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Abstract: To evaluate the effect of beverages (coffee, tea, Cola-Cola, and mineral water) on the color
stability of resin-based composite (RBC) materials modified with different nanoparticles (NPs). The
specimens (70/beverage) were fabricated from light-cured RBCs and divided according to NPs
into four groups: one control, unmodified (N0); and three experimental—ZrO2 (Zr), TiO2 (Ti), and
SiO2 (Si) groups. Each experimental group was further subdivided into two subgroups according
to NP concentrations: 3 wt.% and 7 wt.% (n = 10). A spectrophotometer was used to assess the
color change (∆E) before and after six months of immersion. Data were analyzed and compared
using one-way-ANOVA followed by Bonferroni’s post-hoc test (α = 0.05) and subsequently ∆E
value conversion to National Bureau of Standards (NBS) units. The modified light-cured RBCs with
ZrO2, TiO2, and SiO2 demonstrated smaller color changes after immersion in the beverages than the
unmodified group (p < 0.001). Zr groups showed the lowest ∆E, followed by Ti and Si groups; a 3%
concentration resulted in a lower mean ∆E than the 7% concentration. NBS findings showed that
coffee and tea produced marked unacceptable color changes (NBS units were >3), and Coca-Cola
resulted in noticeable color changes (NBS units between 1.5 and 3), while water produced slight color
changes (NBS ≤ 1). Modification of RBCs with both concentrations of ZrO2, as well as 3% of TiO2

and SiO2, may improve its color stability. Based on NBS results, RBCs immersed in mineral water
and Coca-Cola showed clinically acceptable color changes, while those immersed in coffee and tea
were clinically unacceptable.

Keywords: beverages; color; composite; nanoparticles; restorative materials

1. Introduction

Resin-based composites (RBCs) have been among the most common choices for restor-
ing anterior and posterior teeth, mainly due to their high aesthetic properties, improved
durability and success rate, and high patient acceptance. However, inadequate mechanical
properties, polymerization shrinkage, plaque accumulation, and stainability are the major
drawbacks of dental restorations [1–3].

The staining susceptibility of restorative materials is influenced by several factors.
Intrinsic resin matrix degradation can occur due to oxidation or hydrolysis in the matrix
of filling materials [4–6]. Moreover, the structural properties of resin matrix monomers,
filler size, and distribution in the matrix play essential roles in the discoloration effect.
The incorporation of inorganic nanoparticles (NPs) was found to decrease the hygroscopic
absorption of water in the resin matrix, leading to less discoloration [7,8]. On the other
hand, extrinsic discoloration may also occur, due to the absorption of staining products
found in food and drinks [9].
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Many previous studies have shown that immersion of light-cured composite restora-
tive material in different beverages may cause varying degrees of staining. This variation
depends mainly on their composition and properties, the concentration of staining agents,
and the amount of exposure time [10,11]. Several advancements were introduced to im-
prove the properties of composite filling, including the incorporation of nanofillers, which
enhance their mechanical, physical, and optical properties [12,13].

The use of NPs can offer many advantages when they are incorporated into dental
restorations; due to their decreased size, they provide a larger specific surface area that
leads to unique characterization compared to bulk-size particles [3,14]. However, NPs
show an aggregation tendency that may interfere with the chemical interaction between
these particles and the organic matrix. To overcome this drawback, a silane-coupling agent
was used for the treatment of inorganic filler, leading to improved bond strength of the
NPs and resin matrix and thus enhancing the properties of nanocomposite [15].

This enhancement encouraged the researchers to incorporate different NPs into dental
biomaterials to improve their properties, including zirconium dioxide (ZrO2), titanium
dioxide (TiO2), and silicon dioxide (SiO2) [16–18]. TiO2 is favored in the dental field due
to its superior properties, including corrosion resistance, high microhardness, adequate
antimicrobial properties, and low cost. Moreover, the incorporation of TiO2 into polymeric
materials can enhance the mechanical, physical, and optical properties of the nanocompos-
ite [19]. ZrO2 is a white crystalline metal oxide that has widespread application in dentistry
due to its biocompatibility, great strength, high wear resistance, and aesthetic acceptability;
it has been used in many previous studies for the reinforcement of acrylic resin denture
base materials and RBCs [12,19]. Similarly, the tested SiO2-incorporated nanocomposites
showed adequate resistance to abrasiveness and appropriate thermal stability. Prosthet-
ically, the addition of SiO2 nanoparticles to the acrylic resin denture base improved the
wear resistance; additionally, it showed greater color stability after immersion in different
beverage solutions [20,21]. Azmy et al. and Liu et al. found that the addition of NPs
to dental restorations could improve their different properties, such as flexural strength,
hardness, and wear resistance [12,22].

