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Abstract: Background: Polymethyl methacrylate (PMMA) resin is extensively utilized in
prosthodontics and orthodontics, particularly in fabricating artificial teeth, provisional crowns,
denture bases, and orthodontic retainers. Aims: This study aimed to evaluate the effects of
incorporating cerium oxide and polyether ether ketone nanoparticle (CP) composite into PMMA
resin on transverse strength, impact strength, surface hardness, and denture base adaptation.
Materials and Methods: A total of 120 PMMA specimens were divided into three groups based on
the concentration of CP composite added to PMMA resin, with each group consisting of 40
specimens: a control group without fillers, group (A) containing 1% wt. of composite filler with a
ratio of 30% cerium oxide and 70% polyether ether ketone, and group (B) comprising 3% wt. of
composite with a ratio of 50% ceria, and 50% polyether ether ketone, as determined by the pilot
study. Each group was tested for transverse strength, impact strength, surface hardness, and
denture base adaptation, with 10 specimens for each test. The tested specimens were examined
using Fourier transform infrared spectroscopy (FTIR), and field emission scanning electron
microscopy (FE-SEM). The resulting data were statistically analyzed using SPSS at a significance
level of P<0.05. Results: Group B showed a significant statistical increase in transverse and impact
strength compared with the other groups. Surface hardness and denture adaptation increased
significantly in group A. FTIR analysis revealed transmission peaks and heightened intensity after
the addition of the CP composite into the PMMA. The FE-SEM images showed a well-distributed
nano CP composite within the PMMA matrix for all experimental groups, with increased
agglomeration observed in group B (3%). Conclusion: The incorporation of 3% wt. CP into PMMA
resin significantly improved transverse and impact strength compared with 1% wt. and the
control. The surface hardness and denture base adaptation improved when 1% wt. CP was
incorporated into the PMMA resin compared with the other tested groups.
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Polymethyl methacrylate (PMMA) is extensively used as a denture basis in the fabrication of complete

and partial dentures. It is considered a primary choice of denture base material because of its

biocompatibility in the dental environment, low manufacturing cost, and favorable color matching with

gums 2. However, clinical trial studies showed that 68% of the PMMA denture base is susceptible to

breakage during use within the first 3 years. Researchers have conducted several studies to improve the

mechanical properties and clinical applications of PMMA by modifying it with metal oxides and fibers ¢

4,

Recently, nanotechnology has produced a modified material exhibiting enhanced mechanical and physical

features. By incorporating nanoparticles into PMMA materials, composite materials with unique
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mechanical and physical properties can be created that are not possible with the base material alone.
Furthermore, hybrid reinforcement with two or three additives may yield denture base material with
superior characteristics than a single additive & ¢. Each additional reinforcement enhances a certain
material quality @). Natural fibers have several advantages over synthetic fibers, including renewability,
reduced wear on processing equipment, light weight and cost-effectiveness, favorable mechanical

properties, and environmental sustainability ©®.

Some natural fibers utilized as reinforcements include oil palm empty fruit cluster fiber and ramie fiber ©).
Researchers have proposed the use of metal oxides as fillers, and they are applicable across various fields,
including health and industry (9. Cerium oxide nanoparticles (CeO2 NPs) have recently attracted
considerable interest because of their remarkable biological properties, including antibacterial, anti-
inflammatory, and antioxidant activities (. The integration of CeO:2 NPs into diverse polymer-based
scaffolds designed for wound healing applications has led to accelerated wound healing due to the
presence of CeO2 NPs (1213,

In dentistry, CeO2 NPs have been used in the modification of dental materials, such as cerium oxide-based
glass restorations, cerium oxide-based pit and fissure sealants, cerium oxide filler-based resin composite,
dental adhesives containing cerium dioxide particles, cerium oxide-based glass ceramics, and cerium
oxide-based mineral trioxide aggregate (MTA). Cerium oxide, recognized for its potent antioxidant
properties, protects osteoblasts from oxidative stress by restoring the intracellular antioxidant defense
system (4. In a study conducted by Isam et al., CeO2 NPs were added into soft liner denture base material
at concentrations of 2% and 3% wt. They found that increased hardness is correlated with an increased

amount of filler (5,

Polyetheretherketone (PEEK) is categorized as a semi-crystalline thermoplastic biomaterial within the
polymer class of poly aryl ether ketones (PAEKSs). This category involves high-performance thermoplastic
resins characterized by aromatic chains interconnected by ketone and ether groups (9. Its tensile properties
closely resemble those of bone, enamel, and dentin, making it suitable for use as a dental restorative
material (7). It functions as an implant material, fixed crown, removable denture, and fixed prosthesis (18-20),
Most PEEK and its derivatives are supported by in vitro studies or short-term in vivo research .
Researchers Chen SG and Yang ] have utilized a combination of nano-fillers, surface-modified titanium
dioxide (TiOz2), and micro-fillers of PEEK @2.

