields (Puzyn et al., 2011). Nanoparticles are the 

particles between 1 - 100 nm in size. Among various nanoparticles, metal oxide 

nanoparticles, which are essential and have unique properties, are widely used 

today. Examples of metal oxide nanoparticles include zinc oxide, titanium 

oxide, iron oxide, and cerium oxide nanoparticles (Thakur et al., 2019). Among 

these metal oxide nanoparticles, cerium oxide nanoparticles (Nanoceria) have 

mainly used due to their unique surface chemistry, high stability and 

biocompatibility (Nadeem et al., 2020). And, it has recently attracted much 

attention in the biomedical field due to the scavenging properties of reactive 

oxygen species (ROS) (Nelson et al., 2016). Also, Nanoceria has been found to 

be highly effective antimicrobials against both Gram-positive and Gram-

negative bacteria, and have even demonstrated an effectiveness against C. 

albicans (Farias et al., 2018; Pujar et al., 2020). Therefore, incorporating 

nanoceria into a 3D printing polymers can be an effective antifungal strategy. 

 

Figure 2. Schematic drawing of nanoceria antifungal properties (Park et al., 

2020). 
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5. Research objectives 

In this study, the nanoceria was used to improve antifungal properties of the 

3D printing denture base resin. Nanoceria is a material that has antifungal 

effects against Candida albicans. Nonetheless, there is no studies on the 

antifungal effects related to various properties of nanoceria on 3D printing 

denture base resins. Therefore, the aim of this study was to prepare the 3D 

printing denture base resin by addition of nanoceria and to investigate the 

antifungal effect on Candida albicans as well as the possibility of the clinical 

application of the manufactured resin. 

 The null hypothesis was that there would be no significant differences in the 

degree of conversion, surface, physical, mechanical properties, cytotoxicity, 

antifungal effects and accuracy of 3D printing denture base resin between with 

and without nanoceria. 
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II. MATERIALS AND METHODS 

 

1. Materials 

In this study, a commercially available photopolymer 3D printing resin 

material (NextDent Denture 3D+, lot No. XG292N21, 3D systems, Soesterberg, 

The Netherlands) for the production of denture base was used. 

The cerium oxide nanoparticle (Nanoceria) was purchased from Sigma-

Aldrich (St. Louis, MO, USA). According to the manufacturer, the nanoceria 

was pale yellow-white with an average particle size of less than 25 nm. 

 

 

Table 1. Composition of 3D printing resin material. 

Composition  Wt.% 

Ethoxylated bisphenol A dimethacrylate ≥ 75 

7,7,9(or 7,9,9)-trimethyl-4,13-dioxo-3,14-dioxa-5,12-

diazahexadecane-1,16-diyl bismethacrylate 
10 – 20 

2-hydroxyethyl methacrylate 5 – 10 

Silicon dioxide 5 – 10 

Diphenyl(2,4,6- trimethylbenzoyl)phosphine oxide 1 – 5 

Titanium dioxide < 0.1 

www.nextdent.com 
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2. Characterizations of nanoceria 

2.1. Morphology 

The morphology of nanoceria was examined by transmission electron 

microscopy (TEM; JEM-200F, JEOL, Tokyo, Japan). The 0.1 mg of nanoceria 

was dispersed in 1 mL of ethanol (Ethyl alcohol 99.9%, Duksan Pure Chemical, 

Ansan, Korea). A drop of suspension was then settled on a TEM grid (200 

mesh), dried in vacuum. Then, images were acquired at 200 kV. 

 

 

 

2.2. Crystal structure 

The crystal structure of nanoceria was identified by X-ray diffraction analysis 

(XRD; Ultima IV, Rigaku, Tokyo, Japan). The nanoceria was screened in 2θ 

angle range between 10° to 90° using Cu Kα1 radiation at 40 kV and 30 mA 

with a scanning speed of 1˚/min. 
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3. Preparation of 3D printing denture base resin incorporating 

nanoceria 

The nanoceria was incorporated into the 3D printing denture base resin at 

various weight percentages; 0% (control), 0.5%, 1.0% 2.0%, 4.0%, 

respectively (Table 2). 

The schematic diagram of the preparation process of 3D printing denture base 

resin incorporating nanoceria was in Figure 3. The nanoceria was 

homogeneously dispersed in the 3D printing denture base resin by solvent-

based mixing method using ethanol (Dao et al., 2011). First of all, the nanoceria 

was mixed with ethanol in a weight ratio of 1 : 5 (nanoceria : ethanol). The 

mixture of nanoceria and ethanol was probe-sonicated using a probe type high 

energy sonicator (Q125 Sonicator, Qsonica LLC, Newtown, CT, USA) for 15 s 

at 40% amplitude every 10 s over a 20 min time period to create nanoceria 

suspension (Xue et al., 2018). To lower viscosity of the 3D printing denture 

base resin, it was stirred magnetically at 50 °C for 30 min. To promote 

homogenous dispersion, the nanoceria suspension was mixed with a pre-heated, 

low-viscosity 3D printing denture base resin using a speed mixer (DAC 150.1 

FVZ, Hauschild SpeedMixer, Hamm, Germany) at 3500 rpm for 10 min. After 

that, the ethanol in the mixture of the nanoceria suspension and 3D printing 

denture base resin was slowly evaporated by magnetically stirred at 550 rpm, 

50 °C for 48 h. The 3D printing denture base resin incorporating nanoceria was 

then degassed under vacuum (8~9 mTorr) for 2 h. The completed 3D printing 

denture base resin incorporating nanoceria was used. 
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Table 2. Weight ratio (%) of nanoceria in each group and experimental codes 

Groups 

3D printing  

denture resin 

(Wt.%) 

Nanoceria 

(Wt.%) 
Group code 

1 100 0 Control 

2 99.5 0.5 0.5% CNP 

3 99 1.0 1.0% CNP 

4 98 2.0 2.0% CNP 

5 96 4.0 4.0% CNP 

CNP: Cerium oxide nanoparticle (Nanoceria) 
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Figure 3. Description of the preparation process of 3D printing denture base resin incorporating nanoceria.
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4. Characterizations of 3D printing denture base resin incorporating 

nanoceria 

4.1. Aggregation analysis 

The aggregation tendency of nanoceria in 3D printing denture base resin 

incorporating nanoceria was characterized using transmission electron 

microscopy (TEM; JEM-200F, JEOL, Tokyo, Japan). The 0.1 mg of 3D 

printing denture base resin incorporating nanoceria in each group was 

dispersed in 1 mL of ethanol. Then, an image was obtained at 200 kV after 

a drop of suspension was deposited on a TEM grid (200 mesh) and dried in 

vacuum. 

 

4.2. Viscosity analysis 

The viscosity was measured to evaluate the flow properties of the 3D printing 

denture base resin incorporating nanoceria. The viscosity measurements on all 

the sample tested in this study were performed using a stress-controlled 

rheometer (MCR 702, Anton Paar GmbH, Filderstadt, Germany) equipped with 

a Peltier temperature device that kept constant at a temperature of 25 ºC. Due 

to the low viscosity of the 3D printing denture base resin incorporating 

nanoceria, selected a parallel plate rheometer module with a diameter of 50 mm 

(PP50) and a plate spacing of 1 mm. The data were collected at shear rated 

between 0.1 and 800 s-1. 
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5. Printing process for 3D printed specimen 

The stereolithography (STL) data of all specimen except the trueness 

specimen were designed according to the measurement method using 3D 

printer software (3D Sprint, 3D systems, Soesterberg, The Netherlands) for 

preparing and optimizing CAD data. The accuracy specimen STL data was 

designed in the form of maxillary dentures using dental CAD software (Exocad; 

exocad GmbH, Darmstadt, Germany). The finished specimen design was sliced 

and transferred to a 3D printer after adding supporters with the 3D Sprint 

software. 

All specimens were manufactured using digital light processing (DLP) 3D 

printer (NextDent 5100, 3D Systems, Soesterberg, The Netherlands; Figure 4) 

with 405 nm wavelength ultraviolet light. The layer thickness of the specimen 

was set to 50 µm. The 3D printed specimens were post-treated according to the 

following procedure: The 3D printed specimen was placed in isopropyl alcohol 

(IPA; IPA 99.9%, LG Chem, Seoul, Korea) and ultrasonically cleaned for 3 min. 

Air was blown to dry to remove IPA remaining on the specimen. After this, it 

was placed in a new IPA and ultrasonically cleaned for 2 min. Similarly, air was 

blown to dry to remove IPA. The post-treated specimens were post-cured using 

a light polymerization unit (NextDent LC-3D print box, 3D systems, 

Soesterberg, The Netherlands; Figure 5) with 350 - 500 nm ultraviolet light for 

30 min. 
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Figure 4. Photograph of digital light processing (DLP) 3D printer (NextDent 

5100, 3D Systems, Soesterberg, The Netherlands). 

 

 

 

 

 

Figure 5. Photograph of light polymerization unit (NextDent LC-3D print box, 

3D systems, Soesterberg, The Netherlands). 

  



 

１６ 

 

6. Degree of conversion 

The degree of conversion (DC) was measured using Fourier transform infrared 

spectroscopy (Nicolet iS10, Thermo Scientific, Waltham, USA) equipped with 

attenuated total reflectance (ATR) unit. The specimens dimension was 10 mm 

in diameter and 2 mm in thickness, and that were prepared in accordance with 

same method as in section 5. The test was carried out at a resolution of 4cm-1 

and 32 scans at a range of 4000-500cm-1. The bottom center of three specimens 

were measured of each group, and the specimen was repeated three times. 

To calculate the degree of conversion DC%, the percentage of unreacted 

carbon-carbon double bonds (% C=C) was determined from the ratio of 

absorbance peak areas of aliphatic carbon-carbon double bonds C=C (peak at 

1638 cm-1) against aromatic component C-C (peak at 1608 cm–1) which was 

used as an internal standard before and after 3D printing (photo polymerization). 

The degree of conversion was determined using the following equation: 

𝐷𝐶(%) = [1 −
(1638𝑐𝑚−1 1608𝑐𝑚−1⁄ )𝑐𝑢𝑟𝑒𝑑

(1638𝑐𝑚−1 1608𝑐𝑚−1⁄ )𝑢𝑛𝑐𝑢𝑟𝑒𝑑
] × 100 
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7. Analysis of surface properties 

7.1. Polished surface morphology 

The surface morphology of the 3D printing denture base resin incorporating 

nanoceria was examined by scanning electron microscopy (FE-SEM; Merin, 

Carl ZEISS, Germany). The specimens were sequentially polished using 

Ecomet 30 grinder/polisher (Buehler, Lake Bluff, IL, USA) with #800, #1200, 

#1500 Grit silicon carbide (SiC) paper. The images were acquired with an 

acceleration voltage of 20 kV and a magnification of 500 ×. 