The color stability of a restorative material greatly determines the success of dental
fillings and patient acceptance [23]. NPs incorporating restorative materials presented
improved optical properties when tested in previous studies. Because the NP dimension is
less than the wavelength of visible light, the results showed an improved color appearance
and enhanced light transmittance [24,25].

Color measurement devices have been heavily used when testing dental materials to
accurately assess their color changes. A spectrophotometer is considered an accurate and
flexible measurement tool [26]. Compared to human eye observation, it can provide 33%
increased accuracy and allow for higher objective matches in most of the cases tested [27].
A three-dimensional color space-based system was developed by the International Commis-
sion on Illumination (Commission Internationale de l’Eclairage; CIE) in 1976, and it consists
of three axes. The L axis is a grayscale that represents the lightness, the a axis represents
the red-green coordinates, and the b axis describes the blue-yellow coordinates. This CIE
L*, a*, b* scale covers all colors visible to the human eye, and using these coordinates, color
changes (∆E) are usually calculated using the changes in the color parameters of the CIE
L*, a*, b* system [28].

Several studies have assessed the color stability of regular dental restorations when
immersed in different solutions; however, little is known regarding the effect of this
immersion on the color stability of dental restorations modified with different nanoparticles.
Accordingly, the purpose of this study was to assess the color stability of light-cured
composite filling reinforced with two concentrations of NPs (ZrO2, TiO2, and SiO2) after
immersion into four different solutions (coffee, tea, Coca-Cola, and mineral water). The
null hypothesis stated that NP (ZrO2, TiO2, or SiO2) incorporation at two concentrations
(3 wt.% and 7 wt.%) into RBCs would have no significant effects on color stability.
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2. Materials and Methods

Table 1 summarizes all material details used to conduct the current study. Disc-shaped
specimens were prepared according to ISO 4049:2000 that were 7 × 2 ± 0.03 mm in diameter
and thickness, respectively [29]. To reduce variability, all specimens were fabricated by the
same examiner.

Table 1. List of materials used in the current study.

Brand Name/Manufacturer Company Name Specifications

Nexcomp META BIOMED, Cheongju-si,
Republic of Korea

Resin: Bis-GMA, Bis-EMA, UDMA, TEGDMA.
Fillers: 0.04–0.7 µm barium aluminum boro-silicate.

Light cured, A2

ZrO2 nanoparticles

NanoGATE, 6 October, Giza, Egypt

Spherical, white, and tetragonal nanoparticles
(12 ± 3 nm; purity > 99%)

TiO2 nanoparticles Spherical, white, and anatase nanoparticles
(15 ± 3 nm; purity > 99%)

SiO2 nanoparticles Spherical, white, and amorphous nanoparticles
(21 ± 3 nm; purity > 99%)

Silane-coupling-agent Sigma/Aldrich Chemie GmbH,
Taufkirchen, Germany

3-trimethoxysilyl propyl methacrylate (TMSPM).
Purity 98%, ethanol 99.7%., lot No. 440159

ZrO2: zirconium dioxide; TiO2: titanium dioxide; SiO2: silicon dioxide; Bis-GMA: bisphenol A glycidyl methacry-
late; Bis-EMA: bisphenol A ethoxylated dimethacrylate; UDMA: urethane dimethacrylate; and TEGDMA: triethy-
lene glycol dimethacrylate.

