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Background: Fungal infected denture, which is typically composed of polymethylmethacrylate 

(PMMA), is a common problem for a denture wearer, especially an elderly patient with limited 

manual dexterity. Therefore, increasing the antifungal effect of denture by incorporating sur-

face modification nanoparticles into the PMMA, while retaining its mechanical properties, is 

of interest.

Aim of the study: This study aimed to evaluate antifungal, optical, and mechanical properties 

of heat-cured PMMA incorporated with different amounts of zinc oxide nanoparticles (ZnOnps) 

with or without methacryloxypropyltrimethoxysilane modification.

Materials and methods: Specimens made from heat-cured PMMA containing 1.25, 2.5, and 

5% (w/w) nonsilanized (Nosi) or silanized (Si) ZnOnps were evaluated. Specimens without 

filler served as control. The fungal assay was performed placing a Candida albicans suspension 

on the PMMA surface for 2 h, then Sabouraud Dextrose Broth was added, and growth after 

24 h was determined by counting colony forming units on agar plates. A spectrophotometer 

was used to measure the color in L* (brightness), a* (red-green), b* (yellow-blue) and opacity 

of the experimental groups. Flexural strength and flexural modulus were determined using a 

three-point bending test on universal testing machine after 37°C water storage for 48 h and 

1 month.

Results: The antifungal, optical, and mechanical properties of the PMMA incorporated with 

ZnOnps changed depending on the amount. With the same amount of ZnOnps, the silanized 

groups demonstrated a greater reduction in C. albicans compared with the Nosi groups. The 

color difference (∆E) and opacity of the Nosi groups were greater compared with the Si groups. 

The flexural strength of the Si groups, except for the 1.25% group, was significantly greater 

compared with the Nosi groups.

Conclusion: PMMA incorporated with Si ZnOnps, particularly with 2.5% Si ZnOnps, had a 

greater antifungal effect, less color differences, and opacity compared with Nosi ZnOnps, while 

retaining its mechanical properties.

Keywords: antifungal effect, optical properties, mechanical properties, silanized zinc oxide 

nanoparticles

Introduction
Denture is one tool of the dental armamentarium to rehabilitate patients with missing 

teeth. It enhances masticatory function, aesthetic, and phonetic properties and par-

ticularly improves the quality of life. The material mostly used for denture fabrica-

tion is polymethylmethacrylate (PMMA). However, PMMA can be reservoirs of 

microorganisms, which cause many oral diseases. Candida albicans is the most 

correspondence: Mansuang arksornnukit
Department of Prosthodontics, Faculty 
of Dentistry, chulalongkorn University, 
34 henri-Dunant rd., Pathumwan, 
Bangkok 10330, Thailand
Tel +66 2 218 8532
Fax +66 2 218 8534
email mansuang@yahoo.com 

Journal name: International Journal of Nanomedicine
Article Designation: Original Research
Year: 2017
Volume: 12
Running head verso: Kamonkhantikul et al
Running head recto: PMMA with silanized zinc oxide nanoparticles
DOI: http://dx.doi.org/10.2147/IJN.S132116

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S132116
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:mansuang@yahoo.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2354

Kamonkhantikul et al

common causative pathogen of oral candidiasis, the disease 

associated with fungal infection. Denture-induced stomatitis 

is one form of candidiasis.1 Daily denture brushing is recom-

mended to reduce the amount of microorganisms adhering 

to the denture surface.2 However, oral candidiasis can still 

occur in patients with predisposing factors, such as immu-

nocompromised status, xerostromia, and age of the denture.1 

Moreover, advancing age is also a risk factor for denture-

induced stomatitis in elderly patients due to their reduced 

cell-mediated immunity that may lead to fungal infection. 