 

 

7.2. Polished surface roughness 

The surface roughness were examined using a surface profilometer 

(DektakXT, Bruker, Billerica, MA, USA) (n = 5). After polishing the specimens 

sequentially (#800, #1200, #1500 SiC paper) using the Ecomet 30 

grinder/polisher (Buehler, Lake Blueff, IL, USA), roughness was measured. 

The values (Ra) were recorded at three different points with linear scans, 5 mm 

long and averaged. 
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7.3. Polished surface gloss 

The surface gloss measurements were carried out using a Novo – curve gloss 

meter (Novo – Curve, Rhopoint Instruments, East Sussex, UK) with a 2 mm × 

2 mm area and a 60° geometry (light incidence), with values expressed in 

gloss units (GU). Each specimen (thickness of 2 mm and diameter of 10 mm) 

was prepared in accordance with same method as in section 5. The specimens 

were sequentially polished using silicon carbide paper in order of 800, 1200, 

1500 and 2000 grit sizes and rinsed with deionized water. Four sites were 

randomly measured for each specimen, and total of five specimens were 

performed for each group.  

 

 

7.4. Contact angle and surface energy 

The contact angles were measured to evaluate the sample's hydrophobicities/ 

hydrophilicities. A contact angle analysis was performed using a droplet 

analysis device (SmartDrop standard, FEMTOFAB, Gyeonggi-do, Korea) and 

the sessile-drop method. 5 μL of distilled water and ethylene glycol (Sigma-

Aldrich, St. Louis, MO, USA) were dropped in the center of sample surface. 

After 5 seconds, the static contact angle was measured, and the average (on the 

right and left values) was reported. The contact angle (θ) was determined by 

measuring the angle between the line generated by the water and ethylene 

glycol droplets and the sample surface. 

Surface energy was calculated according to the Owens–Wendt method 

(Owens and Wendt, 1969), which uses non-polar (dispersive) and polar 

components. The test was carried out at room temperature of 20 °C. 
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8. Analysis of physical properties 

8.1. Water sorption and solubility 

Disc-shaped specimens (d = 15.0 mm, h = 1.0 mm) were prepared in 

accordance with same method as in section 5. All specimens were kept in a 

desiccator maintained at (37 ± 2) °C for 22 h, after the specimens were removed 

and stored in a desiccator maintained at (23 ± 1) ˚C for 2 h and weighed with 

analytical balance (XS105, Mettler-toledo AG, Greifensee, Switzerland) of ± 

0.01 mg accuracy. The initial mass (m1) was recorded when the mass of the 

specimen did not change by more than 0.1 mg during 24 h. After final drying, 

the size (mean diameter and thickness) of each specimen was measured using 

a digital caliper accurate to 0.01 mm (Mitutoyo Model CD-15CPX, Mitutoyo 

Corporation, Kawasaki, Japan) and the volume of the sample was calculated (V; 

mm3) (Mangal et al., 2020b). 

Each sample was stored in distilled water at 37 ± 1 °C for 7 d. The surface 

water was removed by blotting to remove visible water, after which each 

specimen was waved in the air for 15 s, and weighed (m2) within 60 s of being 

removed from the water. The specimens were then placed in desiccator as 

described above until a constant mass (m3) was obtained. Water sorption and 

solubility were calculated using the following equations: 

𝑊𝑠𝑝 =
(𝑚2 − 𝑚3)

𝑉
 

𝑊𝑠𝑙 =
(𝑚1 − 𝑚3)

𝑉
 

Where Wsp is the water sorption of the specimen (µg/mm3), Wsl is the water 

solubility of the specimen (µg/mm3). 
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9. Analysis of mechanical properties 

9.1. Flexural strength and flexural modulus 

9.1.1. Flexural strength and flexural modulus analysis 

The flexural strength and modulus were analyzed following the ISO 20795-1 

(ISO, 2013). Ten specimens for each group were printed with an average size 

of 64 mm × 10 (b) mm × 3.3 (h) mm and processed according to same method 

as in section 5. Prior to flexural strength and modulus testing, the specimens 

were sequentially polished using Ecomet 30 grinder/polisher (Buehler, Lake 

Bluff, IL, USA) with #800, #1000, #1500 and #2000 Grit silicon carbide (SiC) 

paper and rinsed. And then, all specimens were stored in water at a temperature 

of 37 °C for (50 ± 2) h (Figure 6). 

A computer-controlled universal testing machine (Model 5942, Instron, 

Norwood, MA, USA; Figure 7) with a 1 kN load cell was used to fracture the 

specimens in three-point flexure. The flexural strength and modulus was 

measured at a span length of 50 mm and a crosshead speed of 5 mm/min. The 

flexural strength (σ) and modulus (E) were calculated according to equations: 

σ =
3𝐹𝑙

2𝑏ℎ2
 

𝐸 =
𝐹1𝑙3

4𝑏ℎ3𝑑
 

Where F is the maximum load exerted on the specimen (N), l is the distance 

between the supports (50 mm), b is the width, h is the height of the specimen 

(mm), F1 is the load at a point in the straight-line portion of the 

load/displacement curve (N), and d is the deflection at load F1 (mm). 
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9.1.2. Fractured surface analysis 

To observe the fractured surface morphology and pattern, the surface image 

of the fractured specimen was acquired by scanning electron microscopy (FE-

SEM; Merin, Carl ZEISS, Germany) with an acceleration voltage of 20 kV. All 

samples were soaked in ethanol with 80 W ultrasonic cleaner (Ultrasonic 

Cleaner SH-2100, Saehan Ultrasonic, Seoul, Korea) to remove residues on the 

cross section and coated with a 5 nm thick Pt using an ion coating machine 

(ACE600, Leica, Wetzlar, Germany). The SEM images were observed the 

magnifications of 500 ×, 2000 ×. And the distribution of cerium the fracture 

section was explored through cerium element mapping, under the same SEM 

observation settings. 
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Figure 6. Photograph of flexural strength and flexural modulus specimens. 

 

 

 

 

 

 

 

Figure 7. Photograph of universal testing machine (Model 5942, Instron, 

Norwood, MA, USA). 
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9.2. Microhardness measurement 

The specimens of microhardness were disc-shaped, 15 mm in diameter and 2 

mm in thickness, and were prepared in accordance with same method as in 

section 5. Prior to the test, the specimens were sequentially polished using 

Ecomet 30 grinder/polisher (Buehler, Lake Bluff, IL, USA) with #800, #1000, 

#1500 and #2000 Grit silicon carbide (SiC) paper and rinsed with deionized 

water. 

Microhardness was measured using a Vickers hardness tester (MMT-X, 

Matuzawa, Akita, Japan; Figure 10), by a 300 gf (2.94 N) for 30 s of dwell time 

on the specimen surfaces. The both indentation diagonal (mm) were observed 

and measured. Vickers hardness (HV) was determined using the following 

equation: 

 HV = 1.854
𝐹

𝑑2
 

Where F is the indentation load (gf), and d is the arithmetic mean of two 

diagonals (mm). A total of six specimens were tested for each group and five 

sites were randomly measured for each specimen. Each group was obtained the 

30 indentations and the mean value and standard deviations were calculated and 

compared. 
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10. Cytotoxicity analysis 

10.1. Cell culture 

The mouse fibroblast cell line of L929 was adapted for the oral cellular activity 

analyses. L929 cells cultured in RPMI1640 cell culture medium (Welgene, 

Gyeongsangbuk-do, Korea) supplemented with 10% fetal bovine serum (FBS; 

Gibco, Grand Island, NY, USA) and 1% Antibiotic-Antimycotic (Gibco, Grand 

Island, NY, USA). 

The cells were cultured at 37 °C under constant humidification conditions of 

5% CO2, and the medium was changed every 2 - 3 d. At harvest for cell activity 

analysis, adherent L929 cells were separated with 0.05% trypsin-EDTA (Gibco, 

Grand Island, NY, USA), centrifuged at 1200 rpm for 3 min and resuspended 

in culture medium. Next, the cells were counted with an automated cell counter 

(L10001, LunaTM, Logos Biosystems, Annadale, USA) which shows live/dead 

cell counting results with cells number/mL. 
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10.2. Cytotoxicity evaluation of extracts 

The cytotoxicity test was assessed according to ISO 10993-5 and 10993-12 

(ISO, 2009, 2012). The specimens of 3D printing denture base resin 

incorporating the nanoceria were extracted in culture medium RPMI1640 at an 

extraction ratio of 1.25 cm2/mL (specimen surface area/culture medium volume) 

at 37 °C for 24 hours. The RPMI 1640 eluted during 24 hours was used as the 

blank group, and the phenol was used as the positive control group. The L929 

cells were seeded in to 96-well plate (1 × 104 cells/well) and cultured using the 

incubator with 5% CO2 at 37 °C in RPMI 1640 for 24 hours. The medium was 

then removed and L929 cells cultured in extract liquid of each specimen at 100% 

concentrations for 24 hours. After that, the extract liquid was removed and 

washed with phosphate-buffered saline (PBS; Welgene, Gyeongsangbuk-do, 

Korea). Finally, the cytotoxicity of 3D printed denture base resin incorporating 

nanoceria was measured comparing to the blank group using methylthiazole 

tetrazolium (MTT) analysis. 
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10.3. Methylthiazol tetrazolium (MTT) assay 

The thiazoly blue tetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO, 

USA) dissolved in phenol red-free RPMI1640 medium at a concentration of 1 

mg/mL and then was filtered through a syringe and syringe filter (pore size: 

0.20 μm; DISMIC-25CS, ADVANTEC, Tokyo, Japan). The MTT solution was 

made just before use. After adding 50 uL of MTT solution to each test well, the 

plates were cultured in incubators with 5% CO2 at 37 °C. After 2 hours, the 

MTT solution was removed and 100 μL of isopropanol (Sigma-Aldrich, St. 