This study aimed to evaluate the effects of incorporating ceria and PEEK NPs in two ratios (30/70 and 50/5)
on transverse strength, impact strength, surface hardness, and the adaptability of denture bases. The study
hypothesized that the 50/50 formulation would exhibit superior mechanical properties compared with the
30/70 formulation and conventional PMMA

Materials and Methods

Preparation of PEEK NP Powder

PEEK powder (VER3TIX / the UK) with an average particle size of 12-13 um was ground using a planetary
ball mill to produce nano-sized particles. PEEK powder was placed inside a specialized container
containing stainless steel balls in a 1:3 ratio (powder to balls) by weight. The grinding process lasted for 2

h. After sieving, the resulting powder exhibited a smooth texture with an average particle size of 83-85 nm.
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Preparation of Cerium Oxide and PEEK NP Composite

Cerium oxide powder (HONGWUNEW MATERIA/China) with a purity of 99.9% and an average particle
size of 30-50 nm was mixed with PEEK powder to produce a cerium oxide/PEEK (CP) composite by using
a ball milling machine at 300 rpm for 20 min. The mixing parameters were selected according to the pilot
study.

Preparation and Grouping of Specimens

A total of 120 PMMA specimens were prepared and divided into three groups based on the concentration
of CP composite incorporated into PMMA resin, with each group consisting of 40 specimens: a control
group without CP, group (A) containing 1% wt. CP with a ratio of 30% CeO: and 70% PEEK, and group (B)
comprising 3% wt. CP with a ratio of 50% CeO: and 50% PEEK. These ratios were selected according to our
pilot study. Each group was tested for transverse strength, impact strength, surface hardness, and denture

base adaptation, with 10 specimens for each test.

A plastic pattern with different dimensions was prepared based on the designated test. Each pattern was
placed in hard putty laboratory silicone and positioned into a plastic container to form a specimen mold
[23]. The lower half of the flask was filled with type IV dental stone following the manufacturer's mixing
instructions. The upper half of the flask was then secured over the lower half and filled with a new stone
mixture, which was allowed to set. Finally, the two halves of the flask were separated, and the plastic

patterns were removed to receive and pack PMMA specimens.

PMMA powder (PROCRYLA, Germany), with or without CP NPs depending on the group, was mixed
with a monomer according to the manufacturer's instructions for the powder/monomer ratio. The final
specimens were polished and completed by a uniform procedure. Each PMMA specimen was immersed

in distilled water for 2 days prior to the test to reduce the residual monomer.

Mechanical Tests

Transverse Strength Test

Thirty specimens were prepared with dimensions of 65 mm in length, 10 mm in width, and 2.5 mm in
thickness. The test was conducted according to ISO specifications (No. 20795-1, 2013) using a universal

testing machine at a constant displacement rate (5 mm/min) until fracture of the specimen.
Surface Hardness

Thirty specimens were fabricated with dimensions of 65 mm in length, 10 mm in width, and 2.5 mm in
thickness. The surface hardness test was conducted using Shore D hardness according to the standard test
methods ASTM D2240 and ISO 868:2003.

Impact Strength Test

According to ISO 179-1:2000, the acrylic specimens for the impact strength test were fabricated with
dimensions of 80 mm in length, 10 mm in width, and 4 mm in thickness. The impact strength test was

conducted utilizing Charpy's impact testing apparatus.



J. Bagh. Coll. Dent. Vol.38, No. 2. 2026 Aadi et al.

Denture Adaptation Test

A plastic transparent bio-art sheet (Plastvac P7 Dental Vacuum Forming Machine, Brazil) and a maxillary
stone cast were used to prepare the denture base pattern for the fabrication of 30 maxillary denture base
specimens, categorized based on the percentage of CP filler addition into the control, group A (1%), and
group B (3%), with 10 specimens in each group. The transparent denture pattern was flasked to produce
PMMA denture bases following the procedure used to fabricate complete denture bases (Figure 1A).

The fitting surface of the specimens was scanned, sprayed, flipped to resemble a cast surface, and saved as
a stereolithography (STL) file. The maxillary stone cast was also sprayed and scanned, and the STL file was

selected as reference data in Figures 1B and 1C.