Two hundred RBC specimens (n = 10, 70/beverage) were fabricated based on a sample
size calculated using the necessary values from previous studies [20,21,30]. According
to NP types, specimens were divided into four groups: three modified groups—ZrO2
(Zr), TiO2 (Ti), and SiO2 (Si); and one that remained unmodified as a control group (N0).
According to NP concentrations (3 wt.% and 7 wt.%), these three groups were further
subdivided into two subgroups (Zr3, Zr7, Ti3, Ti7, Si3, and Si7) for a total of six tested
experimental groups.

The selected nanoparticles (ZrO2, TiO2, and SiO2) were treated separately using a
silane coupling agent [3-trimethoxysilyl-propyl-methacrylate (TMSPM)] (Shanghai Richem
International Co., Ltd., Shanghai, China) to generate reactive groups on their surfaces for
better adhesion between the NPs and resin matrix. The amount of silane coupling agent
(X) required for efficient and uniform coverage of the nanoparticles was calculated by the
following equation [15]:

X = (A/ω) ƒ

where A is the surface area of the nanoparticles (m2/g),ω is the surface coverage per gram
of silane MPS (ω = 2525 m2/g), and ƒ is the number of nanoparticles (g).

The TMSPM was dissolved in acetone to ensure that it would evenly coat the surface
of the NPs; then, the NPs were collected in the TMSPM-acetone solution and stirred with
a magnetic stirrer for 60 min. A rotary evaporator (Rotavapor® R-300, Buchi AG, Flawil,
Switzerland) was used to eliminate the solvent under a vacuum for 30 min at 60 ◦C and
150 rpm. As the mixture dried, it was heated at 120 ◦C for 2 h and then bench cooled to
room temperature to obtain surface-treated nanoparticles [31–33]. An electronic scale of
0.001 g in accuracy was used to weigh and incorporate two concentrations (3 wt.% and
7 wt.%) of RBCs.

Regarding the nanocomposite formulation, a glass beaker with a 7 mm-diameter glass
rod was used to mix the NP powder into a composite resin material for 5 min at room
temperature to form a homogeneous mix expressed as a constant color. Subsequently, the
homogenous mix was packed into a Teflon split mold with the exact dimensions (7 × 2 mm)
and then covered by Mylar strips prior to light curing [14,34].
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To ensure complete polymerization, each specimen was light cured with a light-curing
machine (Mega Physio Dental, Rastatt, Germany) for 20 sec on each side, and the curing
probe was placed vertically to the specimens’ surface at zero distance. Furthermore, Mylar
strips were detached, and finishing burs (SofLex, 3M ESPE, Dental Products, Saint Paul,
MN, USA) were used to remove any excess. For the purpose of surface standardization,
each specimen was polished with grit-600 and grit-800 silicon sandpaper (3M ESPE, Saint
Paul, MN, USA) attached to a polishing machine (MetaServ 250 Grinder-Polisher, Buehler,
Lake Bluff, IL, USA) to standardize the amount and direction of pressure applied during
polishing and to avoid excessive heat generation, which may lead to specimen distortion,
as described in the previous study [9]. Subsequently, a visual examination of all specimens
was performed, and any specimen with surface defects, warpage, porosities, or broken
edges was excluded from the study. The rest of the samples were stored in distilled water
for 48 h at 37 ◦C before starting the experimental tests [3,35].

Before immersion, color measurements (L*, a*, and b* values) were performed for
all specimens using a calibrated reflective spectrophotometer (X-Rite, model RM200QC,
Neu-Isenburg, Germany) at baseline, recording color parameters L1, a1, and b1 following
the methods detailed previously [27,36].

Regarding immersion solutions, Table 2 summarizes each solution preparation and
immersion time/temperature. The pH of each freshly made immersion solution was
measured by a pH meter (Orion Dual Star, pH/ISE meter, Thermo Scientific Inc., Waltham,
MA, USA) (Table 2). Subsequently, each specimen was attached to a thread and then
placed into the assigned jar that was filled with the immersion solution. According to the
manufacturer of the coffee, the average consumption time for one cup of coffee is 15 min,
and among coffee drinkers, the average consumption quantity is 3.2 cups per day. Therefore,
a 24-h storage time simulates about 1 month of coffee drinking. Specimens were immersed
for 6 days, simulating beverage consumption of 6 months [4,37], and the jars were kept in
an incubator at 37 ◦C for the whole duration. The immersion solutions were prepared and
replaced daily by an investigator to reduce variances/errors in methodology [4,38].