Louis, MO, USA) was placed in each well to dissolve the formazan product for 

30 min. The absorbance was then measured using a Microplate 

Spectrophotometer (Epoch, BioTek, Winooski, VT, USA) at 570 nm. The cell 

viability was calculated as the percentage of the optical density (OD) measured 

for the blank (100%). 
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11. Analysis of antifungal activity 

11.1. Anti-adhesion 

11.1.1. Fungal strains and culture conditions 

Fungal strain was isolated from Korean individuals and obtained from the 

Korean Collection for Oral Microbiology (KCOM, Gwangju, Korea). Candida 

albicans (KCOM 3253) of fungal strains were used. Stock cultures were kept 

frozen at -70 ºC in 0.9 mL of yeast mold broth (YM broth; Becton, Dickinson 

and Company, New Jersey, USA) and 0.1 mL of 100 % glycerol. YM broth was 

composed of 3.0 g yeast extract, 3.0 g malt extract, 5.0 g peptone, and 10.0 g 

dextrose. Fungal strains were cultured and maintained in an incubator at 37 ºC 

in YM broth or agar plates. Fungi were grown 24 hours at 37 ºC by inoculation 

of an isolated colony in YM broth. And, the YM broth was used to dilute the 

culture until the concentration of Candida albicans suspension was 

approximately 1 × 107 CFU/mL. 
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11.1.2. Evaluation of fungal colony forming unit (CFU) 

The disc-shaped specimens (10 mm × 2 mm) were prepared in accordance 

with same method as in section 5. Following the preparation of disc-shaped 

specimens, each sample was placed on a solid agar plate. And 100 μL of fungal 

suspension (1 × 106 CFU/100 μL) was placed on each specimen surface and 

incubated at 37 ℃ for 24 h. After incubation, the specimens were gently washed 

twice with phosphate-buffered saline (PBS; Welgene, Gyeongsangbuk-do, 

Korea) to remove any non-adherent fungi. To evaluate the fungal colony-

forming units (CFUs), the attached fungi were harvested in 1 mL of YM broth 

by sonication (Ultrasonic Cleaner SH-2100, Saehan Ultrasonic, Seoul, Korea) 

for 5 minutes. Next, 100 µL of the harvested fungal suspension was spread onto 

a solid YM agar plate and incubated at 37 °C for 24 h. The total number of 

colonies was then counted. The experiments were performed in triplicate. 
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11.1.3. Fungal viability assay 

To confirm the viability of adherent fungi, each fungi strain that was placed 

on the surface of each specimen was stained using a LIVE/DEAD Fungalight 

yeast viability kit (SYTO9 and propidium iodide, Molecular Probes, Eugene, 

Oregon, USA) according to the kit manufacturer’s protocols. Preparation of 

specimens, fungal culture, and PBS cleaning were the same as mentioned in 

section 11.1.2. Equal volumes of SYTO9 dye and propidium iodide dye were 

mixed thoroughly. 3 μL of this mixture were added to each mL of the PBS and 

1 mL of the completed solution was placed on each specimen in a 24-well plate. 

After incubation for 20 min at room temperature in the dark, the stained 

specimens were observed using a confocal laser microscopy (LSM880, Carl 

Zeiss, Thornwood, NY, USA). Live fungi were stained with SYTO9 and 

produced green fluorescence, while dead fungi were stained with propidium 

iodide and produced red fluorescence. 
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11.1.4. Analysis of fungal morphology 

The morphological changes in fungi strains cultured on specimen surfaces 

were examined using scanning electron microscopy (FE-SEM; Merin, Carl 

ZEISS, Germany). Preparation of specimens, fungal culture, and PBS cleaning 

were the same as mentioned in section 11.1.2. The washed specimen was fixing 

with 2 % glutaraldehyde-paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) 

for at least 30 min at room temperature. Specimens were then post-fixed with 

1 % OsO4 dissolved in 0.1 M PBS for 2 h, dehydrated in an ascending gradual 

series of ethanol, treated with isoamyl acetate, and subjected to the Critical 

point dryer (LEICA EM CPD300, Wien, Austria). They were coated with Pt (5 

nm) by using an Ion Coater (LEICA EM ACE600, Wien, Austria) and 

examined using a scanning electron microscopy 2 kV. 

  



 

３１ 

 

11.2. Growth inhibition 

11.2.1. Fungal strains and culture conditions 

The fungal strains and culture conditions are the same as mentioned in section 

11.1.1. 

 

11.2.2. Evaluation of fungal colony forming unit (CFU)  

The disc-shaped specimens (10 mm × 2 mm) were prepared in accordance 

with same method as in section 11.1.2. Following the preparation of disc-

shaped specimens, each sample was added to the YM broth at a ratio of 1.25 

cm2/mL of surface area and extracted at 37 °C for 24 h. After that, the extracted 

YM broth was filtered with a syringe filter (pore size: 0.20 μm; ADVANTEC, 

Tokyo, Japan). And 100 μL (106 CFU/100 μL) of fungal suspension was placed 

into the filtered YM broth. The fungal suspension was incubated in a CO2 

incubator at 37 °C for 24 h. Next, 100 µL of the fungal suspension was spread 

onto a solid YM agar plate and incubated at 37 °C for 24 h. The total number 

of colonies was then counted. The experiments were performed in triplicate. 
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12. Assessment of accuracy 

12.1. 3D printing and scanning 

The process 3D printing and scanning for trueness and precision is shown in 

Figure 8. The reference model was designed as an STL file in the form of a 

maxillary denture using CAD software (Exocad) (Figure 9). The reference 

model was printed about control and test groups, and that were prepared in 

accordance with same method as in section 5 (n = 10). The 3D printed models 

were scanned using the dental 3D scanner (Medit T500, Medit Corp., 

Seongbuk-gu, Korea) and the scanned models were saved as STL files. The 

saved STL files were uploaded to a 3D inspection software (Geomagic Control 

X 2020; 3D Systems, Rock Hill, SC, USA) and overlapped with local best fit 

based on the inner surface of the denture. 

 

12.2. Trueness 

To determine trueness, the STL file of reference model and the scanned STL 

file of each group went through the local best-fit alignment. The results was 

evaluated based on the root mean square (RMS) value gained by alignment, and 

presented color maps to allow the qualitative assessment. The RMS values were 

calculated using the following formula: 

RMS =
1

√𝑛
∙ √∑ (xref − xi)

2
𝑛

i=1
 

Where xref is the measurement of the reference model, xi is the measurement 

of the test model being compared, and n is the total number of measurements. 
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12.3. Precision 

To determine the precision, the STL files scanned within each group were 

combined to make 45 pairs and compared for each group. The scanned STL file 

of each group went through the local best-fit alignment. The results was 

evaluated based on the root mean square (RMS) value gained by alignment, and 

presented color maps to allow the qualitative assessment. 
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Figure 8. Process 3D printing and scanning for trueness and precision. 

 

 

 

 

Figure 9. Photograph of STL file for assessment of accuracy. 
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13. Statistical analysis 

The statistical analyses were performed using the IBM SPSS statistics 25.0 

software program (IBM Corp., Armonk, NY, USA). The Degree of conversion, 

surface properties, physical properties, mechanical properties, cytotoxicity and 

evaluation of fungal colony forming unit (anti-adhesion and growth inhibition) 

results and accuracy were analyzed with one-way analysis of variance 

(ANOVA), followed by a post hoc Tukey’s test. The all statistical significance 

levels were set at a confidence 95 % (p < 0.05). 



 

３６ 

 

III. RESULTS 

 

1. Characterizations of nanoceria 

1.1. Morphology 

The morphology of nanoceria was examined by TEM as shown in Figure 10. 

TEM images showed that nanoceria presented various shapes (triangular, 

quadrangular and polyhedral shapes), which was the same shape as other 

researchers’ results. In addition, nanoceria was showed a size distribution of 25 

nm or less. 

 

 

Figure 10. TEM image of morphology characterizations of nanoceria (The size 

of scale bar is 100 nm).  
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1.2. Crystal structure 

The XRD pattern of nanoceria is shown in Figure 11. The XRD profile 

indicated high strength for crystal planes (111), (200), (220) and (311). These 

diffraction peaks in the XRD spectra represent the pure cubic fluorite structure 

of CeO2 nanoparticles. 

 

 

 

  

 

 

 

Figure 11. XRD pattern of crystal structure characterizations of nanoceria. 
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2. Characterizations of 3D printing denture base resin incorporating 

nanoceria 

2.1. Aggregation analysis 

The aggregation of 3D printing denture base resin incorporating nanoceria 

was examined by TEM as shown in Figure 12. TEM images showed that CNP 

were dispersed throughout the 3D printing denture base resin. And, the higher 

the content of CNP, the more aggregated particles were shown. This was also 

confirmed through energy dispersive X-ray spectroscopy (EDS) mapping (The 

pink image showed cerium; Cerium = Ce). The EDS mapping image showed 

no Ce in the control, and more Ce was displayed as the content of CNP 

increased. 
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Figure 12. The aggregation characterizations of 3D printing denture base resin 

incorporating nanoceria. (A) Control, (B) 0.5% CNP, (C) 1.0% CNP, (D) 2.0% 

CNP and (E) 4.0% CNP groups (The size of scale bar is 1 µm). EDS elemental 

mapping images showing the chemical elements: blue - Si, green - O, red - C, 

pink - Ce. 
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2.2. Viscosity analysis 

The viscosities of the different groups are shown in Figure 13. The viscosity 

of 4.0% CNP was the highest, followed by 2.0% CNP, 1.0% CNP, 0.5% CNP, 

and control. This indicates that the viscosity increased as the amount of 

contained CNP was increased. 

 

 

 

 

Figure 13. Viscosity of the 3D printing denture base resin with different 

nanoceria ratios. The y-axis represents viscosity η in mPa·s, while x-axis 

represents shear rate γ in 1/s. 
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3. Degree of conversion 

The mean DC ± standard deviation values (%) of degree of conversion are 

presented in Table 3. No significant difference (p > 0.05) in DC was measured 

between control (93.21 ± 0.94%), 0.5% CNP (92.80 ± 0.71%) and 1.0% CNP 

(92.00 ± 1.02%). On the contrary, significant difference (p < 0.05) was 

measured between control (93.21 ± 0.94%) and 2.0% CNP (90.42 ± 0.94%) and 

4.0% CNP (88.84 ± 0.22%).  

 

 

 

 

 

Table 3. Degree of conversion of each group. 