The use of topical and/or systemic antifungal drugs may  

be inadequate in treating an oral fungal infection because 

the primary fungal reservoir in contaminated denture is not 

eliminated. Therefore, disinfection of the fungal reservoir 

within the denture should be performed. Several studies sug-

gested methods of disinfection, such as microwave energy,3 

ultrasonic soaking,4 and incorporation of metal/metal oxide 

into PMMA.5–9 Silver nanoparticles (nps) are of interest 

because of their biocompatibility and antimicrobial effect.5,9 

However, the incorporation of silver nps into PMMA did not 

improve the mechanical properties and caused discoloration 

of PMMA.5,9

Zinc oxide (ZnO), a metal oxide, is widely used in dentistry 

as a restorative luting material, root canal filling material, and 

temporary restoration. This metal oxide varies in particle size, 

with sizes ranging from microns to nanometers.8,10,11 Many 

studies demonstrated the effectiveness of these particles on 

inhibiting the growth of fungi7,10 and bacteria.11–15 The inhi-

bition depended on particle size, concentration, and type of 

microbes. Small particle size and high concentration of ZnO 

resulted in better antimicrobial activity.10,11

Studies on zinc oxide nanoparticles (ZnOnps) have 

demonstrated that different amounts of unmodified ZnOnps 

affected the mechanical properties of composite resin 

materials.13,14 A previous study investigated the effect 

of mixing methods of unmodified ZnOnps with methyl 

methacrylate in terms of particle size and distribution.8 

Moreover, nanosized particles with a high surface energy 

resulted in aggregation of the particles. Particle aggregation 

generates weak points in the material. However, surface 

modification of these particles prevents the formation of 

aggregated nps.16,17

Silane coupling agents create a bond between organic 

and inorganic materials. These agents consist of two terminal 

functional groups; organofunctional groups, which establish 

bond with organic resin, and hydrolysable groups, which 

create bond with inorganic materials. A previous study found 

that the bond created by silane coupling agent was responsible 

for improving the mechanical properties of PMMA.18 To date, 

there has been no study about the mechanical properties of 

PMMA incorporated with surface-modified ZnOnps.

Many methods have been introduced to evaluate the color 

characteristics of a material. Visual measurement using shade 

tab in Munsell color system is convenient and low cost.19 

However, this method is subjective and depends on various 

factors such as the mood and experience of the observer 

and illumination. A spectrophotometer is a reliable method 

to quantify the color characteristics of a material. The most 

commonly utilized color system for color assessment is the 

CIELAB system, which defines the color characteristics as 

L*, a*, and b*.20–26 L* represents brightness, a* represents 

the red-green coordinates, and b* represents the yellow-blue 

coordinates. The CIELAB system can mathematically express 

the color difference (∆E) between the two objects. Opacity is 

another optical property of a material, representing the ability 

of a material to block the passage of light.27 Opacity is based 

on the ratio of the reflectance of the material when backed by 

a black background compared with a white background.

Therefore, the objectives of this study were to evaluate 

antifungal, optical characteristics, and mechanical properties 

of PMMA incorporated with different amounts of ZnOnps 

with and without silanization. The null hypotheses were that 

1) there would be no significant differences on the antifungal 

effect and optical characteristics among groups (PMMA 

incorporated with different amounts of ZnOnps with or 

without silanization) and 2) there would be no significant 

differences on the mechanical properties among groups 

(PMMA incorporated with different amounts of ZnOnps 

with or without silanization) and storage times (48 h and 

1 month).

Materials and methods
silanization of ZnOnps
The materials used and their compositions are listed in 

Table 1. The solution consisting of 2% (w/w) of methacry-

loxypropyltrimethoxysilane, calculated from the weight 

of ZnOnps, and 70 volume% ethanol was magnetically-

stirred for 30 min. ZnOnps, without any purification, were 

dispersed into the solution and manually triturated until the 

solution was almost completely evaporated. The silanized 

(Si) ZnOnps were then left to dry at room temperature for 

14 days before use.

specimen preparation
Nonsilanized (Nosi) or ZnOnps of 1.25, 2.5, and 5% 

(w/w), calculated from the weight of PMMA powder, were 
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homogeneously mixed with liquid monomer using a vortex 