Table 2. Protocol of beverage preparation.

Beverage
Solution

Company
Name Preparation of Beverage Solution Soaking Time Temperature pH

Coffee Abu Auf, New
Cairo, Egypt

200 mL distilled water boiled for 2 min
then used to made 2 g of coffee, the mix

then was filtered before usage.

6 days 37 ◦C

5.0

Tea Lipton,
London, UK

200 mL distilled water boiled for 2 min
then used to made 2 g of tea, the mix then

was filtered before usage.
6.1

Cola-Cola
Coca-Cola Co.,
Atlanta, GA,

USA
Ready made 2.7

Water
Dasani,

Atlanta, GA,
USA

Ready made 7.1

After immersion, all specimens were removed, gently rinsed with running distilled
water for 5 min, and then left to dry. Then, the second color measurements were performed
as formerly mentioned (L2, a2, and b2). The difference in color (∆E) was calculated based on
the difference between recorded coordinate parameters before and after immersion using
the following formula [39]:

∆E∗
ab =

√
(L∗

2 − L∗
1)

2 +
(
a∗2 − a∗1

)2
+ (b∗

2 − b∗
1)

2
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Additionally, ∆E was converted to NBS units to transmit the data and stimulate a
clinical scenario using the following equation [40]:

NBS units = ∆E* × 0.92

(∆E) mean values and standard deviation (SD) were calculated, followed by statistical
analysis using SPSS software (version 23; IBM Corp., Armonk, NY, USA). The Shapiro–Wilk
and Kolmogorov–Smirnov tests were used to evaluate the normality. One-way analysis of
variance (ANOVA) was used to compare all the groups. For pair-wise comparisons, Bonfer-
roni’s post-hoc test was used. The significance level was set at p ≤ 0.05. For color change ef-
fects in relation to NBS values, the following criteria were used: trace changes—0.0–0.5 NBS;
slight changes—0.5–1.5 NBS; noticeable changes—1.5–3 NBS; marked changes—3–6 NBS;
extremely marked changes—6–12 NBS; and change to a different color—12 or more [40].

3. Results

Table 3 presents the comparisons of mean values, SDs, and significances of ∆E. A
statistically significant difference was found after using one-way-ANOVA between ∆E
of the different RBC groups (p < 0.001) during immersion in different beverages. Color
changes of different subgroups after exposure to different beverages are shown in Figure 1.

Table 3. (∆E) mean (M) values, standard deviations (±SDs), and significance between tested groups
in terms of immersion solution effect.

Group
Coffee Tea Coca-Cola Mineral Water

Mean ± SD NBS Mean ± SD NBS Mean ± SD NBS Mean ± SD NBS

N0 4.46 ± 0.07 A 4.1 3.42 ± 0.05 A 3.1 2.49 ± 0.04 A 2.3 1.12 ± 0.02 A 1
Zr3 4.31 ± 0.03 BC 3.96 3.23 ± 0.10 D 3 2.24 ± 0.04 D 2.1 0.99 ± 0.05 D 0.9
Zr7 4.36 ± 0.05 B 4 3.28 ± 0.09 CD 3 2.29 ± 0.11 CD 2.1 1.0 ± 0.03 CD 0.9
Ti3 4.39 ± 0.04 AB 4 3.3 ± 0.06 BCD 3 2.34 ± 0.08 BC 2.2 1.02 ± 0.05 CD 0.9
Ti7 4.42 ± 0.07 AB 4.1 3.35 ± 0.09 ABC 3.1 2.41 ± 0.06 AB 2.2 1.09 ± 0.02 AB 1
Si3 4.4 ± 0.04 A 4 3.32 ± 0.05 BCD 3.1 2.37 ± 0.03 BC 2.2 1.05 ± 0.04 BC 1
Si7 4.44 ± 0.06 A 4.1 3.39 ± 0.04 AB 3.1 2.46 ± 0.05 A 2.3 1.08 ± 0.06 AB 1

p-value <0.001 * <0.001 * <0.001 * <0.001 *
Effect size 0.461 0.457 0.650 0.580

The different superscripts within columns denote statistically non-significant differences (*: Significant at p ≤ 0.05;
SD: standard deviation; NBS: National Bureau of Standards; N0: control; Zr3: 3 wt.% of ZrO2; Zr7: 7 wt.% of
ZrO2; Ti3: 3 wt.% of TiO2; Ti7: 7 wt.% of TiO2; Si3; 3 wt.% of SiO2; and Si7; 7 wt.% of SiO2).