Groups Degree of conversion (%) 

Control 93.21 (± 0.94)a 

0.5% CNP 92.80 (± 0.71)a 

1.0% CNP 92.00 (± 1.02)ab 

2.0% CNP 90.42 (± 0.94)bc 

4.0% CNP 88.84 (± 0.22)c 

Same lowercase letter in the same column indicates no significant difference (p 

> 0.05). 
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4. Analysis of surface properties 

4.1. Polished surface morphology 

The polished surface morphology of the control and test groups was examined 

by FE-SEM (Figure 14). In the specimens of 3D printing denture base resin 

incorporating nanoceria, CNP could not be visually confirmed. Therefore, the 

cerium element was measured by EDS. With an increase in CNP inclusion in 

3D printing denture base resin, more cerium element was detected and indicated 

by yellow dots. EDS mapping images showed that there were no yellow dots in 

the control and more yellow dots were displayed as the CNP content increased. 
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Figure 14. SEM images of the surface of 3D printed denture base resin 

incorporating nanoceria (Control, 0.5%, 1.0%, 2.0%, and 4.0%) at a 

magnification of 500 ×. The EDS mapping results of the cerium ion distribution 

shown in yellow are located at the bottom left of each SEM image. 
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4.2. Polished surface roughness 

The mean values and standard deviations of polished surface roughness for 

control and test groups are given Figure 15. There were no significant 

differences among the different groups (p > 0.05), indicating that the 

incorporation of nanoceria did not affect the surface roughness of the 3D 

printing denture base resin. 

 

 

 

 

Figure 15. Comparison of polished surface roughness values of control and test 

groups. Same lowercase alphabetical letters above the bar graph indicate there 

are no significant differences between the groups (p > 0.05). 
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4.3. Polished surface gloss 

In terms of the polished surface gloss, there were no significant differences 

among the different groups (p > 0.05), indicating that the incorporation of 

nanoceria did not affect the polished surface gloss of the 3D printing denture 

base resin (Figure 16). 

 

 

 

 

Figure 16. Comparison of polished surface gloss values between different 

groups of 3D printed denture base resin incorporating nanoceria. Same 

lowercase alphabetical letters above the bar graph indicate there are no 

significant differences between the groups (p > 0.05). 
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4.4. Contact angle and surface energy 

The results of contact angle and surface energy of the control and test groups 

are shown in Table 4 and Figure 17. A significant change in the distilled water 

and ethylene glycol contact angle of 3D printing denture base resin 

incorporating nanoceria (0.5% CNP, 1.0% CNP, 2.0% CNP and 4.0% CNP) was 

observed when compared to control group (p < 0.05, Table 4). It was also 

showed that the higher the nanoceria content, the greater the hydrophilicity. The 

surface energy of the 4.0% CNP group was increased significantly compared to 

the control group due to the increased polar force (p < 0.05, Table 4). 

Table 4. Distilled water and ethylene glycol contact angles of control and test 

groups. 

Groups 

Liquid (deg) 
Polar 

force 

[mJ/m2] 

Dispersive 

force 

[mJ/m2] 

Surface 

tension 

[mJ/m2] Distilled 

water 
Ethylene 

glycol 

Control 
75.95  

(± 2.92)a 

53.17  

(± 4.35)a 

85.06  

(± 4.41)b 

16.41  

(± 2.92)a 

101.47  

(± 4.86)b 

0.5% CNP 
73.78  

(± 2.17)b 

48.77  

(± 3.65)b 

88.21  

(± 4.26)ab 

16.35  

(± 2.42)a 

104.56  

(± 4.37)ab 

1.0% CNP 
72.63  

(± 2.53)bc 

47.52  

(± 3.76)bc 

89.19  

(± 3.93)a 

15.53  

(± 2.79)a 

104.72  

(± 5.48)ab 

2.0% CNP 
71.17  

(± 2.67)c 

46.05  

(± 3.09)bc 

89.75  

(± 5.57)a 

15.65  

(± 3.40)a 

105.39  

(± 7.07)ab 

4.0% CNP 

68.68  

(± 3.19)d 

45.19  

(± 4.26)c 

91.56  

(± 3.06)a 

15.71  

(± 2.45)a 

107.27  

(± 4.32)a 

Same lowercase letter in the same column indicates no significant difference (p 

> 0.05). 
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Figure 17. Water and ethylene glycol droplet images of control and test groups. 

Contact angles of (upper A-E) distilled water, (lower A-E) ethylene glycol. 
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5. Analysis of physical properties 

5.1. Water sorption and solubility 

The results of water sorption and solubility are shown in Table 5. The water 

sorption results were the lowest value in 2.0% CNP and 4.0% CNP groups and 

highest value in control group, and showed a significant difference (p < 0.05).  

The results of water solubility were same the water sorption results. The 0.5% 

CNP group and the 1.0% CNP group were not significantly different from the 

control group (p > 0.05), and the 2.0% CNP group and the 4.0% CNP group 

were significantly different from the control group (p < 0.05). 

 

 

 

Table 5. Water sorption and solubility of control and test groups. 

Groups Water sorption (µg/mm3) Solubility (µg/mm3) 

Control 26.93 (± 1.16)a 0.16 (± 0.43)a 

0.5% CNP 25.68 (± 0.56)ab 0.39 (± 0.24)ab 

1.0% CNP 25.15 (± 0.47)ab 0.48 (± 0.28)ab 

2.0% CNP 24.38 (± 0.31)b 0.67 (± 0.31)b 

4.0% CNP 24.20 (± 0.63)b 0.72 (± 0.63)b 

Same lowercase letter in the same column indicates no significant difference (p 

> 0.05). 
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6. Analysis of mechanical properties 

6.1. Flexural strength and flexural modulus 

6.1.1. Flexural strength and flexural modulus analysis 

The average flexural strength and modulus of the 3D printing denture resin 

(the control group) were 86.50 ± 4.24 MPa and 2739.66 ± 84.73 MPa, 

respectively, as shown in Figure 18. The flexural strength and flexural modulus 

of the 3D printing denture base resin incorporating nanoceria (0.5% CNP group 

and 1.0% CNP group) were to 82.84 ± 3.69 MPa, 83.37 ± 3.19 MPa and 

2663.98 ± 79.04 MPa, 2733.91 ± 76.80 MPa, respectively. And there was no 

significant difference between the control group and two forementioned test 

groups (p > 0.05). Except for 0.5% and 1.0% CNP group, the rest of the groups 

decreased significantly in flexural strength and modulus values compared to the 

control (p < 0.05). 

 

6.1.2. Fractured surface analysis 

To confirm the dispersion of nanoceria in 3D printed denture base resin 

incorporating nanoceria, the fractured surfaces of samples were observed by 

SEM after the flexural strength and modulus test. Through EDS, cerium 

elements were measured inside 3D printed denture base resin specimens 

incorporating nanoceria. The fractured surface of the control group was showed 

typical brittle fracture characteristics with smooth. The fractured surfaces of the 

other groups were rough surfaces than that of the control group and observed 

agglomeration by addition nanoceria. As CNP was marked with yellow dots. 

There were no yellow dots in the control and more yellow dots were displayed 

as the CNP content increased (Figure 19). 
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Figure 18. Comparison of flexural strength (A) and flexural modulus (B) among 

different groups of 3D printed denture base resin incorporating nanoceria. 

Difference in lowercase alphabetical letters above the bar graph indicate 

significant differences between the groups (p < 0.05). 
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Figure 19. SEM images for the fractured surfaces of 3D printed denture base 

resin specimen after flexural testing at a magnification of 1,000 ×: Control (A); 

0.5% CNP (B); 1.0% CNP (C); 2.0% CNP (D); and 4.0% CNP (E). The EDS 

mapping results of the cerium ion distribution shown in yellow are located at 

the bottom left of each SEM image. 
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6.2. Microhardness measurement 

The results of the microhardness are shown in Figure 20. The hardness values 

of each group were control group (17.08 ± 0.41), 0.5% CNP group (17.11 ± 

0.29), 1.0% CNP group (17.60 ± 0.24), 2.0% CNP group (17.16 ± 0.52), and 

4.0% CNP group (17.23 ± 0.44). The 1.0% CNP group had the highest hardness 

value, which was significantly different from the other groups (p < 0.05). 

 

 

 

Figure 20. Comparison of microhardness among different groups of 3D printed 

denture base incorporating nanoceria. Each value represents the mean of 

measurements, and the error bars represent the standard deviation of the mean 

(mean ± standard deviation). Difference in lowercase alphabetical letters above 

the bar graph indicate significant differences between the groups (p < 0.05). 
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7. Cytotoxicity analysis 

7.1. Cell viability 

The results of the cell viability are shown in Figure 21. The values of cell 

viability were (86.75 ± 5.74) %, (91.25 ± 4.35) %, (90.50 ± 6.03) %, (85.50 ± 

4.43) %, and (75.00 ± 8.91) % for control, 0.5% CNP, 1.0% CNP, 2.0% CNP 

and 4.0% CNP, respectively. The control group had a significant difference 

from the 4.0% CNP group (p < 0.05), and there was no significant difference 

from the other groups (p > 0.05). 

 

 

Figure 21. Comparison of cell viability among different groups of 3D printed 

denture base resin incorporating nanoceria. Same lowercase alphabetical letters 

above the bar graph indicate there are no significant differences between the 

groups (p > 0.05). Differences in lowercase alphabetical letters above the bar 

graph indicate significant differences between the groups (p < 0.05). 
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8. Analysis of antifungal effect 

8.1. Anti-adhesion 

8.1.1. Evaluation of fungal counting colony forming unit (CFU) 

The results of anti-adhesion of Candida albicans on control and test 

specimens were determined by the CFU method (Figure 22, 23). This 

observation confirmed that mold was significantly reduced in fungal adhesion 

on the specimens containing nanoceria, and the number of CFUs decreased as 

the nanoceria content increased (p <0.05). 
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Figure 22. Images of colony forming unit (CFU – anti-adhesion) of Candida 

albicans strains following: Control (A); 0.5% CNP (B); 1.0% CNP (C); 2.0% 

CNP (D); and 4.0% CNP (E). 
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Figure 23. Comparison of anti-adhesion effect between different groups of 3D 

printed denture base resin incorporating nanoceria of Candida albicans 

indicated by colony forming unit (CFU). Difference in lowercase alphabetical 

letters above the bar graph indicate significant differences between the groups 

(p < 0.05). 
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8.1.2. Fungal LIVE/DEAD 

The fungal viability of Candida albicans were determined by the FungaLight 

LIVE/DEAD assay kit. Green fluorescence represents a living fungi, and red 

fluorescence represents dead fungi. The results of fungal live/dead showed the 

difference between control and test groups more clearly depending on the 

quantitative method using fluorescence microscopy (Figure 24). The number of 

surviving fungi stained with a green fluorescence was much higher in the 

control group than in the test group. In addition, the adhesion rate of Candida 

albicans decreased as the content of nanoceria was added. 
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Figure 24. Fluorescent images showing the live (green) and dead (red) stained 

fungi adherent to 3D printed denture base resin disc following Control (A); 0.5% 

CNP (B); 1.0% CNP (C); 2.0% CNP (D); and 4.0% CNP (E) (scale bar = 50 

µm). 
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8.1.3. Fungal morphology 

Figure 25 shows the representative FE-SEM images of attached Candida 

albicans on the specimen surface of 3D printing denture base resin 

incorporating nanoceria. These images clearly show that as the nanoceria 

content increased, fewer Candida albicans were attached to the specimen 

surface. This result was further confirmed by a quantitative CFU analysis. 

