
Cold Atmospheric Plasma for Dental 
CAD/CAM Materials: Bleaching Efficacy 
and a Preventive Approach to Discoloration
Gizem Dilara Özdemir,a,b Şeyma Ecem Irmak,b Büşra Kiş,b Bora Bağiş,c &  
Utku Kürşat Ercana,*
aDepartment of Biomedical Engineering, Faculty of Engineering and Architecture, Izmir Katip 
Celebi University, Izmir, Turkey; bDepartment of Biomedical Engineering, Graduate School 
of Natural and Applied Sciences, Izmir Katip Celebi University, Izmir, Turkey; cDepartment of 
Clinical Sciences, Faculty of Dentistry, Istanbul Health and Technology University, Istanbul, 
Turkey

*Address all correspondence to: Utku Kürşat Ercan, Department of Biomedical Engineering, Faculty of Engineering and 
Architecture, Izmir Katip Celebi University, Izmir, Turkey, Tel.: +90 232 329 3535 (3747), E-mail: utkuk.ercan@ikc.edu.tr

ABSTRACT: Tooth bleaching is a common aesthetic dental procedure, traditionally per-
formed using hydrogen peroxide (H2O2). With the growing use of dental prosthetic materials, 
their discoloration and aesthetic maintenance have become increasingly important. How-
ever, conventional bleaching methods may be ineffective or may compromise their surface 
properties. This study evaluates the bleaching efficacy of cold atmospheric plasma (CAP) on 
stained computer-aided design/computer-aided manufacturing (CAD/CAM) prosthetic mate-
rials: CEREC (a feldspathic glass ceramic) and Cerasmart (a nanohybrid ceramic in a resin 
matrix). Samples were stained with coffee to simulate clinical discoloration. Optimization 
studies identified 10 min as the optimal CAP exposure time. Three bleaching protocols were 
tested: 35% H2O2 alone, CAP alone, and CAP co-activated with 35% H2O2. Results showed 
that CAP alone achieved comparable bleaching to the combined method for Cerasmart, while 
CEREC showed slightly better results with the combined treatment. CAP treatment also 
reduced restaining compared with H₂O₂ alone. CAP pretreatment had a preventive effect 
against discoloration, particularly Cerasmart. Surface analyses revealed minimal roughness 
changes in Cerasmart, whereas CEREC showed increased roughness. Bacterial adhesion was 
not adversely affected by CAP. Overall, CAP presents a promising alternative to conventional 
bleaching methods, offering effective whitening with minimal impact on surface properties 
and microbial behavior.
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I. INTRODUCTION

Nowadays, demand for dental applications is on the rise due to health problems such 
as fractures, caries, and inadequate restorations.1 Prosthetic restorations play a crucial 
role in reinstating the functionality of lost tooth and tissues while addressing aesthetic 
and phonological concerns.2 Dentures, crowns, and bridges can be crafted from a va-
riety of materials, including alloys, resins, ceramics, and hybrids.3 Preferred materials 
are expected to have properties such as wear and fracture resistance, biocompatibility, 
low roughness, and resistance to plaque adhesion.4 Additionally, prosthetic materials 
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are chosen based on their ability to closely match the natural tooth color, with ceramic 
emerging as the most favored choice.5

Traditionally, prostheses were crafted manually by technicians who took impressions 
from the patient.6 However, contemporary methods involve digital computer-aided de-
sign/computer-aided manufacturing (CAD/CAM) systems.7 CAD/CAM technology is a 
widely adopted and clinically established workflow in prosthetic dentistry, particularly 
for the fabrication of indirect restorations. In subtractive digital workflows, patient-spe-
cific prosthetic components are typically milled from prefabricated CAD/CAM blocks 
composed of materials such as zirconia, lithium disilicate, or polymethylmethacrylate.8 

This approach offers enhanced efficiency and speed in producing prostheses with opti-
mal durability and a natural appearance, thanks to CAD/CAM technology and industri-
ally prepared materials featuring superior mechanical properties.9 In in vitro materials 
research, however, these CAD/CAM materials are commonly prepared as standardized 
specimens (e.g., discs or flat sections) to provide uniform test surfaces and to minimize 
geometry-related variability during surface and bonding analyses.10 While initial CAD/
CAM‐produced materials were characterized by low resistance, recent developments 
cater to diverse restoration needs by offering materials with varied strength, flexibility, 
and aesthetic properties.11