After immersion in the coffee solution, the highest ∆E value was recorded with N0,
and the lowest ∆E value recorded with N0 had the uppermost Zr3 group. There was a
statistically significant difference among N0, Zr3, and Zr7 (p = 0.002). Zr3 presented a
statistically significant difference with Si3 (p = 0.006) and Si7 (p < 0.001). Additionally, Zr7
showed a significant difference with Si3 (p = 0.044) and Si7 (p = 0.022).

After immersion in the tea solution, the highest mean ∆E was recorded with N0, and
the lowest ∆E was recorded with the Zr3 group. N0 presented a significant increase in
∆E compared with Zr3 (p < 0.001), Zr7 (p < 0.001), Ti3 (p = 0.005), and Si3 (p = 0.031). Zr3
showed a significant decrease in ∆E compared with Ti7 (p = 0.005) and Si7 (p < 0. 001).
Additionally, a significant difference was found between Zr7 and Si7 (p = 0.013).

After immersion in the Coca-Cola solution, N0 displayed the highest ∆E value, and
Zr3 recorded the lowest ∆E value. N0 showed a significant increase in ∆E with all modified
groups p < 0.001) except Ti7 and Si7 (p > 0.05). Among the modified groups, Zr3 showed a
significant decrease in ∆E compared with Ti3 (p = 0.015), Ti7 (p < 0.001), Si3 (p = 0.001), and
Si7 (p < 0.001). Zr7 showed a statistically significant difference with Ti7 (p = 0.002) and Si7
(p < 0.001). Significant differences were found between Ti3 and. Si7 (p = 0.002) and between
Si3 and Si7 (p = 0.040).
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Figure 1. Color changes of different specimens after immersion in different beverages (N0: control;
Zr3: 3 wt.% of ZrO2; Zr7: 7 wt.% of ZrO2; Ti3: 3 wt.% of TiO2; Ti7: 7 wt.% of TiO2; Si3; 3 wt.% of SiO2;
and Si7; 7 wt.% of SiO2).

After immersion in mineral water, the control group (N0) showed the highest mean ∆E
with a statistically significant difference from Zr3 (p < 0.001), Zr7 (p < 0.001), Ti3 (p < 0.001),
and Si3 (p = 0.007), while Zr3 showed the lowest mean ∆E with a statistically significant
difference from Ti7 (p < 0.001), Si3 (p = 0.014), and Si7 (p < 0.001). There was a statistically
significant difference of Zr7 with Ti7 (p < 0.001) and Si7 (p < 0.001). Additionally, there was
a statistically significant difference of Ti3 with Ti7 (p = 0.012) and Si7 (p = 0.019).

Based on NBS findings, markedly unacceptable color changes (NBS > 3) were detected
after immersion of RBCs in coffee and tea, while in Coca-Cola immersion, the values of
NBS lay in the 1.5–3 range, indicating noticeable color changes. Slight color changes were
seen after immersion in water (NBS ≤ 1). Overall, the highest NBS values were recorded
with the control group (N0), while the lowest values were recorded with Zr3.

4. Discussion

RBCs are widely used in the field of dentistry as an aesthetic restorative material and
for the fabrication of artificial teeth, in addition to recontouring of abutment teeth [41–43].

The prognosis of any aesthetic restorative material depends on its ability for shade
matching and color stability; it was demonstrated that light-cured RBCs can be discolored
over time by either extrinsic or intrinsic discoloration, resulting in patient frustration and
extra replacement expenses [11]. Extrinsic factors include surface roughness, staining agent,
and contact time in coloring solutions; frequent consumption of coloring and acidic drinks,
such as Coca-Cola and coffee, may affect the color stability of RBCs through absorption
and adsorption of colorant agents into the resin matrix [7,9,44]. Additionally, the yellowing
effect can develop because of the teeth’s and the restorative material’s permeability allowing
the penetration of pigments and chromogenic substances into the daily dietary intake [45].