mixer (VTX-3000L; LMS, Tokyo, Japan) for 10 min. A mix-

ture of pure PMMA powder and liquid monomer without 

ZnOnps served as the control group. Ninety-eight disc-shaped 

(12×2 mm) specimens for the antifungal assay and optical 

characteristics test, and 112 bars (64×10×3.3 mm) for the 

mechanical properties test were fabricated. Polyvinylsilox-

ane material was injected into the molds to prepare silicone 

patterns. The patterns were invested in flasks with dental 

stone. After the dental stone set, the flasks were opened and 

the patterns were removed. The PMMA powder and liquid 

monomer were mixed at a powder/liquid ratio of 23.4 g:10 mL 

and left until the mixture reached the dough stage. The 

mixture was then placed into the flask and hydraulic-pressed 

using a conventional method. The flasks were placed in 

a water bath that was heated up to 100°C and allowed to 

boil for 45 min to achieve polymerization according to the 

recommendations. After cooling to room temperature, the 

specimens were deflasked, the excess material was removed 

using a carbide bur in a low-speed rotary instrument, and wet-

polished using 320 and 600-grit silicon carbide paper with a 

polishing machine (Nano 2000; Pace Technologies, Tucson, 

AZ, USA). The dimensions of the specimens were measured 

using a digital micrometer (minimum reading: 0.001 mm, 

Digimatic Micrometer; Mitutoyo Corp., Kanagawa, Japan). 

The specimens were ultrasonically cleaned for 5 min to 

remove any debris and dried with compressed air.

antifungal assay
C. albicans, ATCC 90028, was obtained as a stock culture 

from the Department of Microbiology, Faculty of Dentistry, 

Chulalongkorn University. The colonies were picked and 

transferred into a glass tube containing 3 mL of Sabouraud 

Dextrose Broth (SDB) (HiMedia Laboratories Pvt. Ltd., 

Mumbai, India) and incubated overnight at 37°C. After 

incubation, the C. albicans suspension was transferred into 

new glass tube containing 3 mL of SDB and adjusted to 

achieve an optical density of 0.5-McFarland suspension 

using a spectrophotometer (Nicolet Evolution™ 500; Thermo 

Electron Corp., Madison, WI, USA) at 530 nm. The sus-

pension, consisting of approximately 1.5×106 cell/mL, was 

diluted 100 times and 100 µL was spread on the Sabouraud 

Dextrose Agar (HiMedia Laboratories Pvt. Ltd.) to confirm 

the initial amount of C. albicans.

The fungal assay was modified from a previous study.9 

The specimens were sterilized using low-temperature steam 

and formaldehyde.28 Disc-shaped specimens from each group 

were placed at the bottom of a 24-well cell culture plate 

(Costar, Corning, NY, USA). A 50 µL C. albicans suspen-

sion was inoculated on the surface of the specimen in each 

well and left in the incubator with the lid slightly opened in a 

sterilized condition for 2 h. After a 2 h incubation, each well 

was filled with 950 µL of SDB. A mixture of the suspension 

and SDB served as the positive control while SDB alone 

served as the negative control. The 24-well culture plate was 

shaken using an orbital shaker placed in an incubator at 37°C 

for 24 h. The colony-forming unit (CFU) of C. albicans in 

each well culture plate was determined using serial dilution 

method, followed by spreading on an agar plate. When 

determining the amount of C. albicans, only the agar plates 

with 20–200 CFU were counted. The amount of C. albicans 

was independently determined 6 times and averaged.

Optical properties evaluation
A spectrophotometer (Ultrascan XE; Hunter Associates 

Laboratory, Inc., Reston, VA, USA) was used to observe the 

differences in color as determined by the CIELAB system and 

opacity of disc-shaped specimens from CIEXYZ system using 

D65 illuminant and 10-degree observer. The specimens in 

each group (n=8) were measured three times against the white 

and black background and averaged. L* (brightness), a* (red-

green coordinate), and b* (yellow-blue coordinate) of the 

CIELAB system were used to calculate the color differences 

of the specimens (∆E), and Y (brightness) of the CIEXYZ 

system was used to evaluate the opacity of the specimens. 

The following equations were used:29

	 ∆E =	[(L*
1
 -	L*

2
)2 +	(a*

1
 -	a*

2
)2 +	(b*

1
 -	b*

2
)2]1/2 

Table 1 Materials used and their compositions

Material/product name Manufacturer Batch number Composition

Zinc oxide nanoparticles/ZnOnps Nano Materials Technology 
co., ltd. chonburi, Thailand

190411 Zinc oxide: (purity .99.5%, average particles 
size 20–40 nm, specific surface area 26.22 m2/g)

heat-cured denture base material/sr 
Triplex hot

Ivoclar Vivadent, schaan, 
liechtenstein

r84665 Powder: polymethylmethacrylate
liquid: methyl methacrylate, ethylene glycol 
dimethacrylate

silane coupling agent/ 
3-trimethoxysilyl propyl methacrylate

sigma-aldrich, st louis, MO, 
Usa

shBD3265V Methacryloxypropyltrimethoxysilane

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2356

Kamonkhantikul et al

where L*
1
, a*

1
, b*

1
 =	the mean value of the first group, L*

2
, 

a*
2
, b*

2
 =	the mean value of the second group.

