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Abstract

Objectives: This study aimed to evaluate the effect of different concentrations of

titanium dioxide (TiO2) and copper oxide (CuO) nanoparticles on the water sorption

and solubility of heat‐cured polymethyl methacrylate (PMMA).

Materials and Methods: Fifty disc‐shaped specimens (10 × 2mm) of heat‐cured

PMMA were prepared and divided into five groups (n = 10) to be modified with

2.5 wt.% or 7.5 wt.% of either TiO2 or CuO nanoparticles. One group was left

unmodified, serving as the control group. Water sorption and solubility were

measured by weighing the specimens before and after immersion in distilled water

and desiccation. The data were analyzed by using one‐way ANOVA and Tukey's post

hoc test (α = .05).

Results: The 2.5 wt.% CuO nanoparticles significantly decreased the water sorption

(p = .016), but did not change the water solubility (p = .222) compared with the

control group. The 7.5 wt.% CuO and both concentration of TiO2 nanoparticles did

not change the water sorption, but significantly increased the solubility of heat‐

cured PMMA (p ≤ .05).

Conclusion: Adding 2.5 wt.% CuO nanoparticles to heat‐cured PMMA decreases the

water sorption; although, it has no significant effect on the solubility. Likewise, 2.5

and 7.5 wt.% TiO2 and 7.5 wt.% CuO do not affect the water sorption, but increase

the water solubility of heat‐cured PMMA.

Clinical Significance: Reinforcing the heat‐cured PMMA denture base resin materials

with the right concentration and type of nanoparticles can decrease the water

sorption of resin base materials, and consequently can influence the durability of

dentures.
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1 | INTRODUCTION

Polymethyl methacrylate (PMMA) acrylic resin has been a common

choice for prosthodontics since the beginning of the 20th century.

This material has desirable characteristics such as ease of processing

and pigmentation, low cost, light weight, stability in the oral cavity,

acceptable esthetics, cost‐effectiveness, and minor toxicity (Meng &

Latta, 2005; Vojdani et al., 2010). However, some important re-

strictions are associated with this resin including poor surface and

weak mechanical properties like impact and flexural strengths, in-

sufficient ductility, crazing, poor surface hardness, and inadequate

antibacterial effect (Murakami et al., 2013).

Acrylic resins absorb water over time mainly due to the polarity

of the resin molecules (Lai et al., 2004). Water sorption of acrylic

resins in prosthesis acts as a plasticizer and affects the physico-

chemical and mechanical properties such as the Young's modulus,

hardness, transverse strength, and fatigue limit (Barsby, 1992). It also

reduces the longevity of a denture within the oral cavity and causes

internal stresses that may further lead to cracks and denture frac-

tures (Cucci et al., 1998; Fathi et al., 2019). Solubility represents the

mass of the soluble materials from polymers. Soluble materials in-

clude initiators, plasticizer, and free monomer. Both water sorption

and solubility negatively affect the durability (Phillips, 1991).

To overcome the drawbacks, several attempts have been

made to modify and improve the properties of PMMA including

various types of fibers and fillers, zirconia, glass fiber, alumina,

tin, and copper (Messersmith & Giannelis, 1994). Nanotechnology

has recently contributed to the production of different materials

(Colvin, 2003). Incorporating the modified nanoparticles of zir-

conium dioxide (ZrO2) into acrylic resin improved the abrasive

wear resistance, tensile and fatigue strength, while decreasing

the water sorption, solubility and porosity of heat‐cured denture

base resin (Mohammed & Mudhaffar, 2012). Jasim and Ismail

(2014) found that adding silanized nanoparticles of aluminum

oxide (Al2O3) to PMMA improved the flexural strength of acrylic

resin, and decreased the thermal expansion coefficient, water

sorption and solubility. Another study showed that adding ZrO2

significantly decreased the water sorption and solubility of

PMMA (Asar et al., 2013). The properties of polymer nano-

composites depend on the type of incorporated nanoparticles,

their size and shape, concentration and interaction with the

polymer matrix (Jordan et al., 2005).