The STL file of the fitting surface of the PMMA specimens was designated as empirical data. The files were
automatically aligned by selecting the “best-fit alignment” icon in Geomagic software (Exocad, version 3.2)
to evaluate adaptation (Figure 1D). The gap between the denture base and stone cast was assessed at five
points: one on the right (point A) and one on the left side (point B) of the maxillary tuberosity, one at the
midline near the posterior border of the denture base (point C), one on the hard palate at the middle of the
maxilla (point D), and one on the incisive papilla (point E) (Figure 1E).

The resulting data were statistically analyzed using the Statistical Package for Social Science (SPSS version
25, Inc., USA), with significance set at P<0.05.

Figure 1: Denture adaptation test A: A plastic transparent bio-art sheet and a maxillary stone cast, B: STL
file of the master cast, C: the STL file of the specimens, D: Fitting of the PMMA specimen on the cast and
E: measuring the gap between the PMMA specimen reference points and the fitting surface of the cast.
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Results

Descriptive statistics, including mean values of transverse strength, indicated that group B possessed
the highest value among the other groups. One-way ANOVA showed a significant difference at P<0.05
among all groups (Table 1).

Table 1: Descriptive analysis and one-way ANOVA test of transverse strength (N\mm?2)

Groups N Mean  =£SD F P value
Control 10  93.86 3.13
A 10 105.6 5.12 33.88 0.0001
B 10 108.43 4.10

Sig. P value <0.05

The descriptive analysis of impact strength revealed that the mean values for groups A and B were nearly
identical and exceeded those of the control group. One-way ANOVA test revealed a significant difference

across all tested groups, as shown in Table 2.

Table 2: Descriptive statistics analysis and one-way ANOVA test of impact strength (Kj\m2)

Group N Mean + SD F P value
Control 10 9.37 1.28
A 10 11.38 0.94 11.76 0.0001
B 10 11.45 1.00

Sig. P value < 0.05

The mean value and ANOVA test of surface hardness demonstrated that group A surpassed group B and

the control, revealing significant differences among the groups (Table 3).

Table 3: Descriptive analysis and ANOVA test of the hardness test of all experimental groups

Groups N Mean * SD F P value
Control 10 84.89 1.44
A 10 87.31 1.06 11.289 0.0001
B 10 86.90 1.11

Sig. P value < 0.05

The descriptive statistics of denture base adaptation represent the gap between the denture base and the
stone cast at five points. The mean values for the selected five points indicated that group A had the lowest

gap compared with the other groups. The Welch test was chosen for the comparison of the tested groups,
as shown in Table 4.

Table 4: Descriptive statistics and Welch test of denture base adaptation in (um)

Groups N Mean +SD Statistic df1 df2 P value
Control 10 0.213 0.031
A 10 0.164 0.022 58.34 2 7.23 0.0001
B 10 0.490 0.060

Sig. P value <0.05
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Fourier transform infrared (FTIR) spectroscopy analysis

The FTIR analysis results of PMMA before and after the addition of CeO: /PEEK mixture showed
transmission peaks and increased intensity after the addition of CP fillers. The FTIR peaks demonstrated

the initiation and completion of polymerization.

Field emission scanning electron microscopy (FE-SEM)

The FE-SEM images showed particle sizes and distribution of nano CP composite within the PMMA

matrix for all experimental groups, with increased agglomeration observed in group B (3%) (Figure 2).

Figure 2: FE-SEM image of PMMA specimens at 30 kV magnification, A: Cerium oxide NP size, B: PEEK
NP size, C: Control group, D: Group A (1%CP), and E: Group B (3%CP)

Discussion

PMMA resin is widely regarded as one of the most popular materials for denture bases in the
restoration of partial and complete edentulous patients because of its ease of processing and reparability.
However, it has disadvantages, such as poor impact strength, low wear resistance, and abrasion @325,
Several researchers have attempted to enhance the mechanical properties of PMMA resin by reinforcing it
with fibers or particles. The current study evaluated the transverse strength, impact strength, surface
hardness and adaptation of denture bases of PMMA base resin after adding 1% and 3% CP mixture.
Recently, nanotechnology has been utilized in dentistry, and numerous studies have been conducted to

define its potential benefits and applications 6.

The flexural test evaluates the strength of a bar supported at both ends @. In the current study, the
transverse strength of the reinforced groups increased after the addition of the CP mixture. The observed
results could be due to the effective connectivity among CP nano-sized particles within the PMMA matrix.
The enhancement in transverse strength may also result from the transfer of stress from a flexible polymer

to the high modulus, stiff, and rigid filler particles. The results of the study were in agreement with the

6
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findings of Barapatre et al. in 2022 @), who revealed that the flexural strength of PMMA resin reinforced
with PEEK/zirconia NPs significantly increased compared with other groups. They concluded that the
hybrid PEEK and zirconia-reinforced resin can be utilized in the treatment of patients with high occlusal

forces and those who complain of recurrent denture fractures.