 Opacity =	(Y
1
/Y

2
) ×	100 

where Y
1
 = brightness of specimen backed by black back-

ground, Y
2
 = brightness of specimen backed by white 

background.

Mechanical properties evaluation
A three-point bending test was used to evaluate flexural 

strength and flexural modulus of the bar-shaped speci-

mens according to ISO 20795-1.30 Sixteen specimens from 

each experimental group were randomly divided into two 

subgroups (n=8) based on a storage time in 37°C deionized 

water for 48 h or 1 month before testing. A universal testing 

machine (EZ-SX; Shimadzu, Kyoto, Japan) was used at a 

crosshead speed of 5 mm/min with a support span width of 

50 mm. Flexural strength and flexural modulus were calcu-

lated according to the following equations:

 Flexural strength =	3FL/2BH2 

 Flexural modulus =	F
1
L3/4BH3D 

where F = the maximum load (N), F
1
 = the load at a point 

in straight line portion of the load/defection curve (N), 

L = the support span width (mm), B = the width of the 

specimen (mm), H = the thickness of the specimen (mm), 

and D = the deflection at load F
1
 (mm).

scanning electron microscope (seM) 
observation and energy dispersive X-ray 
(eDX) analysis
Fractured surfaces of the bar-shaped specimens of the 

control, 5Si, and 5Nosi groups after the three-point bend-

ing test were randomly selected, gold-sputter coated, and 

observed using SEM (Quanta 250; FEI Company, Eindhoven, 

the Netherlands) under acceleration of 20 kV and magnifica-

tion of 35,000×.

One specimen was selected from the 5Si and 5Nosi 

groups, carbon-sputter coated, and observed using the EDX 

detection system built into the SEM instrument (JSM-

5410LV; JEOL Ltd., Tokyo, Japan). Zn-mapping images 

of the surfaces were captured at an acceleration voltage of 

20 kV and a magnification of 2,000×.

statistical analysis
The C. albicans growth, L*, a*, b*, and opacity data were 

analyzed using one-way analysis of variance (ANOVA) 

(P,0.05). The flexural strength and flexural modulus were 

analyzed by two-way ANOVA with groups (control, 1.25Si, 

1.25Nosi, 2.5Si, 2.5Nosi, 5Si, and 5Nosi) and storage time 

(48 h and 1 month) as main factors (P,0.05). Tukey Hon-

estly Significant Difference’s comparison test was used when 

homogeneity of variance was observed while Games–Howell 

comparison test was used when homogeneity of variance 

was rejected.

Results
One-way ANOVA of the C. albicans growth results dem-

onstrated significant differences among experimental groups 

(P,0.001). The Si groups showed a significant reduction 

in C. albicans compared with the control group, and in the 

Nosi groups, only the 5Nosi group showed a significant 

reduction (Figure 1). The reduction in C. albicans in the 

Si groups was greater than those of the Nosi groups with the 

same amount of ZnOnps.

One-way ANOVA of L*, a*, b*, and opacity demon-

strated significant differences among the experimental groups 

(P,0.001) (Table 2). Photographs of the experimental groups 

demonstrated color change of the specimens as the amount of 

Nosi or Si ZnOnps increased (Figure 2). Increasing amounts 

of ZnOnps added into PMMA resulted in increased L*, ∆E, 

and opacity in both the Nosi and Si groups. In contrast, a 

greater decrease in a* and b* was observed as the amount 

of ZnOnps increased. ∆E and opacity of the Nosi groups 

were greater than those of the Si groups containing the same 

amount of ZnOnps.

Two-way ANOVA of flexural strength data demon-

strated significant differences only among the experimental 

groups (P,0.001), while that of the flexural modulus results 

indicated significant differences on storage time (P=0.015) 

and interactions (P=0.006). Therefore, the flexural strength 

data of the two storage times were pooled and analyzed. 