The selection of beverages was made based on the daily consumption frequency, and
they have often been used in previous in-vitro studies [4,8,9]. Ingredients such as sugar or
white creamer were not added to beverages since they might interfere with the discoloring
effect of the beverages. Simulation of long-term exposure to beverage solutions was
conducted by storing the specimens in these solutions throughout the study period [4,46].

Color changes of dental materials are usually evaluated by colorimeters and spec-
trophotometers since they prevent subjective interpretations and permit the detection of
minor color differences. The CIE L*, a*, b* color evaluation method is considered a proper
tool to assess alterations in color in dental materials. The color change values (∆E) were
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converted into NBS values to assess whether the color change was in the range of clinically
acceptable levels [27,47].

Our results showed significant differences between the ∆E values of several groups
(p ≤ 0.05) after immersion of specimens in different beverages, causing us to conclude that
the color stability of light-cured RBCs was significantly improved by NP addition, so the
null hypothesis of the current study was rejected.

In the current study, the spectrophotometer results revealed that great color changes
occurred in specimens immersed in coffee, followed by tea and then Coca-Cola, while
mineral water recorded the lowest ∆E values. The observed NBS values were out of the
clinically accepted limits with coffee and tea with marked color changes; this finding is in
accordance with previous studies demonstrating that more discoloration of RBC specimens
was associated with coffee solution [30,48,49]. Additionally, it agrees with Guler et al.’s and
Ertas et al.’s studies since they reported that coffee and tea produced discoloration in RBCs
more than Coca-Cola [4,37].

This outcome may be attributed to the different polarities of yellow colorants contained
in tea and coffee; the polarity degree determines the penetration extent into the RBCs. Less
polar dyes, such as coffee, can easily enter into the polymer matrix by the processes of
absorption and adsorption, leading to more staining. On the other hand, more polar dyes,
such as tea, only impregnate the material’s surface and can be removed easily, thus causing
less staining [37]. In disagreement with these findings, many studies have reported that tea
is the most staining solution and can produce discoloration more than coffee [50,51].

Compared to coffee and tea (pH 5.0 and 6.1, respectively), the Coca-Cola solution did
not cause greater discoloration, although it had a low pH (pH 2.7), which may affect the sur-
face roughness of RBCs. The minor degree of color change in Coca-Cola could be attributed
to the absence of yellow colorants in its ingredients and the presence of carbonated water,
which buffers the acidity present, thus reducing surface integrity damage [46]. Several
articles are in agreement with our results [37,52,53]. On the other hand, Ghiorghe et al.
showed that Coca-Cola can cause color changes in composite resin more than coffee and
tea [54].

A slight color alteration was detected in specimens soaked in mineral water (NBS ≤ 1),
which can be attributed to the water’s absence of colorant and neutral pH. This outcome
is in accordance with many previous studies [8,9,38,47]. On the other hand, the slight
detected color changes may be due to softening of the polymer since water causes network
swelling and loosening of the frictional forces between polymer chains [55].

Color changes are considered acceptable in in-vitro studies if (∆E) ≤ 3.7, while they
become visually detected and unacceptable when ∆E > 3.7 [11,23]. Regarding the present
outcomes, composite specimens immersed in mineral water and Coca-Cola after 6 days
presented clinically acceptable color changes, while those immersed in coffee and tea were
clinically unacceptable, in agreement with the results of Guler et al. [4].

According to the findings of the current study, addition of NPs decreases color changes.
This outcome is in agreement with previous studies that reported that the optical properties
of light-cured RBCs improved with NP addition [56–58]. Irrespective of NP type, low
concentrations (3 wt.%) presented less ∆E compared with high concentrations (7 wt.%).
This finding may be attributed to increased density and reduced porosity due to the
presence of inorganic nanofillers within the material, resulting in less stain absorption [59].