The mean values of the reinforced groups (1% and 3% CP) demonstrated a highly significant increase in
impact strength compared with the control group. The incorporation of 3% CP resulted in a notable increase
in the mean impact strength values. The enhancement in impact strength observed in the present study
may be attributed to the elevated concentration of PEEK NPs. PEEK is known for its resilience to stress
concentrations and has exhibited superior impact strength than PMMA resin ®). Denture bases exhibiting
high impact resistance are suitable for patients prone to dropping their dentures, especially those with
physical or cognitive disabilities. Improved mechanical properties, including enhanced strength and
fracture resistance, may reduce the frequency of denture breakage, lower replacement costs, and contribute
to better long-term patient satisfaction and quality of life. These enhancements could ultimately improve
the durability and reliability of removable prostheses in clinical settings. These results are consistent with
those reported by Gad et al., who demonstrated that the incorporation of nano-zirconium dioxide (ZrO)
and glass fibers into PMMA significantly increases the impact strength relative to unreinforced control
samples. By contrast, Alwan Erhim et al. (2024) reported a reduction in impact strength with increasing
concentrations of NP fillers in denture base materials, indicating that the type and proportion of nanofillers

significantly influence mechanical performance ©0.

The addition of 1 wt% CP filler led to an increase in mean surface hardness, whereas the 3 wt% CP group
exhibited the lowest value among the tested groups. The reduction in hardness at increased filler content
may result from the elevated proportion of CeO, NPs in group B (50% CeO, + 50% PEEK), potentially
compromising the mechanical integrity of the PMMA matrix. These findings were in agreement with those
of Amrah et al. (2020) @), who reported that incorporating recycled PMMA into heat-cured acrylic resin at
varying concentrations results in increased surface hardness. Additionally, an increase in PEEK fiber
content has been shown to enhance surface hardness 2. This result was consistent with the findings of
Stuart and Briscoe 3, who concluded that the presence of highly crystalline polymers contributes to

enhanced hardness of polymer composites.

PMMA acrylic resin denture bases have a strong tendency to shrink after polymerization. Research has
shown that expert fillers are incorporated into PMMA materials to reduce dimensional instability. Good
denture adaptation results from accurate dimensional stability, significantly enhancing denture retention
and patient comfort, reducing speech-related problems, and ensuring proper occlusion. In the present
study, CP NPs were integrated into PMMA resin to enhance denture fit. The denture fit improved after
adding 1% CP, especially at point (B); this may be related to an increase in the thermal conductivity of the
acrylic resin with added fillers and the degree of polymerization, primarily driven by heat dissipation and
thermal conductivity. Consequently, the denture base contracts due to further polymerization shrinkage
[33] or may become brittle, which compromises the fit of the denture. A previous study proposed by Basima
M and Aljafery A (2015) revealed that the addition of a ZrOz-Al20s NP mixture into heat-cured acrylic resin
denture base material results in a gap between the denture base and the cast ¢4. They suggested that this
gap is from the inclusion of NPs ©5%), which improves the thermal conductivity of acrylic resin,

considerably influencing polymerization via thermal conductivity and heat dissipation ¢7.

The incorporation of a cerium oxide and PEEK nanocomposite into PMMA resin exhibited promising
improvements in material properties; however, several limitations should be considered to provide a
7
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balanced interpretation of the results. One major concern is the potential for nanoparticle agglomeration,
particularly at elevated concentrations of 3%, which may result in uneven dispersion within the resin
matrix. This inconsistency may adversely affect the mechanical integrity. Additionally, the limited sample
size in this study may restrict the statistical power and generalizability of the findings. Moreover, the
current study failed to incorporate long-term simulations of the oral environment, such as thermal cycling
or mechanical fatigue, which are critical for assessing the durability and biocompatibility of dental
materials under realistic settings. Future research should address these aspects through extended in vitro
and in vivo studies to comprehensively evaluate the clinical relevance of PMMA modified with cerium

oxide/PEEK nanocomposites ©9).

Conclusion

This study concluded that the incorporation of 3% wt. CP into PMMA resin significantly improved
transverse and impact strength compared with 1% wt. and the control. The surface hardness and denture
base adaptation improved when 1% wt. CP was incorporated into the PMMA resin compared with the
other tested groups.
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