Post hoc multiple comparison tests with mean and standard 

Figure 1 Mean and standard deviation of the growth of Candida albicans in each 
experi mental group.
Note: Groups with the same letter (A–D) were not significantly different (P,0.05).
Abbreviations: cFU, colony forming unit; Nosi, nonsilanized; si, silanized.
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deviation of flexural strength and flexural modulus are shown 

in Table 3.

After 1 month of water storage, the flexural strength 

and flexural modulus of the experimental groups did not 

significantly change. Compared with the control group, the 

flexural strengths of the 1.25Si, 1.25Nosi, and 2.5Si groups 

were not significantly different, and the flexural moduli of 

the experimental groups were not significantly different at 

the same storage time. The flexural strength of the Si groups 

was significantly greater than those of the Nosi groups with 

the same amount of ZnOnps except for the 1.25% groups. 

Increased amount of ZnOnps resulted in increased reduction 

in the flexural strength; however, the flexural modulus did 

not show the same trend.

The fractured surface of the bar-shaped specimens of the 

control and 5% groups were observed using SEM (Figure 3). 

The Si group image demonstrated well-distributed ZnOnps on 

its surface (Figure 3B), while that of the Nosi group showed 

aggregated ZnOnps on the fractured surface as indicated by 

white arrows in Figure 3C. The Zn-mapping images from 

EDX analysis demonstrated the distribution of Zn on the 

surface of the 5% groups (Figure 4). In the 5Si group, the 

ZnOnps were evenly dispersed (Figure 4A); however, in 

the 5Nosi group, the ZnOnps were densely aggregated in 

some areas (Figure 4B).

Discussion
The aim of the present study was to investigate the antifungal, 

optical, and mechanical properties of the incorporation with 

different amounts of Nosi or Si ZnOnps. Statistical analysis 

indicated that there were significant differences on antifungal 

effect and optical and mechanical properties among groups. 

Therefore, the null hypotheses were rejected.

This study found that increased amount of Si ZnOnps 

added into PMMA resulted in a significantly increased 

reduction in C. albicans, while among Nosi groups, a 

significant antifungal effect was only found in the 5Nosi 

group. Compared with the control group, the 5Si group 

demonstrated the highest reduction in C. albicans (99%), 

followed by the 2.5Si group (95%). The antifungal effect 

of the Si groups was greater than that of the Nosi groups at 

the same amount of ZnOnps. The differences in antifungal 

effect between the Nosi and Si groups might be attributed 

to the distribution of ZnOnps in PMMA. It is likely that the 

Nosi nps aggregated due to their high surface energy into 

micron-scale particles, resulting in a low surface-to-volume 

ratio and so were poorly distributed in PMMA as shown 

in Figures 3C and 4B. In contrast, during silanization the 

hydroxyl groups of the ZnOnps react with the hydrolysable 

groups of the silane coupling agent, resulting in the silane 

coupling agent surrounding the ZnO particle, thus increasing 

Table 2 Mean (standard deviation) of color characteristics of each 
experimental group

Group L* a* b* ∆E Opacity

control 59.86 (0.30)a 21.48 (0.24)g 14.95 (0.13)f – 71.3 (1.0)a

1.25si 66.06 (0.29)b 20.55 (0.28)f 8.58 (0.26)e 8.9 87.0 (0.8)b

1.25Nosi 69.48 (0.24)c 19.77 (0.14)e 6.36 (0.33)c 13.0 91.6 (0.6)c

2.5si 70.04 (0.34)d 19.39 (0.18)d 7.33 (0.17)d 12.9 91.6 (0.9)c

2.5Nosi 74.54 (0.23)e 17.25 (0.14)c 5.11 (0.15)b 18.2 95.8 (0.5)d

5si 75.42 (0.30)f 16.54 (0.31)b 5.30 (0.22)b 19.0 96.7 (0.7)d

5Nosi 78.43 (0.22)g 14.94 (0.09)a 4.74 (0.15)a 22.2 98.0 (0.3)e

Notes: The different lowercase letters (a–g) in the same column were significantly 
different (P,0.05). ‘–’ indicates no data.
Abbreviations: l*, brightness; a*, red-green coordinates; b*, yellow-blue coor-
dinates; ∆e, color difference between corresponding group (Nosi or si ZnOnps) 
and control group; si, slianized; Nosi, nonsilanized.