Overall, the CFU results are consistent with those observed by FE-SEM. 
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Figure 25. Scanning electron microscopy images of Candida albicans attached 

to the surfaces of control and experimental groups at a magnification of 2,000 

× and 500 ×. Control (A); 0.5% CNP (B); 1.0% CNP (C); 2.0% CNP (D); and 

4.0% CNP (E). 
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8.2. Growth inhibition 

8.2.1. Evaluation of fungal counting colony forming unit (CFU) 

The results of growth inhibition of Candida albicans on control and test 

specimens were determined by the CFU method (Figure 26, 27). This 

observation confirmed that mold was significantly reduced in the specimens 

containing nanoceria, and the number of CFUs decreased as the nanoceria 

content increased (p <0.05). 
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Figure 26. Images of colony forming unit (CFU – growth inhibition) of 

Candida albicans strains following: Control (A); 0.5% CNP (B); 1.0% CNP 

(C); 2.0% CNP (D); and 4.0% CNP (E). 
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Figure 27. Comparison of growth inhibition effect between different groups of 

3D printed denture base resin incorporating nanoceria of Candida albicans 

indicated by colony forming unit (CFU). Difference in lowercase alphabetical 

letters above the bar graph indicate significant differences between the groups 

(p < 0.05).  
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9. Assessment of accuracy 

9.1. Trueness 

The average values of trueness are shown in Figure 28. The 0.5% CNP group 

and 1.0% CNP group were no significant difference from the control group 

(p > 0.05). Except for 0.5% and 1.0% CNP group, the rest of the groups 

increased significantly to compare control (p < 0.05). 

The 3D surface color deviation map was presented in green for data within the 

acceptable range, and the negative and positive deviations were presented in 

blue and red, respectively (Figure 29). In all the images in the group, negative 

deviation colors were appeared in the denture border area, and positive and 

negative deviation colors was appeared at the end of the denture palate area. 

Also, the more nanoceria was added, the more positive and negative deviation 

colors were presented. 
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Figure 28. Trueness root mean square values of control and test groups. 

Difference in lowercase alphabetical letters above the bar graph indicate 

significant differences between the groups (p < 0.05). 
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Figure 29. Visual deviation analysis of trueness by using color map (Green 

represents good fit, yellow or red represents positive error, and blue represents 

negative error). Control (A); 0.5% CNP (B); 1.0% CNP (C); 2.0% CNP (D); 

and 4.0% CNP (E). 
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9.2. Precision 

The average values of precision are shown in Figure 30. The all test groups 

were significant difference from the control group (p < 0.05). The 2.0% CNP 

group was no significant difference from the 4.0% CNP group (p > 0.05). 

The 3D surface color deviation map was presented in green for data within the 

acceptable range, and the negative and positive deviations were presented in 

blue and red, respectively (Figure 31). In the images in the control and 0.5% 

CNP group, positive and negative deviation colors was appeared in the denture 

border area. And the images of 1.0% CNP, 2.0% CNP and 4.0% CNP group 

was showed mostly within the tolerance levels. 
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Figure 30. Precision root mean square values of control and test groups. 

Difference in lowercase alphabetical letters above the bar graph indicate 

significant differences between the groups (p < 0.05). 
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Figure 31. Visual deviation analysis of precision by using color map (Green 

represents good fit, yellow or red represents positive error, and blue represents 

negative error). Control (A); 0.5% CNP (B); 1.0% CNP (C); 2.0% CNP (D); 

and 4.0% CNP (E). 
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IV. DISCUSSION 

 

The material of the denture base should have good properties such as stable 

chemical properties, good physical and mechanical properties, easy polish, non-

toxic and antifungal properties (Meng and Latta, 2005). While all properties are 

important for clinical use, antifungal properties are the most important to 

prevent denture stomatitis (Nawasrah et al., 2016). In this study, nanoceria was 

incorporated into 3D printing denture base resins to improve antifungal 

properties and evaluated various properties to see if manufactured 3D printing 

denture base resins are clinically available. 

Nanoceria is a material that has recently attracted much attention due to its 

broad range of biomedical applications including antibacterial, antioxidant and 

anticancer activity, drug/gene delivery systems, anti-diabetic properties, and 

tissue engineering (Thakur et al., 2019). But, the antibacterial and antifungal 

mechanism of action of nanoceria has not yet been established in detail. The 

mechanism of antimicrobial action is probably due mainly to the oxidative 

stress on the components of the microbial membrane of Gram-negative and 

fungi microorganisms and the largest observed antimicrobial activity against 

Gram-negative and fungi is probably due to direct contact with the outer 

membrane (Farias et al., 2018; Qi et al., 2020). 
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Figure 32. The schematic representation of the antimicrobial mechanism of 

nanoceria-based materials (Qi et al., 2020). 

The degree of conversion is the most important factor in resin materials 

because it can affect mechanical and physical properties and cytotoxicity (Lin 

et al., 2020). As a result of the degree of conversion, the DC value decreased as 

the nanoceria content increased (Table 3). The resin matrix affects the degree 

of conversion of resins, but the filler geometry, size and content can also affect 

the degree of conversion value (Rastelli et al., 2012). Similar to the current 

study, there was a research in which the value of degree of conversion decreased 

as the content of filler added to resin increased. This is because the mobility of 

the monomer chain can be limited by fillers incorporation, leading to reducing 

monomer and radical mobility resulting then in lower degree of conversion 

(Amirouche-Korichi et al., 2009; Par et al., 2018). 

The surface roughness of denture is an important property that affects the 

formation of biofilms by providing storage space for food debris and 

microorganisms, and the surface gloss of denture is used to assess aesthetic 

appearance (Keyf and Etikan, 2004; Sharma et al., 2017). In addition, the 
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noticeable loss of gloss when incorporating new materials into existing denture 

and 3D printing denture materials has a significant impact on clinical usefulness 

(Lee et al., 2020). The surface roughness and gloss results in this study showed 

no significant differences among the groups (p > 0.05; Figure 15, 16). The 

surface roughness threshold is 0.2 μm because surface roughness greater than 

0.2 μm may increase microbial colonies (Al‐Harbi et al., 2019; Vojdani et al., 

2012). As a result of this study, the surface roughness values of all groups were 

less than 0.2 μm. Therefore, nanoceria does not affect the surface of the 3D 

printed denture base. The hydrophilicity/hydrophobicity of the material surface 

can be judged through the contact angle. The adsorption of proteins on 

hydrophilic surfaces is relatively weak, while adsorption on hydrophobic 

surfaces is very strong. Therefore, changing the properties of the denture 

surface by increasing hydrophilicity could reduce the colonization of 

pathogenic microorganisms (AlBin‐Ameer et al., 2020; Lazarin et al., 2013). In 

the case of the contact angle, the same as the results of other papers was showed 

the hydrophilicity of the surface that improves as the nanoceria content 

increases (Park et al., 2020). Thus, the incorporation of nanoceria into 3D 

printing denture base resin enhanced the hydrophilicity that affected the 

adherence of microbes. 

Water sorption and solubility are critical properties associated with long-term 

prosthesis such as denture. High water absorption can lead to polymer 

plasticization and reduced internal stress thresholds and changed to dimension, 

which can lead to premature fracture. And the solubility is important because it 

indicate the mass of the dissolved substance in a polymer (Mangal et al., 2020b; 

Tuna et al., 2008). In this study, the more nanoceria was added in the 3D 

printing denture base resin, the lower the water absorption has appeared, and 

the higher the solubility has appeared (Table 5). However, the water sorption 

values of all groups were (24.20 ± 0.63) to (26.96 ± 1.16) µg/mm3, which was 

below the ISO standard of 32 µg/mm3. And the solubility values of all groups 
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were (0.16 ± 0.43) to (0.72 ± 0.63) µg/mm3, which was below the ISO standard 

of 1.6 µg/mm3, indicating that it was suitable as a denture base material. Water 

sorption occurs mainly in the resin matrix (Berger et al., 2009). Therefore, the 

higher the content of nanoceria, the lower the content of the resin matrix that 

accompanies it, and it is thought that such a water sorption result is displayed. 

The low solubility of the material is known to be related to the high degree of 

conversion of the composite (Melo et al., 2019). Because the solubility of a 

resin composite is related to the amount of unreacted monomers, in this study, 

results of the degree of conversion showed the highest value in the control 

group, the lowest value in the 4.0 wt% group, and results of solubility showed 

the lowest value in the control group, the highest value in the 4.0 wt% group. 

3D printing denture base resins must have adequate mechanical properties that 

play an important role in clinical performance (Bacali et al., 2019). This is 

because dentures must be able to withstand mechanical stress due to 

mastication force (Dejak et al., 2003). For the flexural strength and flexural 

modulus, there was no significant difference between the control group and the 

0.5 wt% and 1.0 wt% groups (p > 0.05; Figure 18). The flexural modulus values 

of all groups were from (2739.66 ± 84.73) to (2020.30 ± 86.92) MPa, satisfying 

the ISO standard of 2000 MPa. But in terms of flexural strength, only the 4.0 

wt% group representing a value of (56.71 ± 2.18) MPa did not meet the ISO 

standard of 65 MPa. Therefore, as the 4.0 wt% group showed low flexural 

strength, this group may be limited in terms of direct clinical application. The 

research that addition of CNCs-Ag to 3D printing denture base resins also 

showed that the higher the content of CNCs-Ag, the lower the mechanical 

strength. This is because when the large specific surface area of the nanofillers 

reaches the addition critical value, they can aggregate with each other, which 

decreases mechanical properties (Chen et al., 2019; Chen et al., 2018). 

Hardness is related to wear resistance and is the most common indicator of 

mechanical properties of a prosthesis (Lappalainen et al., 1989). As a result of 



 

７４ 

 

statistical analysis, the 1.0 wt% group showed a significantly higher value when 

compared to the control group (p < 0.05; Figure 20). The research with 

nanoceria added to PMMA also showed high mechanical properties at specific 

content. This takes into account a meaningful increase in hardness due to the 

optimal mix of nanoceria and 3D printing denture base resins (Park et al., 2020). 