The consumption of tobacco, caffeine, and colored beverages in daily life is known 
to alter tooth color, influenced not only by dietary habits but also by the inherent struc-
tural properties of teeth.12 Concerns about the aesthetic impact of tooth discoloration 
have led to a surge in tooth bleaching applications, with various methods gaining wide-
spread popularity in recent years.13 Tooth bleaching techniques, categorized as in‐of-
fice and at‐home, involve the breakdown of peroxides in the bleaching agent into free 
radicals. This oxidative process aims to eliminate stains by interacting with the tooth 
surface.14 Similar to the natural tooth, materials employed in prosthetic and restorative 
applications may undergo discoloration over time when exposed to substances like ciga-
rettes, coffee, tea, red wine, and mouthwashes.15 Discoloration of CAD/CAM prosthetic 
materials can result from incomplete polymerization, water absorption, chemical reac-
tivity, plaque accumulation, surface staining, and superficial deterioration.16 Although 
surface discoloration can be fixed by polishing, discoloration in deeper layers is often 
irreversible.17 Since most prosthetic materials do not have color stability, prostheses are 
renewed. During restoration, the discolored prostheses are removed from the mouth and 
the natural teeth are bleached using conventional tooth bleaching methods to restore aes-
thetic integrity.18 After waiting for the new tooth color to settle and for the requirements 
of the adhesive processes to be fulfilled, the color of the CAD/CAM prosthesis to be fab-
ricated is decided and the process continues. This long period of prosthetic replacement 
can be a major disadvantage, as it reduces the patient’s quality of life for some time.19

Researchers have explored the impact of traditional tooth bleaching methods on 
CAD/CAM materials with natural tooth color and translucency to address patients’ aes-
thetic concerns and enhance their overall quality of life.20 These investigations have 
involved varying concentrations of bleaching agents to different prosthetic materials and 
analyzing both their bleaching effects and their adverse impacts on the material surface. 
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Findings indicate that peroxide concentrations commonly used in clinical settings poten-
tially have a negative effect on surface roughness and may compromise overall surface 
integrity.21,22 Diminished surface smoothness in CAD/CAM restorative materials may 
elevate the risk of bacterial adherence,23 potentially leading to increased surface stain-
ing.24 Recognizing that surface roughness can contribute to a lackluster and unappealing 
appearance, it becomes crucial to polish anterior restorations.25 Hence, ongoing research 
is exploring novel methods with better bleaching efficacy but without surface damage.

Plasma, defined as the fourth state of matter, is formed under an electrical field, 
which leads to ionization of the gas via removal of electrons from orbitals due to elec-
trical energy.26 Cold atmospheric plasma (CAP) is a partially ionized gas produced at 
atmospheric pressure and approximately room temperature, demonstrating a thermal 
nonequilibrium between the removed electrons and the heavy particles. Thus, it can be 
safely applied to biological tissues and biomaterials without causing thermal damage.27 
In the dental field, CAP contributes positively to material performance, durability, and 
longevity by strengthening the bond between dentin and composite resins in restorative 
dentistry.28 Its versatility extends to biofilm removal, osseointegration enhancement, 
management of intraoral diseases, adhesive processes, and root canal disinfection.29 The 
establishment of effective adhesion between prosthetic material and supporting dental 
tissues is crucial for the sustained clinical success of restorations.30 Moreover, CAP has 
been used for the bleaching of stained teeth.31 Therefore, CAP might be an alternative 
method for the bleaching of stained dental prosthetic materials.

This study evaluated the bleaching effect of CAP treatment on two CAD/CAM pros-
thetic materials. Furthermore, it assessed CAP pretreatment on CAD/CAM prosthetic 
materials to evaluate its efficacy in preventing discoloration.

II. MATERIALS AND METHODS

A visual representation of the proposed methodological framework is given in Fig. 1. A 
comprehensive explanation of each stage is provided in the following sections.

A. Preparation of CAD/CAM Materials

Two commonly employed CAD/CAM prosthetic blocks in dentistry—Dentsply‐Sirona 
CEREC Block 14 A1C (S1‐M, feldspathic, glass‐ceramic material) and GC Cerasmart 
270 A1 HT 14 (nanohybrid‐ceramic material), with a size of 18 × 12 × 14 mm—were 
used for the study. A low‐speed cutting device (Isomet, Buehler, Lake Bluff, IL) was 
employed to cut the blocks into 2-mm‐thick samples. The samples underwent manual 
polishing using sandpaper with grits of 400, 600, 800, and 1,200 to eliminate all cut-
ting‐induced surface defects.32 Following the polishing process, the samples were me-
ticulously cleaned and dried. Subsequently, the experimental groups were organized, 
and the ready‐to‐use CAD/CAM materials were placed in 24‐well plates supplemented 
with 3 mL of deionized water (DIW), with the treatment surface facing upward, and 
maintained at 37°C for 24 h. Images were captured using a custom‐made imaging setup.
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B. Imaging Setup