Figure 2 Photograph of the experimental groups: (A) control, (B) 1.25si, (C) 1.25Nosi, (D) 2.5si, (E) 2.5Nosi, (F) 5si, and (G) 5Nosi.
Abbreviations: Nosi, nonsilanized; si, silanized.
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the distance among ZnOnps. Therefore, the Si ZnOnps will 

be well-distributed in PMMA and maintain their nanoparticle 

size, resulting in a high surface-to-volume ratio.10,17 This 

increased ratio led to a greater exposure area of ZnOnps on 

the surface in the Si groups compared with the Nosi groups. 

An increased contact area between the ZnOnps and C. albi-

cans might contribute to the increased antifungal effect. The 

antifungal effect might also attribute to the dissociation of 

Zn ions from the ZnOnps. Zn ions can dissociate from the 

silane molecules because of the hydrolysable group of the 

silane coupling agent, which has a hydrophilic terminal. The 

hydrophilic terminal attracts water molecules and under-

goes hydrolysis. This reaction may explain the finding that 

increased silane coupling agent in PMMA resulted in more 

water absorption.31 Moreover, the dissociation energy of the 

Si-O bond in the silane coupling agent is higher than that of 

Zn-O.32 Therefore, unbound Zn ions that have an antifungal 

effect can easily dissociate due to water absorbing into the 

material.

This study clearly shows that adding ZnOnps caused dras-

tic color changes as also demonstrated in a previous study of 

silver nps.9 A previous study demonstrated that the threshold 

for detecting gingival color differences was 3.1±1.5.26 ∆E 

of all groups exceeded the threshold established for color 

acceptability in dentistry (∆E =2.7).25 Furthermore, ∆E and 

opacity of the Nosi and Si groups increased as more amount 

of ZnOnps was added into PMMA. These changes in the opti-

cal characteristics of a material are a common disadvantage 

of incorporating metal oxide into PMMA. Therefore, the use 

of metal oxide should take into account the possible color 

change, especially in the aesthetic zone. However, the color 

of the gingiva of the denture can be clinically corrected by 

extrinsic coloration. Interestingly, it was found that adding 

ZnOnps resulted in increased L*, indicating that the material 

became brighter. Therefore, it may be possible to clinically 

correct the color by staining PMMA denture base material.33 

Extrinsic coloration can be easily performed clinically to 

reduce the brightness of the material than with low-brightness 

material such as denture base incorporated with silver. Dis-

coloration of silver particles due to oxidative reaction causes 

a metallic appearance of the denture base.

At the same amount of ZnOnps, the ∆E and opacity of 

the Nosi groups was greater than those of the Si groups. This 

result might be explained by the even distribution of the 

Si ZnOnps. Aggregation of the Nosi ZnOnps resulted in 

almost completely blocking the transmission of light and 

a drastic color change. In contrast, silanization enhanced 

the distribution of the ZnOnps. Thus, the ZnOnps were 

homogeneously blended into the mixture between PMMA 

powder and liquid monomer, resulting in less color and 

opacity changes. Notably, ∆E and opacity between the 

Nosi and Si groups decreased as the amount of ZnOnps 

increased. This result suggests that silanization has little 

effect on ∆E and opacity when large amounts of ZnOnps 

were added.

Table 3 Mean (standard deviation) of flexural strength and flex
ural modulus of each experimental group

Group Flexural 
strength

Flexural modulus

48 h 1 month

control 92.92 (5.08)c 2.51 (0.05)a,b 2.39 (0.09)a

1.25si 92.85 (3.26)c 2.52 (0.08)a,b 2.44 (0.06)a,b

1.25Nosi 89.57 (3.78)c 2.48 (0.06)a,b 2.41 (0.06)a

2.5si 89.81 (5.35)c 2.43 (0.13)a,b 2.48 (0.07)a,b

2.5Nosi 81.78 (5.52)b 2.50 (0.04)a,b 2.47 (0.06)a,b

5si 83.03 (3.84)b 2.49 (0.11)a,b 2.51 (0.05)a,b

5Nosi 69.13 (5.79)a 2.54 (0.04)b 2.44 (0.06)a,b

Note: The different lowercase letters (a–c) in the same column were significantly 
different (P,0.05).
Abbreviations: Nosi, nonsilanized; si, silanized.