Nanoparticles of titanium dioxide (TiO2) are among the bio-

compatible nontoxic materials. These nanoparticles have chemical

stability, resistance to corrosion, and high refractive index (Alwan &

Alameer, 2015; Emsley, 2001; Ghahremani et al., 2017). TiO2 nano-

particles are effective against a wide range of microorganisms such as

Gram‐positive and Gram‐negative bacteria, fungi, and viruses

(Anehosur et al., 2012). A recent study showed that both 2.5% and

7.5% concentrations of this nanoparticle significantly affect the an-

timicrobial activity of PMMA denture base material against different

species of Candida and Streptococcus which are mostly presented in

the oral cavity (Giti et al., 2021).

Adding 0.5% and 1% TiO2 nanoparticles to PMMA were reported

to decrease its flexural strength (Sodagar et al., 2013). Another study

reported that these nanoparticles reduced the flexural strength

without changing the flexural modulus (Hamouda & Beyari, 2014).

Yet, improvement of both the flexural strength and Young's modulus

was observed following the addition of 0.5% TiO2 nanoparticles in

another research (Rashahmadi et al., 2017). Alwan and Alameer

(2015) noted that adding TiO2 nanoparticles to heat‐cured acrylic

resin improved the impact strength. Different studies evaluated the

mechanical properties of PMMA denture base materials following the

addition of different concentrations of TiO2 nanoparticles (Hamouda

& Beyari, 2014; Rashahmadi et al., 2017; Sodagar et al., 2013); yet,

limited information is available about their effects on water sorption

and solubility of PMMA denture base material.

Copper oxide (CuO) is another nanoparticle with antimicrobial

effects against a wide range of pathogenic bacteria (Karlsson

et al., 2008). CuO is more economical and both chemically and

physically stable (Chapman et al., 2010). Our previous study showed

that both 2.5% and 7.5% concentrations of this nanoparticle had

significant influence on the antimicrobial activity of PMMA denture

base material against different species of Candida and Streptococcus.

Moreover, increasing the concentration significantly enhanced the

antimicrobial effect (Giti et al., 2021).

Despite the imperative effects of water sorption and solubi-

lity on durability of denture‐based materials in the oral cavity, to

the best of the authors' knowledge, the influence of different

concentrations of titanium dioxide and copper oxide nano-

particles on water sorption and solubility of heat‐cured PMMA

denture base resin material has not been previously investigated.

Thus, the present study aimed to evaluate the effects of adding

different concentrations of CuO and TiO2 nanoparticles on water

sorption and solubility of PMMA denture base material. The null

hypothesis was that these nanoparticles would not influence the

variables under study.

2 | MATERIAL AND METHODS

2.1 | Preparation of specimens

This in vitro study was carried out on 50 disc‐shaped specimens of

heat‐cured PMMA (SR Triplex Hot, Ivoclar Vivadent). The specimens

were divided into five groups (n = 10) to be incorporated with 2.5 or

7.5 wt.% of either TiO2 or CuO nanoparticles (2.5% TiO2, 7.5% TiO2,

2.5% CuO, and 7.5% CuO). One group was left unmodified, serving as

the control group. The concentrations of both nanoparticles were

selected according to the previous studies (Naji et al., 2018; Gad

et al., 2020; Giti et al., 2021).

To fabricate the PMMA specimens, 10 disc‐shaped wax patterns

(10 × 2mm) were invested with dental stone (Fujirock EP; GC). When

the stone set, the flasks (61B Two Flask Compress; Handler Manu-

facturing) of wax patterns were opened and dewaxed in boiling water

for 5min. The appropriate mass of TiO2 nanoparticle powder
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(average size = 17 nm, 99.9% purity, Fanavaran Daneshgah) and CuO

nanoparticles (size = 40 nm, 99.9% purity, Fanavaran Daneshgah)

were weighed by using an electronic balance (GR‐300, A&D Com-

pany) with accuracy of 0.0001 g, for concentrations of 2.5 and

7.5 wt.%. The powders were mixed with PMMA monomer in aseptic

conditions. The suspensions were stirred with an ultrasonic homo-

genizer to disperse the nanoparticles in the MMA monomer

(Gad et al., 2020), and mixed with PMMA powder in liquid:powder

volume ratio of 1:3.