A custom setup was arranged for capturing images to assess the color characteristics of 
prosthetic materials. A cardboard box with dimensions of 38.5 × 11.5 × 26.5 cm was 
prepared to minimize external influences on the processed images and to ensure stan-
dardization. The box’s inner surface was entirely coated with Munsell N7 (L* = 72.18, 
a* = −1.74, b* = −0.62) neutral gray dye, serving as a background for assessing color 

FIG. 1: Proposed methodological structure of the study. Investigating the effects of (A) different 
bleaching methods; and (B) CAP pretreatment on discoloration prevention in prosthetic materials.
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changes in the samples.33 A 5,500-K color‐corrected light source, simulating midday 
sun conditions for optimal color determination,34 was affixed as a ring‐shaped source to 
the large inner surface of the cardboard box. A hole, matching the lens size of a Nikon 
Coolpix L340 camera (Nikon, Shinagawa, Tokyo), was drilled through the center of the 
same surface to prevent shadows, as shown in Fig. 2B.

Data from the CIE Lab [Commission Internationale de l’Eclairage (International 
Commission on Illumination)] were predominantly used for determining changes in 
tooth color. The CIE Lab color space, relying on three parameters (L* for lightness, a* 
for redness‐greenness, and b* for yellowness-blueness), is preferred for its accuracy 
and reproducibility, providing not only object color but also details about light and the 
observer.35 Following image capture, a specific MATLAB toolbox (the code is available 
online) was utilized for image processing and determining L*, a*, and b* values, rep-
resenting coloration in different experimental groups. Overall color change after each 
procedure (staining, bleaching, and pretreatment with different methods) was defined as 
ΔE and was calculated using Eq. (1).

	 � � � � � � �� � �E L a b( ) ( ) ( )2 2 2 	 (1)

ΔL, Δa, and Δb represent the change in each color component after staining or 
bleaching.

C. Staining of CAD/CAM Materials

Following image capture, the samples underwent staining using a solution of 2 g instant 
coffee dissolved in 100 mL of boiling water without additives. Each well received 3 
mL of the staining solution, which was renewed every 24 h for 7 days.36 Subsequently, 
the stained samples underwent a rinse with 10 mL of DIW to eliminate residual coffee 
on the surface before imaging. The color of the samples was assessed before and after 

FIG. 2: (A) Representative image of CAP treatment on CAD/CAM materials; and (B) inner part 
of imaging setup taken after application
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staining using the described imaging setup, and the color values before and after staining 
were recorded as L0, a0, b0, and L1, a1, b1, respectively. The degree of discoloration in the 
samples was defined as ΔE1 and calculated using Eq. (1). The ΔE1 values determined for 
CEREC and Cerasmart were 9.45 and 12.98.

D. Optimization of CAP Parameters

An optimization experiment was conducted to determine the optimal CAP treatment 
time for the bleaching experiments. A microsecond dielectric barrier discharge plasma 
power supply with a 31.6-kV peak-to-peak voltage and 2.5-kHz frequency settings oper-
ated in ambient air with a 10-μs pulse duration and an output power of 13.5 W. All treat-
ments were performed with a 2-mm discharge gap, as previously employed by our group 
in another study28 where the effect of CAP treatment on shear bonding strength was 
evaluated. The CAD/CAM samples were stained as explained above. 50 µL of 35% hy-
drogen peroxide (H2O2) bleaching agent was spread on the stained samples and treated 
with CAP for 0, 1, 3, 5, 7, and 10 min. Three replicates (n = 3) were carried out for each 
group in both CAD/CAM materials.31 The colors of the samples were determined before 
and after treatment. The colors of stained and bleached samples were recorded as L1o, 
a1o, b1o, and L2o, a2o, b2o, respectively. Bleaching efficacy was calculated using Equation 
1 and defined as ΔE2o (o defines the optimization experiments).

E. Bleaching of CAD/CAM Materials

Stained CAD/CAM samples designated for bleaching underwent three distinct bleach-
ing treatments: 35% H2O2, CAP, and 35% H2O2 co‐activated with CAP. For the first 
group, 100 µL of DIW was spread on stained samples and subjected to CAP for 10 
min. For the second treatment group, 50 µL of 35% H2O2 was applied according to the 
manufacturer’s recommendations and left on the surface for 10 min. For the third group, 
50 µL of 35% H2O2 was evenly distributed on the surface and immediately treated with 
CAP for 10 min. The colors of the stained and bleached samples were recorded as L1, a1, 
b1, and L2, a2, b2, respectively. Bleaching efficacy was calculated using Equation 1 and 
defined as ΔE2.

To determine the stability of different bleaching methods, the bleached samples un-
derwent restaining following the previously outlined procedure. After restaining, im-
ages of the samples were taken and recorded as L3, a3, b3. The degree of discoloration in 
the samples was calculated using Eq. (1) and defined as ΔE3.