In addition, other literature has improved the mechanical properties when 

inorganic nanoparticles were doped to PMMA (Jo et al., 2017; Lakhotia et al., 

2018). Further study is needed for optimizing nanoceria for improving 

mechanical properties. 

Since dentures are used semi-permanently and in direct contact with the oral 

mucosa, and the oral mucosa may be exposed to toxic or irritating compounds 

during the use of dentures, a cytotoxicity test is essential (Jorge et al., 2003). 

The cytotoxicity of 3D printing denture base resin incorporating nanoceria was 

tested based on the MTT assay of ISO 10993-5. Methylthiazole tetrazolium 

(MTT) analysis, a well-established method for studying biocompatibility, is an 

analytical method based on the mitochondrial selective response of living cells  

(Sumi et al., 2007). This study was showed that the group with 4.0 wt% 

nanoceria showed a significantly lower value than the control group. However, 

this value exceeded the ISO cytotoxicity standard of 70%, indicating that it was 

no cytotoxic (p < 0.05; Figure 21). It was confirmed that exposure to low 

concentrations of nanoceria increases the expression of hem oxygenase 1 (a 

major stress response enzyme, known to decrease oxidative stress), cells are 

temporarily resistant to oxidative stress, and exposure to high concentrations of 

nanoceria causes dysfunction of the anti-oxidant system and thus increasing 

ROS levels (Eom and Choi, 2009; Naseri-Nosar et al., 2017). The experimental 

results showed that 3D printing denture base resin incorporating nanoceria have 

good biocompatibility and may exert some effect on promoting cell activities. 

However, future in vivo studies are required to confirm the biocompatibility of 

3D printing denture base resin incorporating nanoceria. 
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As mentioned earlier, the most important property of denture materials to 

prevent denture stomatitis is the antifungal property. The pathogenic 

microorganisms in dentures are associated with diseases such as denture 

stomatitis (Sumi et al., 2007). In particular, Candida albicans is a major fungus 

that occurs frequently in dentures (Lee et al., 2016). Therefore, Candida 

albicans was selected to investigate the antifungal effects of 3D printing 

denture base resin incorporating nanoceria. In this study, the antifungal effects 

was confirmed by dividing it into the anti-adhesion effect and the growth 

inhibition effect. Anti-adhesion effects were shown in the 3D printing denture 

base resin incorporating nanoceria, which decreased the attached Candida 

albicans with the increasing amount of nanoceria (p < 0.05; Figure 22-25). 

Through the CLSM images, as nanoceria was added, inhibition of Candida 

albicans adhesion was observed, which was similar to other research 

(Matsubara et al., 2016). This effect of nanoceria is consistent with the results 

of other literature demonstrating similar anti-adhesion effects to microbial 

species in several metals and metal oxide, or polymer composites, such as gold, 

copper, silver and titanium, etc (Lee et al., 2018; Perreault et al., 2016). In 

addition, as in other research in which the surface hydrophilicity was improved 

and the anti-adhesion effect was increased, this study was shown that improved 

hydrophilicity compared to the control group has prevented the attachment of 

Candida albicans (Park et al., 2020). This is because Candida albicans is a 

hydrophobic strain, and the hydrophilic surface prevents the adhesion of 

Candida albicans (Shim et al., 2020). And the growth inhibition results were 

confirmed a significant reduction in 3D printing denture base resin 

incorporating nanoceria compared to the control, as revealed by the CFU count 

(p < 0.05; Figure 26, 27). These results suggest that nanoceria is a suitable 

antifungal material that can be added to 3D printing denture base resins, but, 

further studies are needed to elucidate the precise antifungal mechanism of 

nanoceria. 
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Accuracy is an important requirement of 3D printing resins for the clinical 

success of patient-specific devices (Kwon et al., 2021; Van Noort, 2012). The 

International Standards Organization uses the terms "trueness" and "precision" 

to describe accuracy measurement methods. The trueness means the proximity 

of the true value of the reference model, and the precision means the proximity 

of a match between the repeatedly printed models. It is known that better 

trueness is close to or equal to the actual dimensions of the measured object. 

And better precision can more predictable the measurement (Kalberer et al., 

2019; Kim et al., 2018). The analysis of trueness showed no significant 

differences between the control group and 0.5 wt%, 1.0 wt% groups (p < 0.05; 

Figure 28). In this study, the precision of the inner surface of the dentures was 

best in the 4.0 wt% and 2.0 wt% groups, followed by the 1.0 wt%, 0.5 wt%, 

and control groups (p < 0.05; Figure 30). Steinmassl et al. reported that the 

mean value of surface deviation (trueness) of 105 µm for conventionally 

manufactured dentures (Steinmassl et al., 2018). Hada et al. showed that 0.086 

± 0.004 mm for 45° and 0.129 ± 0.006 mm for 0° as a result of the trueness of 

3D printing dentures according to angles with an SLA 3D printer. Herpel et al. 

reported that the trueness values of printed dentures by DLP 3D printers 

represent a value of 142~154 µm (Hada et al., 2020; Herpel et al., 2021). In this 

study, control, 3D printing denture base resin incorporating 0.5 and 1.0 wt% 

nanoceria groups were within this range. Few studies have measured accuracy 

according to content after adding other substances to a 3D printing denture base 

resin. In the case of trueness, it was assumed that the high viscosity resulted in 

significantly worse values in the 2.0 and 4.0 wt% groups. However, further 

experiments should be conducted for a more specific and accurate analysis. 

The current study is an important study to evaluate the degree of conversion, 

surface, physical and mechanical properties, cytotoxicity, antifungal effects and 

accuracy of the 3D printing denture base resin incorporating nanoceria. The 

limitation of this study is that it did not reveal the direct mechanism of how 
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nanoceria acts on Candida albicans. Therefore, further in-depth studies are 

needed on how anti-adhesion and growth inhibition effects acted on Candida 

albicans. Nevertheless, this study is original for the first incorporation of 

nanoceria into 3D printing denture base resins. 
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V. CONCLUSION 

 

The present study prepared the 3D printing denture base resin by addition of 

nanoceria and investigated the antifungal effect on Candida albicans and the 

clinical application possibility of the manufactured resin. 

 

(1) As a result of anti-adhesion and growth inhibition, the control group 

showed the highest value, and the 3D printing denture base resin incorporating 

4.0 wt% nanoceria showed the lowest value, and there was a significant 

difference between the two groups. Thus, the higher the content of nanoceria 

added to the 3D printing denture base resin, the higher the antifungal effect. 

(2) Surface roughness and gloss were no significant differences between 

all groups, and the contact angle was a significant difference between the 

control group and the other groups. Therefore, it was found that the addition of 

nanoceria did not affect the surface roughness and gloss, but increased the 

hydrophilicity. 

(3) The degree of conversion, physical, mechanical, biological properties 

and trueness of the 3D printing denture base resin incorporating 0.5 and 1.0 wt 

% nanoceria were no significant difference from the control group. 

 

Despite the limitations of the present study, the results of this study provide 

useful information for the design of in vitro tests of 3D printing resins 

incorporating nanomaterials with antibacterial and antifungal effects. 

Additionally, the 3D printing denture base resin incorporating nanoceria 

prepared in this study has a simple preparation process, and consequently high 

antifungal effect and low cytotoxicity, thus showing great potential in denture 

applications. Thus, it is expected that the 3D printing denture base resins 
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incorporating 1.0 wt% nanoceria can be usefully used as a materials for 

producing 3D printed dentures. 



 

８０ 

 

VI. REFERENCES 

Al‐Harbi FA, Abdel‐Halim MS, Gad MM, Fouda SM, Baba NZ, AlRumaih HS, et al. 

(2019). Effect of nanodiamond addition on flexural strength, impact strength, and 

surface roughness of PMMA denture base. J Prosthodont 28(1): e417-e425. 

AlBin‐Ameer MA, Alsrheed MY, Aldukhi IA, Matin A, Khan SQ, Abualsaud R, et al. 

(2020). Effect of protective coating on surface properties and Candida albicans 

adhesion to denture base materials. J Prosthodont 29(1): 80-86. 

Amirouche-Korichi A, Mouzali M, Watts DC (2009). Effects of monomer ratios and 

highly radiopaque fillers on degree of conversion and shrinkage-strain of dental resin 

composites. Dent Mater 25(11): 1411-1418. 

Azuma A, Akiba N, Minakuchi S (2012). Hydrophilic surface modification of acrylic 

denture base material by silica coating and its influence on Candida albicans adherence. 

J Med Dent Sci 59(1): 1-7. 

Bacali C, Badea M, Moldovan M, Sarosi C, Nastase V, Baldea I, et al. (2019). The 

influence of graphene in improvement of physico-mechanical properties in PMMA 

denture base resins. Materials (Basel) 12(14): 2335. 

Berger SB, Palialol ARM, Cavalli V, Giannini M (2009). Characterization of water 

sorption, solubility and filler particles of light-cured composite resins. Braz Dent J 

20(4): 314-318. 

Bidra AS, Taylor TD, Agar JR (2013). Computer-aided technology for fabricating 

complete dentures: systematic review of historical background, current status, and 

future perspectives. J Prosthet Dent 109(6): 361-366. 

Bilgin MS, Baytaroğlu EN, Erdem A, Dilber E (2016). A review of computer-aided 

design/computer-aided manufacture techniques for removable denture fabrication. Eur 

J Dent 10(2): 286. 

Chen S-G, Yang J, Jia Y-G, Lu B, Ren L (2019). TiO2 and PEEK reinforced 3D printing 

PMMA composite resin for dental denture base applications. Nanomaterials (Basel) 

9(7): 1049. 

Chen S, Yang J, Jia Y-G, Lu B, Ren L (2018). A study of 3D-printable reinforced 

composite resin: PMMA modified with silver nanoparticles loaded cellulose 

nanocrystal. Materials (Basel) 11(12): 2444. 

Dao NN, Dai Luu M, Nguyen QK, Kim BS (2011). UV absorption by cerium oxide 

nanoparticles/epoxy composite thin films. Advances in Natural Sciences: Nanoscience 

and Nanotechnology 2(4): 045013. 

Dawood A, Marti BM, Sauret-Jackson V, Darwood A (2015). 3D printing in dentistry. 

Br Dent J 219(11): 521-529. 