Figure 3 representative seM images of the fractured surface of specimen (35,000×): (A) control, (B) 5si, and (C) 5Nosi.
Note: The white arrows indicated the aggregated ZnOnps on the fractured surface of specimen.
Abbreviations: seM, scanning electron microscope; si, silanized; Nosi, nonsilanized.
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The flexural strength and flexural modulus of the experi-

mental groups after 48 h and 1 month of water storage were 

greater than 65 MPa and 2 GPa, respectively, as required by 

ISO 20795-1.30 Flexural strength is influenced by various 

factors such as the size, shape, and amount of filler, and 

especially silanization.32,34 In the present study, flexural 

strength was ZnOnps amount-dependent, especially in the 

Nosi groups. The flexural strength of the Si groups was 

greater than that of the Nosi groups at the same amount of 

ZnOnps except for the 1.25% groups, which were not sig-

nificantly different. This indicated that a small amount of 

ZnOnps did not affect the mechanical properties of PMMA. 

However, increased amount of ZnOnps resulted in more 

filler aggregations that were weak points in the specimen. 

Silanization enhanced the dispersion of ZnOnps in the liquid 

monomer and decreased particle aggregation. This may 

be why the flexural strength of the Si groups was higher 

compared with the Nosi groups. Furthermore, fillers play 

an important role in improving the mechanical properties of 

a material. As demonstrated in a previous study, whisker-

shaped aluminum borate filler was tailored to confront the 

breakage stress, improving the mechanical properties of 

PMMA.34 However, the addition of ZnOnps as filler in 

the present study did not result in an improvement in the 

mechanical properties of PMMA. This finding is likely due 

to the particles’ spherical shape, which results in stress being 

evenly transferred through the resin matrix of the specimen. 

Moreover, ZnO is a soft filler, which allows stress to pass 

directly through the ZnO compared with other hard fillers 

such as silica or glass filler.

The flexural modulus of the Nosi and Si groups did not 

significantly change compared with the control group at 

each water storage time in this study. The flexural modulus 

was influenced by filler content. However, the 5% ZnOnps 

added into PMMA in this study was considered a small 

amount. Therefore, it did not show significant effect on 

flexural modulus.

This research is the first to use Si ZnOnps incorporated 

into PMMA to create the material that has an antifungal 

effect while maintaining its mechanical properties. It has also 

been demonstrated that the addition of ZnOnps in PMMA 

had a detrimental effect on the optical properties of PMMA. 

It was felt that the increased antifungal effect outweighs the 

color change because the color change can be adjusted using 

extrinsic coloration. However, future studies can determine 

the optimal concentration of ZnOnps incorporated into 

PMMA that results in a balance between the antifungal effect 

and the detrimental effect on opacity. Moreover, the addition 

of a secondary filler that has refractive index close to PMMA 

and harder than ZnOnps may help in reinforcing the mechani-

cal properties without causing more color change. This aspect 

should also be investigated in the future studies. The results 

of this study suggest that 2.5Si ZnOnps incorporated into 

PMMA might fulfill the requirement in terms of antifungal 

and mechanical properties. Although the color differences 

of the PMMA might be an aesthetic concern, this can be 

corrected by denture characterization using extrinsic col-

oration. Therefore, this nanocomposite material might be a 

material to inhibit the growth of C. albicans in the PMMA 

that causes denture-induced stomatitis. This material might 

be used as a treatment denture, a therapeutic denture used for 

a specific period, or for treating denture induced stomatitis in 

patients, especially in the elderly patient with limited manual 

dexterity. However, the long-term evaluation of the antifun-

gal effect of PMMA denture base material incorporated with 

Si ZnOnps both in vitro and in vivo is recommended.

Conclusion
Within the limitations of this study, it was concluded that 

PMMA incorporated with Si ZnOnps, particularly with 2.5% 

silanized ZnOnps, had a greater antifungal effect, less color 

differences, and less opacity compared with Nosi ZnOnps, 

while retaining its mechanical properties.
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