Acrylic was packed into the mold spaces. The flask halves were

placed into water bath curing unit and processed by being heated to

74°C for 90min and then to 100°C for 30min according to the

manufacturer's instructions. Once the polymerization process was

finished, all the flasks were left to cool down in water, and the spe-

cimens were removed after deflasking. Finishing of the specimens

was done by using silicon carbide discs (grit 600) and a polishing

machine (MetaServ 250 Grinder‐Polisher, Buehler) at 250 rpm, and

polishing was done by a cloth wheel and a 0.5‐μm diamond

suspension.

2.2 | Water sorption and solubility test

The specimens were dried in desiccator (Isolab Laborgeräte GmbH)

containing freshly dried silica gel (Sigma‐Aldrich), stored in an in-

cubator at 37 ± 2°C. After 24 h, the specimens were removed and

weighed to an accuracy of 0.0001 g by using an analytical scale

(GR‐300, A&D Company). The 24‐h desiccation cycle was repeated

until a constant mass (M1) was obtained after 3 days (mass variation

was less than ±0.001mg).

The diameter and thickness of all the specimens were mea-

sured by using a digital caliper (Mitutoyo Corp) with an accuracy

up to 0.1 mm. The mean diameter was calculated by measuring

the diameter of each specimen at two points; these diameters

were at right angles to each other. The mean thickness was cal-

culated by measuring the thickness at five equally spaced points

on the circumference of the specimen. The volume (V) of each

specimen was calculated in mm3 according to the following for-

mula: V = π(d/2)2h, where d is the diameter and h is the thickness

of the specimens.

The specimens of each group were immersed in glass vials

containing distilled water, wrapped in aluminum foil to exclude

light, and placed in an incubator at 37 ± 1°C. The specimens

weight was recorded every 24 h until constant weight was

achieved (M2) after 7 days. Every 24 h, the specimens were re-

moved from the solution, gently wiped with a soft paper towel to

remove excess solution, weighed and immediately returned into

the solution. At the end of immersion period, the specimens were

desiccated as previously mentioned, until the specimens reached

the constant mass (M3). Water sorption and solubility (µg/mm3)

were calculated for each of the specimens through the following

formulas (Giti et al., 2016):

Water sorption = M − M /V,

Water solubility = M − M /V.

2 3

1 3

2.3 | Statistical analysis

Data were analyzed by using SPSS software (IBM SPSS Statistics for

Windows, v24.0; IBM Corp). Descriptive data were presented as

means and SDs, explored for normality using Shapiro Wilk test.

One‐way ANOVA was used to compare water sorption and water

solubility among the tested groups. Tukey's post hoc test was

used to compare the water sorption and solubility between the

groups (α = .05).

3 | RESULTS

According to the results of one‐way ANOVA, the study groups were

significantly different in terms of water sorption (p< .001) and water

solubility (p< .001) (Table 1). The mean, SD, and pairwise comparisons

between the groups concerning water sorption (Table 2 and Figure 1) and

water solubility (Table 3 and Figure 2) were calculated and reported.

3.1 | Water sorption

Tukey's post hoc test showed no significant difference between

the experimental groups and the control group (p > .05), except

for the 2.5 wt.% CuO, which had significantly lower water sorp-

tion than the control group (p = .016). The findings also indicated

that water sorption was concentration‐dependent, as the water

sorption of 7.5 wt.% TiO2 was significantly higher than that of the

2.5 wt.% TiO2 group (p = .004), and the water sorption of 7.5 wt.%

CuO was significantly higher than that of the 2.5 wt.% CuO group

(p = .011). No significant difference was detected between CuO

and TiO2 in neither 7.5 wt.% (p = .105) nor 2.5 wt.% concentra-

tion (p = .236).

TABLE 1 The result of one‐way ANOVA for the water sorption
and solubility of the study groups

Sum of
squares df

Mean
square F Sig.