 

８１ 

 

Dejak B, Młotkowski A, Romanowicz M (2003). Finite element analysis of stresses in 

molars during clenching and mastication. J Prosthet Dent 90(6): 591-597. 

Eom H-J, Choi J (2009). Oxidative stress of CeO2 nanoparticles via p38-Nrf-2 

signaling pathway in human bronchial epithelial cell, Beas-2B. Toxicol Lett 187(2): 77-

83. 

Farias IAP, Santos CCLd, Sampaio FC (2018). Antimicrobial activity of cerium oxide 

nanoparticles on opportunistic microorganisms: a systematic review. Biomed Res Int 

2018. 

Ghoshal S (2017). Polymer/carbon nanotubes (CNT) nanocomposites processing using 

additive manufacturing (three-dimensional printing) technique: An overview. Fibers 

5(4): 40. 

Hada T, Kanazawa M, Iwaki M, Arakida T, Soeda Y, Katheng A, et al. (2020). Effect 

of printing direction on the accuracy of 3d-printed dentures using stereolithography 

technology. Materials (Basel) 13(15): 3405. 

Herpel C, Tasaka A, Higuchi S, Finke D, Kühle R, Odaka K, et al. (2021). Accuracy of 

3D printing compared with milling—A multi-center analysis of try-in dentures. J Dent: 

103681. 

ISO (2009). 10993–5 Biological evaluation of medical devices. Tests for in vitro 

cytotoxicity. Geneva, Switzerland: International Organization for Standardization: 194. 

ISO (2012). 10993-12: 2012. Biological Evaluation of Medical Devices—Sample 

preparation and reference materials 20. 

ISO I (2013). 20795–1: 2013 Dentistry-Base Polymers-Part 1: Denture Base Polymers. 

International Organization for Standardization, Geneva. 

Jamróz W, Szafraniec J, Kurek M, Jachowicz R (2018). 3D printing in pharmaceutical 

and medical applications–recent achievements and challenges. Pharm Res 35(9): 1-22. 

Jo J-K, El-Fiqi A, Lee J-H, Kim D-A, Kim H-W, Lee H-H (2017). Rechargeable 

microbial anti-adhesive polymethyl methacrylate incorporating silver sulfadiazine-

loaded mesoporous silica nanocarriers. Dent Mater 33(10): e361-e372. 

Jorge JH, Giampaolo ET, Machado AL, Vergani CE (2003). Cytotoxicity of denture 

base acrylic resins: a literature review. J Prosthet Dent 90(2): 190-193. 

Jose A, Coco BJ, Milligan S, Young B, Lappin DF, Bagg J, et al. (2010). Reducing the 

incidence of denture stomatitis: are denture cleansers sufficient? Journal of 

Prosthodontics: Implant, Esthetic and Reconstructive Dentistry 19(4): 252-257. 

Kalberer N, Mehl A, Schimmel M, Müller F, Srinivasan M (2019). CAD-CAM milled 

versus rapidly prototyped (3D-printed) complete dentures: An in vitro evaluation of 



 

８２ 

 

trueness. J Prosthet Dent 121(4): 637-643. 

Keyf F, Etikan İ (2004). Evaluation of gloss changes of two denture acrylic resin 

materials in four different beverages. Dent Mater 20(3): 244-251. 

Kim S-Y, Shin Y-S, Jung H-D, Hwang C-J, Baik H-S, Cha J-Y (2018). Precision and 

trueness of dental models manufactured with different 3-dimensional printing 

techniques. Am J Orthod Dentofacial Orthop 153(1): 144-153. 

Kwon J-S, Kim J-Y, Mangal U, Seo J-Y, Lee M-J, Jin J, et al. (2021). Durable Oral 

Biofilm Resistance of 3D-Printed Dental Base Polymers Containing Zwitterionic 

Materials. Int J Mol Sci 22(1): 417. 

Lakhotia SR, Mukhopadhyay M, Kumari P (2018). Cerium oxide nanoparticles 

embedded thin-film nanocomposite nanofiltration membrane for water treatment. Sci 

Rep 8(1): 1-10. 

Lappalainen R, Yli-Urpo A, Seppä L (1989). Wear of dental restorative and prosthetic 

materials in vitro. Dent Mater 5(1): 35-37. 

Lazarin AA, Machado AL, Zamperini CA, Wady AF, Spolidorio DMP, Vergani CE 

(2013). Effect of experimental photopolymerized coatings on the hydrophobicity of a 

denture base acrylic resin and on Candida albicans adhesion. Arch Oral Biol 58(1): 1-

9. 

Lee J-H, El-Fiqi A, Jo J-K, Kim D-A, Kim S-C, Jun S-K, et al. (2016). Development 

of long-term antimicrobial poly (methyl methacrylate) by incorporating mesoporous 

silica nanocarriers. Dent Mater 32(12): 1564-1574. 

Lee J-H, Jo J-K, Kim D-A, Patel KD, Kim H-W, Lee H-H (2018). Nano-graphene oxide 

incorporated into PMMA resin to prevent microbial adhesion. Dent Mater 34(4): e63-

e72. 

Lee M-J, Kim M-J, Oh S-H, Kwon J-S (2020). Novel dental poly (methyl methacrylate) 

containing phytoncide for antifungal effect and inhibition of oral multispecies biofilm. 

Materials (Basel) 13(2): 371. 

Li P, Krämer-Fernandez P, Klink A, Xu Y, Spintzyk S (2021). Repairability of a 3D 

printed denture base polymer: Effects of surface treatment and artificial aging on the 

shear bond strength. J Mech Behav Biomed Mater 114: 104227. 

Liao W, Zheng S, Chen S, Zhao L, Huang X, Huang L, et al. (2020). Surface silanization 

and grafting reaction of nano-silver loaded zirconium phosphate and properties 

strengthen in 3D-printable dental base composites. J Mech Behav Biomed Mater 110: 

103864. 

Lin C-H, Lin Y-M, Lai Y-L, Lee S-Y (2020). Mechanical properties, accuracy, and 

cytotoxicity of UV-polymerized 3D printing resins composed of Bis-EMA, UDMA, 



 

８３ 

 

and TEGDMA. J Prosthet Dent 123(2): 349-354. 

Lin L, Fang Y, Liao Y, Chen G, Gao C, Zhu P (2019). 3D printing and digital processing 

techniques in dentistry: A review of literature. Adv Eng Mater 21(6): 1801013. 

Lin W-S, Harris BT, Pellerito J, Morton D (2018). Fabrication of an interim complete 

removable dental prosthesis with an in-office digital light processing three-dimensional 

printer: A proof-of-concept technique. J Prosthet Dent 120(3): 331-334. 

Mai H-N, Hyun DC, Park JH, Kim D-Y, Lee SM, Lee D-H (2020). Antibacterial drug-

release polydimethylsiloxane coating for 3d-printing dental polymer: Surface 

alterations and antimicrobial effects. Pharmaceuticals 13(10): 304. 

Mangal U, Min YJ, Seo J-Y, Kim D-E, Cha J-Y, Lee K-J, et al. (2020a). Changes in 

tribological and antibacterial properties of poly (methyl methacrylate)-based 3D-

printed intra-oral appliances by incorporating nanodiamonds. J Mech Behav Biomed 

Mater 110: 103992. 

Mangal U, Seo J-Y, Yu J, Kwon J-S, Choi S-H (2020b). Incorporating Aminated 

Nanodiamonds to Improve the Mechanical Properties of 3D-Printed Resin-Based 

Biomedical Appliances. Nanomaterials (Basel) 10(5): 827. 

Matsubara VH, Wang Y, Bandara H, Mayer MPA, Samaranayake LP (2016). Probiotic 

lactobacilli inhibit early stages of Candida albicans biofilm development by reducing 

their growth, cell adhesion, and filamentation. Appl Microbiol Biotechnol 100(14): 

6415-6426. 

Meirowitz A, Rahmanov A, Shlomo E, Zelikman H, Dolev E, Sterer N (2021). Effect 

of Denture Base Fabrication Technique on Candida albicans Adhesion In Vitro. 

Materials (Basel) 14(1): 221. 

Melo RA, Bispo AdSL, Barbosa GA, Galvão MR, de Assunção IV, Souza ROdA, et al. 

(2019). Morphochemical characterization, microhardness, water sorption, and 

solubility of regular viscosity bulk fill and traditional composite resins. Microsc Res 

Tech 82(9): 1500-1506. 

Meng TR, Latta MA (2005). Physical properties of four acrylic denture base resins. J 

Contemp Dent Pract 6(4): 93-100. 

Moussa AR, Dehis WM, Elboraey AN, ElGabry HS (2016). A comparative clinical 

study of the effect of denture cleansing on the surface roughness and hardness of two 

denture base materials. Open Access Maced J Med Sci 4(3): 476. 

Nadeem M, Khan R, Afridi K, Nadhman A, Ullah S, Faisal S, et al. (2020). Green 

synthesis of cerium oxide nanoparticles (CeO2 NPs) and their antimicrobial 

applications: a review. Int J Nanomedicine 15: 5951. 

Naseri-Nosar M, Farzamfar S, Sahrapeyma H, Ghorbani S, Bastami F, Vaez A, et al. 



 

８４ 

 

(2017). Cerium oxide nanoparticle-containing poly (ε-caprolactone)/gelatin 

electrospun film as a potential wound dressing material: in vitro and in vivo evaluation. 

Materials Science and Engineering: C 81: 366-372. 

Nawasrah A, AlNimr A, Ali AA (2016). Antifungal effect of henna against Candida 

albicans adhered to acrylic resin as a possible method for prevention of denture 

stomatitis. Int J Environ Res Public Health 13(5): 520. 

Nelson BC, Johnson ME, Walker ML, Riley KR, Sims CM (2016). Antioxidant cerium 

oxide nanoparticles in biology and medicine. Antioxidants (Basel) 5(2): 15. 

Owens DK, Wendt R (1969). Estimation of the surface free energy of polymers. J Appl 

Polym Sci 13(8): 1741-1747. 

Par M, Spanovic N, Bjelovucic R, Skenderovic H, Gamulin O, Tarle Z (2018). Curing 

potential of experimental resin composites with systematically varying amount of 

bioactive glass: Degree of conversion, light transmittance and depth of cure. J Dent 75: 

113-120. 

Park S-M, Kim D-A, Jo J-K, Jun S-K, Jang T-S, Kim H-W, et al. (2020). Ceria-

Incorporated Biopolymer for Preventing Fungal Adhesion. ACS Biomater Sci Eng. 