In agreement with the present findings, Soichiro et al. showed better discoloration
resistance in RBC artificial teeth with silanized SiO2 filler soaked in different beverages,
and this finding may be explained by SiO2 potentially being able to improve the hydrolytic
stability and decreased water sorption, leading to fewer color changes [43]. Furthermore,
Azmy et al. showed the same results concerning the anti-staining effects of ZrO2, TiO2, and
SiO2 on heat-polymerized PMMA [19].

Light refraction and reflection at the interface between the matrix and filler are af-
fected by the differences between the inorganic nanoparticles and organic matrix refractive
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indices. Thus, the greater the refractive index difference, the greater the nanocomposite
opacity [25,26].

In contrast to the present study findings, Rodrigues et al. reported high surface rough-
ness of nanocomposites due to the irregular arrangement of inorganic NPs, resulting in
easier staining effects over time [44]. The discrepancies between the results of this study and
other articles [44,50,51,54] may be explained by differences in experimental methodology,
and types and concentrations of the tested NPs, and the types and concentrations of the
tested beverages, as well as the usage of different commercial RBCs and the duration and
storage technique.

From the clinical view, Azmy et al. [19] concluded that the addition of ZrO2, TiO2, and
SiO2 to light-cured RBCs could improve their mechanical and surface properties, but one
of the most common issues seen regarding the reinforcement of light-cured RBCs via NPs
is the color instability. Furthermore, this study added that modification of light-cured RBCs
with ZrO2, TiO2, or SiO2 can reduce their stainability, which is beneficial in prolonging
restorative materials’ lifetime and improving patient acceptance. Long-term color stability
of RBCs can be achieved by reducing the consumption of beverages (tea, coffee, and Coca-
Cola); these beverages can greatly increase the stainability of RBCs and are thought to
indicate deterioration and aging of the material.

One of the most important determining elements in the selection of ideal NPs is
cytotoxicity [60]. Generally, these NPs have shown a variation in the cytotoxic effects
when they were incorporated into different dental materials [1,61–64]. Raj et al. evaluated
the cytotoxic effects of 3% TiO2 NP-modified denture base resin at 1 and 7 days [62].
The results indicating biocompatibility due to lesser toxicity were observed after the 7-
day assessment [62]. Furthermore, the addition of ZrO2 to 3D-printed resin showed
significant antibacterial properties without cellular side effects [63]. Additionally, a study
by Ahangaran and Navarchian showed no cytotoxicity effects of SiO2 NPs when they were
added to self-healing dental composites [64]. Nevertheless, the long-term assessment of
the cytotoxicity of the proposed modified nanocomposites is mandatory before clinical
applicability.

The oral environment exposes restorative materials to various challenges, including
cyclic fatigue, thermal cycling, and pH cycling, which were not simulated in this study.
Therefore, further studies are needed to investigate the influence of these challenges on the
surface properties and quality of the tested materials. Furthermore, using one type of RBC
with a simple disc-shaped specimen, the hand mixing procedures, and the lack of clinical
polishing techniques and oral conditions were considered the major limitations of this
study. In addition, thermo-cycling was not performed, so while the presented findings are
encouraging, further investigations are needed. Accordingly, future work should involve
the effect of the polymerization technique and other types of RBCs and NPs. Additionally,
the polishing effect should be investigated. Future directions of this study are to evaluate
the long-term effects of impeding nanoparticles into RBCs on the mechanical properties,
shear bonding strength, surface properties, including roughness and water absorption, and
biocompatibility.

5. Conclusions

Concerning the results of the present study and according to its limitations, it was
concluded that:

• Modification of RBCs with 3% and 7% of ZrO2, as well as 3% of TiO2 and SiO2, could
improve its color stability;

• The chromatic effect on modified and unmodified RBCs varies between immersion
solutions, in which the high range effect was reported with coffee, followed by tea and
then Coca-Cola;

• Careful selection of both the type and concentration of reinforcing filler to achieve
a balance between mechanical properties and aesthetic concerns of the restorative
materials was recommended; and
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• Thorough selection of restorative materials and techniques is essential in achieving
the optimal aesthetic properties and minimizing discolorations.
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