Water sorption

Between groups 68.405 4 17.101 9.308 0.000

Within groups 82.678 45 1.837

Total 151.083 49

Water solubility

Between groups 24.711 4 6.178 18.628 0.000

Within groups 14.923 45 0.332

Total 39.634 49
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TABLE 2 Mean, SD, and multiple
comparisons of water sorption (µg/mm3)

Concentration
0% (control) 2.5% 7.5%

Nanoparticle Mean ± SD Mean ± SD Mean ± SD

TiO2 15.63 ± 2.10ab 14.91 ± 0.87aB 17.23 ± 1.12bB

CuO 15.63 ± 2.10a 13.64 ± 0.94bB 15.71 ± 1.36aB

Note: Horizontally, different lowercase letters indicate significant differences between different
concentrations of each nanoparticle (p < .05). Vertically, the same uppercase letters denote no

significant difference between different nanoparticles in each concentration (p > .05).

F IGURE 1 Mean and SDs of water
sorption (µg/mm3) of experimental groups

TABLE 3 Mean, SD, and multiple
comparisons of water solubility (µg/mm3)

Concentration
0% (Control) 2.5% 7.5%

Nanoparticle Mean ± SD Mean ± SD Mean ± SD

TiO2 −0.98 ± 0.83a 0.62 ± 0.58bA 0.95 ± 0.46bA

CuO −0.98 ± 0.83a −0.43 ± 0.44aB 0.09 ± 0.45bB

Note: Horizontally, different lowercase letters indicate significant differences between different
concentrations of each nanoparticle (p < .05). Vertically, different uppercase letters denote significant
differences between different nanoparticles in each concentration (p < .05).

F IGURE 2 Mean and SDs of water
solubility (µg/mm3) of experimental groups
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3.2 | Water solubility

The water solubility of both concentrations of TiO2 (p < .001) and

7.5 wt.% CuO (p < .001) were significantly higher than that of the

control group. However, the difference was not significant between

2.5 and 7.5 wt.% of TiO2 (p = .697), nor was it significant between

2.5 and 7.5 wt.% of CuO (p = .256). The water solubility of 7.5 wt.%

CuO was significantly lower than that of 7.5 wt.% TiO2 (p = .013) and

the water solubility of 2.5 wt.% CuO was significantly lower than that

of 2.5 wt.% TiO2 (p = .001).

4 | DISCUSSION

The findings rejected the null hypothesis, as the addition of different

concentrations of TiO2 and CuO nanoparticles affected both water

sorption and solubility of PMMA denture base resin. These two

features of denture base materials can be affected by several factors

like the type of material, amount of plasticizer or filler content, and

the solution in which they are immersed (Malacarne et al., 2006). The

acrylic resins contain polar carbonyl groups, which control the for-

mation of hydrogen bonds with water and the network topology

(Malacarne et al., 2006). Water molecules diffuse between the

macromolecules of the material, separate them slightly, and are fur-

ther transferred to the mass of PMMA and nest between the polymer

chains (Saini et al., 2016). Unsaturated bonds of molecules or un-

balanced intermolecular forces cause water being absorbed in poly-

mers (Tuna et al., 2008). The attributes of polymer nanocomposites

depend on the nature of the added nanoparticles, their size and

morphology, concentration, and interactions with the polymer matrix

(Kundie et al., 2018). In the present study, water sorption and solu-

bility were measured through the method recommended by the In-

ternational Organization for Standardization (ISO). Accordingly, the

water sorption is the increase in mass per unit volume, and water

solubility is the loss of mass from polymers (Miettinen &

Vallittu, 1997).

Based on ISO1567:1999, the maximum water sorption and water

solubility for heat‐cured PMMA resin should not exceed 32 and

1.6 μg/mm3, respectively. Most previous studies obtained water

sorption of acrylic resins between 10 and 25 μg/mm3 (Ristic &

Carr, 1987; Barsby, 1992; Yunus et al., 2005). In the present

study, water sorption in all groups ranged between 13.64 and

17.23 μg/mm3, and water solubility was between −0.98 and

0.95 µg/mm3, meeting the pertinent ISO standards.