Perreault F, Jaramillo H, Xie M, Ude M, Nghiem LD, Elimelech M (2016). Biofouling 

mitigation in forward osmosis using graphene oxide functionalized thin-film composite 

membranes. Environ Sci Technol 50(11): 5840-5848. 

Pujar MS, Hunagund SM, Barretto DA, Desai VR, Patil S, Vootla SK, et al. (2020). 

Synthesis of cerium-oxide NPs and their surface morphology effect on biological 

activities. Bull Mater Sci 43(1): 1-10. 

Puzyn T, Rasulev B, Gajewicz A, Hu X, Dasari TP, Michalkova A, et al. (2011). Using 

nano-QSAR to predict the cytotoxicity of metal oxide nanoparticles. Nat Nanotechnol 

6(3): 175-178. 

Qi M, Li W, Zheng X, Li X, Sun Y, Wang Y, et al. (2020). Cerium and its oxidant based 

nanomaterials for antibacterial applications: A state-of-the-art review. Front Mater 7: 

213. 

Quan H, Zhang T, Xu H, Luo S, Nie J, Zhu X (2020). Photo-curing 3D printing 

technique and its challenges. Bioact Mater 5(1): 110-115. 

Rastelli AN, Jacomassi DP, Faloni APS, Queiroz TP, Rojas SS, Bernardi MIB, et al. 

(2012). The filler content of the dental composite resins and their influence on different 

properties. Microsc Res Tech 75(6): 758-765. 

Sa L, Kaiwu L, Shenggui C, Junzhong Y, Yongguang J, Lin W, et al. (2019). 3D printing 

dental composite resins with sustaining antibacterial ability. J Mater Sci 54(4): 3309-

3318. 



 

８５ 

 

Schubert A, Bürgers R, Baum F, Kurbad O, Wassmann T (2021). Influence of the 

Manufacturing Method on the Adhesion of Candida albicans and Streptococcus mutans 

to Oral Splint Resins. Polymers (Basel) 13(10): 1534. 

Sharma P, Garg S, Kalra NM (2017). Effect of denture cleansers on surface roughness 

and flexural strength of heat cure denture base resin-an in vitro study. Journal of clinical 

and diagnostic research: JCDR 11(8): ZC94. 

Shim JS, Kim J-E, Jeong SH, Choi YJ, Ryu JJ (2020). Printing accuracy, mechanical 

properties, surface characteristics, and microbial adhesion of 3D-printed resins with 

various printing orientations. J Prosthet Dent 124(4): 468-475. 

Stansbury JW, Idacavage MJ (2016). 3D printing with polymers: Challenges among 

expanding options and opportunities. Dent Mater 32(1): 54-64. 

Steinmassl O, Dumfahrt H, Grunert I, Steinmassl P-A (2018). CAD/CAM produces 

dentures with improved fit. Clin Oral Investig 22(8): 2829-2835. 

Sumi Y, Miura H, Michiwaki Y, Nagaosa S, Nagaya M (2007). Colonization of dental 

plaque by respiratory pathogens in dependent elderly. Arch Gerontol Geriatr 44(2): 

119-124. 

Tasaka A, Matsunaga S, Odaka K, Ishizaki K, Ueda T, Abe S, et al. (2019). Accuracy 

and retention of denture base fabricated by heat curing and additive manufacturing. J 

Prosthodont Res 63(1): 85-89. 

Thakur N, Manna P, Das J (2019). Synthesis and biomedical applications of nanoceria, 

a redox active nanoparticle. J Nanobiotechnology 17(1): 1-27. 

Totu EE, Nechifor AC, Nechifor G, Aboul-Enein HY, Cristache CM (2017). Poly 

(methyl methacrylate) with TiO2 nanoparticles inclusion for stereolitographic complete 

denture manufacturing− the fututre in dental care for elderly edentulous patients? J 

Dent 59: 68-77. 

Tuna SH, Keyf F, Gumus HO, Uzun C (2008). The evaluation of water 

sorption/solubility on various acrylic resins. Eur J Dent 2: 191. 

Unkovskiy A, Wahl E, Zander AT, Huettig F, Spintzyk S (2019). Intraoral scanning to 

fabricate complete dentures with functional borders: a proof-of-concept case report. 

BMC Oral Health 19(1): 1-7. 

Van Noort R (2012). The future of dental devices is digital. Dent Mater 28(1): 3-12. 

Vojdani M, Bagheri R, Khaledi AAR (2012). Effects of aluminum oxide addition on 

the flexural strength, surface hardness, and roughness of heat-polymerized acrylic resin. 

J Dent Sci 7(3): 238-244. 

Xue Y, Balmuri SR, Patel A, Sant V, Sant S (2018). Synthesis, physico-chemical 



 

８６ 

 

characterization, and antioxidant effect of PEGylated cerium oxide nanoparticles. Drug 

Deliv Transl Res 8(2): 357-367. 

Zainal M, Zain NM, Amin IM, Ahmad VN (2021). The antimicrobial and antibiofilm 

properties of allicin against Candida albicans and Staphylococcus aureus–A therapeutic 

potential for denture stomatitis. Saudi Dent J 33(2): 105-111. 

 

  



 

８７ 

 

ABSTRACT (IN KOREAN) 

 

나노세리아가 첨가된 3D 프린팅 의치상용 레진의  

칸디다 알비칸스에 대한 항진균 효과 

 

<지도교수 김 광 만 > 

 

연세대학교 대학원 응용생명과학과 

 

고 혜 빈 

 

치과 분야에서 3D 프린팅 기술이 발전함에 따라 현재 3D 프린팅 

의치가 사용되고 있다. 그러나, 의치 구내염은 3D 프린팅 의치에서 

문제가 되고 있다. 의치 구내염의 주요 원인 중 하나는 의치 표면에 

부착되는 Candida albicans이다. 최근에는 이를 해결하기 위해 항균 

및 항진균성을 가지는 3D 프린팅 의치상용 레진 제조에 대한 많은 

연구가 진행되었다. 산화세륨 나노입자(나노세리아)는 Candida 

albicans에 항진균 효과가 있는 재료이다. 그럼에도 불구하고 3D 

프린팅 의치상용 레진에 나노세리아를 첨가하여 항진균 효과를 조

사한 연구는 없다. 따라서, 이 연구의 목적은 나노세리아가 첨가된 

3D 프린팅 의치상용 레진을 제조하고, 제조된 레진의 Candida 

albicans에 대한 항진균 효과 및 임상 적용 가능성에 대해 조사하는 

것이다. 
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나노세리아는 용매 기반 혼합 방법을 사용하여 3D 프린팅 의치상

용 레진에 첨가되었다(0 - 대조군, 0.5, 1.0, 2.0 및 4.0 wt%). 나노

세리아가 첨가된 3D 프린팅 의치상용 레진에서의 나노세리아 응집 

정도를 TEM으로 관찰하였고, 3D 프린팅 가능성을 파악하기 위해 

점도를 측정하였다. 모든 시편은 디자인하고 출력한 뒤, 후처리 및 

후경화의 과정을 거쳐 시험에 사용하였다. FT-IR을 사용하여 출력 

전후의 중합도를 확인하였다. 표면 특성은 SEM/EDS, 표면조도측정

기, 광택계, 접촉각 측정기를 통해 확인하였다. 물리적 성질은 물 흡

수도 및 용해도로 관찰되었다. 기계적 성질은 굴곡 강도 및 계수, 

미세 경도를 통해 확인하였다. 세포독성은 MTT 방법을 통해 관찰

하였다. 항진균 실험에 Candida albicans를 사용하였으며, 항부착과 

성장억제에 대한 실험을 진행하였다. 항부착 평가는 colony 

forming unit (CFU)로 측정하였고, CLSM과 SEM을 이용하여 관찰

하였다. 성장억제는 colony forming unit (CFU)로 측정하였다. 마지

막으로, 정확도를 위해 진실도와 정밀도를 관찰하였다. 

 

TEM 결과를 통해 나노세리아의 함량이 높아질수록 더 응집되는 

양상을 확인하였다. 중합도의 결과, 2.0, 4.0 wt% 그룹이 대조군보다 

유의하게 낮은 값을 나타냈다(p < 0.05). SEM/EDS 결과를 통해 출

력된 시편에서 나노세리아가 균질하게 분산되어 있음을 확인하였다. 

거칠기와 광택도는 모든 그룹에서 유의한 차이가 없었고(p > 0.05), 

물 흡수도 및 용해도는 2.0, 4.0 wt% 그룹이 대조군과 비교하여 유

의하게 낮게 나타났다(p < 0.05). 굴곡 강도 및 계수의 경우, 0.5, 

1.0 wt% 그룹이 대조군과 유의한 차이가 없었다(p > 0.05). 경도의 

결과, 1.0 wt% 나노세리아를 첨가한 그룹이 다른 그룹보다 유의하

게 높은 값을 보였다(p < 0.05). 세포독성의 경우, 모든 그룹이 대조
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군과 유의한 차이가 없었다(p > 0.05). 항부착의 경우, 나노세리아 

함량이 증가함에 따라 Candida albicans의 부착이 유의하게 감소하

였으며(p < 0.05), CLSM과 SEM의 결과도 동일한 양상을 보였다. 

또한 성장억제의 결과를 통해 나노세리아 함량이 증가함에 따라 

Candida albicans의 성장이 유의하게 감소하는 것을 확인하였다(p < 

0.05). 진실도의 경우, 0.5, 1.0 wt% 그룹이 대조군과 유의한 차이

가 없었다(p > 0.05). 정밀도의 경우, 대조군과 모든 그룹간에 유의

한 차이가 있었다 (p < 0.05). 

 

이 연구를 통해 3D 프린팅 의치상용 레진에 첨가된 나노세리아의 

함량이 높아질수록 항진균 효과가 더 높은 것으로 나타났다. 항부착

과 성장억제의 결과, 대조군이 가장 높은 값을 보였고, 4.0 wt% 나

노세리아를 첨가한 3D 프린팅 의치상용 레진이 가장 낮은 값을 보

였으며, 두 그룹간에 유의한 차이가 있었다. 또한, 0.5와 1.0 wt% 

나노세리아를 첨가한 3D 프린팅 의치상용 레진의 물리적, 기계적, 

생물학적 특성 및 진실도는 대조군의 값과 유의한 차이가 없었다. 

따라서, 1.0 wt% 나노세리아가 첨가된 3D 프린팅 의치상용 레진은 

3D 프린팅 의치상을 제작하기 위한 재료로 유용하게 사용될 수 있

을 것으로 기대된다. 
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