4.1 | PMMA+ CuO

The present results showed that 2.5% CuO significantly decreased

the water sorption of heat cured‐PMMA. It might be due to the

presence of nano‐sized CuO particles in the free spaces between the

polymer chains of polymerized PMMA resin. It might have also at-

tracted resin molecules and created more complicated network

chains during the curing process, which further eliminated the space

for water sorption (Tekale et al., 2019). Another reason could be the

replacement of hydrophilic resin with CuO nanoparticles, which de-

creased the water sorption (Alwan & Alameer, 2015). On the other

hand, the present study showed that by increasing the concentration

of this nanoparticle to 7.5%, the water sorption of PMMA was

increased.

In line with the current findings, Asar et al. (2013) reported sig-

nificant decrease in the water sorption and solubility of PMMA fol-

lowing addition of various metal oxides including 2% ZrO2, 2% TiO2,

2% Al2O3, and 1% TiO2 + 1% ZrO2. Similar results were obtained by

Jasim et al. (2014) through adding silanized Al2O3 nanofillers at

concentration of 1%, 2%, and 3%. Panyayong et al. (2002) observed

that mixtures of titanium dioxide and zirconia at concentrations of

1%, 2%, and 3% decreased the water absorbed by the acrylic resin.

The present study found that 2.5% CuO nanoparticles did not

change the water solubility compared with the control group. How-

ever, 7.5% CuO notably increased the solubility compared with the

control group. The results also revealed that both water sorption and

solubility directly depended on the nanoparticles concentration; as

the higher concentrations of both nanofillers increased the water

sorption and solubility of acrylic resin. The increase of water sorption

and solubility by 7.5% CuO might be attributed to the agglomeration

of nanoparticles at higher concentrations, which creates a more filler‐

filler interaction than the filler–matrix interaction, reducing the in-

tramatrix homogeneity, and adversely affecting the water sorption

and solubility of the polymerized material (Mangal et al., 2019).

It has been shown that the CuO nanoparticles increased the

thermal stability and enhanced the tensile strength of vinyl‐ester‐

based nanocomposites. CuO solubility is highly influenced by the

shape of nanostructures (spheres, rods, etc.) (Guo et al., 2007; Laha

et al., 2014).

4.2 | PMMA+ TiO2

Based on present findings, neither concentrations of TiO2 nano-

particles changed the water sorption, but increased the water solu-

bility of heat‐cured PMMA compared to the control group. Chladek

et al. (2013) found that increasing the nanosilver concentration in-

creased the sorption and solubility of soft lining material. Kundie et al.

(2018) reported that 0.5% and 2% concentrations of alumina micro‐

and nano‐particles slightly increased the water sorption and solubility

of PMMA compared with the control group.

The results of the present study contrasted Tekale et al.'s study

(2019), which showed that increasing the wt% of 1%, 3%, and 5%

silanized TiO2 nanoparticles decreased the water sorption of PMMA.

Another study documented decreased water sorption and solubility

following the addition of 3% wt of treated TiO2 nano particles to

heat‐cured acrylic resin (Alwan & Alameer, 2015). Acosta‐Torres et al.

(2011) detected that PMMA modified with TiO2–Fe2O3 nano-

composites had lower sorption values compared to pure PMMA,

despite the similar solubility levels. This could be attributed to the

GITI ET AL. | 291



dependence of properties of polymer nano composites on the con-

centration of nanoparticles, their size and shape, distribution of na-

noparticles, and interaction with the polymer matrix (Jordan

et al., 2005). Moreover, the interface between a particle and a

polymer is sensitive to water due to the high surface energy of the

particle. Higher filler concentration increases the particle–polymer

interface and consequently higher water sorption and solubility

(Panyayong et al., 2002). Accordingly, the significantly higher water

solubility values in TiO2 group might be mainly related to the in-

creased filler rate and the weak bond to the heat‐cured PMMA

matrix.

Among the limitations of this study were the in vitro condition

and evaluating only two concentrations of nanoparticles. Future

studies are recommended to assess other types and concentrations

of nanoparticles in other oral simulating solutions.

5 | CONCLUSION

(1) The 2.5 wt.% CuO significantly decreased the water sorption and

did not change the solubility of heat‐cured PMMA.

(2) Both concentrations of TiO2 and 7.5 wt.% CuO nanoparticles

significantly increased the water solubility but did not change the

water sorption of heat‐cured PMMA than the control group

without any nanoparticle.
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