F. Evaluation of Discoloration Prevention via CAP

A pretreatment investigation was carried out to assess the potential of CAP in preventing 
discoloration. Prior to CAP pretreatment, the samples were immersed in DIW for 24 h, 
and images of the samples were captured and recorded as L1p, a1p, and b1p. Subsequently, 
100 µL of DIW was spread on the surface of the materials, which underwent a 10‐min 
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pretreatment. Following pretreatment, the samples underwent staining with coffee, as 
previously detailed, lasting for 7 days. After staining, images of the samples were cap-
tured and recorded as L2p, a2p, and b2p. Bleaching efficacy was calculated using Equation 
1 and defined as ΔE2p (p defines the pretreatment experiments).

G. Surface Analysis

Scanning electron microscopy (SEM) imaging and a profilometer were used to assess 
alterations in the surface properties of the samples caused by the three bleaching pro-
cedures. In the images, the stained samples underwent coating with gold (QUORUM 
Q150R Plus, Sussex, UK) with an approximate thickness of 2 nm before being placed 
in the SEM device (300VP, Carl Zeiss, Oberkochen, Germany). Images were captured 
at various magnifications with 5-kV acceleration. The impact of the bleaching methods 
on surface roughness was investigated using a profilometer (Mitutoyo Surftest, SJ‐210, 
Kanagawa, Japan). Following cleaning, a 5-µm diamond tip with a scanning length of 
500 µm and a scanning speed of 100 µm/s measured surface roughness in five randomly 
selected areas on each treated surface.

Contact angle measurements were taken from the two CAD/CAM materials. Four 
microliters of distilled water droplets were dispensed over the 10-min CAP‐treated sam-
ples, and images were obtained. The ImageJ tool was used for analyzing the contact 
angle of the droplets over the samples.

H. Bacterial Adhesion on CAD/CAM Materials

The impact of various bleaching methods on bacterial adhesion to the surfaces of 
the CAD/CAM materials was assessed using Staphylococcus aureus (ATCC 25923). 
Bleached materials were placed in 12‐well plates, and 2 mL of biofilm culture was 
introduced. It was prepared by combining 100 µL of an overnight‐incubated S. au-
reus suspension with 9.9 mL tryptic soy broth (TSB). The samples underwent in-
cubation for 6 and 24 h. Following incubation, samples were taken out of the wells 
and subjected to a triple wash with 1X sterile phosphate‐buffered saline (PBS) to 
eliminate unattached bacteria. Subsequently, the samples were transferred into 2 mL 
PBS, where vortexing was performed for the quantification of adhered bacteria using 
a colony‐counting assay.

I. Statistical Analysis

Statistical analysis was conducted utilizing GraphPad Prism software (Prism v10.1.2). 
The results were presented as mean ± standard deviation. The Shapiro-Wilk normality 
test was employed to ascertain the normal distribution of numerical variables. Parametric 
data underwent analysis with ANOVA, while nonparametric data were assessed using 
the Kruskal‐Wallis test (as specified by n = 8). A p‐value of p < 0.05 was considered in 
determining statistical significance.
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III. RESULTS

A. Optimization

Cerasmart samples were initially stained to optimize CAP treatment time for subse-
quent experiments. Following discoloration, 100 µL H2O2 was spread on the stained 
surface and subjected to treatment for durations of 1, 3, 5, 7, and 10 min. As illustrated 
in Fig. 3B, ΔE2o exhibited an increasing trend with prolonged CAP treatment, peaking 
at approximately 10.5 after 10 min and subsequently plateauing for longer durations. 
Consequently, the optimal treatment duration was determined to be 10 min, a parameter 
used in subsequent experiments. Cerasmart samples before and after staining, as well as 
after bleaching, are given in Fig. 3A.

B. Bleaching

Bleaching of CEREC and Cerasmart involved three methods: 35% H2O2 , CAP , and 
35% H2O2 co‐activated with CAP (hereafter 35% H2O2/CAP). Optimal bleaching ef-
ficacy was observed with 35% H2O2/CAP for CEREC, while Cerasmart exhibited su-
perior bleaching with CAP alone. Fig. 4A shows that all bleaching methods had a more 

FIG. 3: (A) Discernibility of bleaching effectiveness of Cerasmart via 35% H2O2/CAP for 10 
min before bleaching, after staining, and after bleaching; and (B) determination of optimal CAP 
treatment time with data obtained from bleached Cerasmart with 35% H2O2/CAP
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pronounced effect on Cerasmart than on CEREC. In both materials, activation of 35% 
H2O2by CAP notably enhanced bleaching efficacy compared with H2O2 alone, with 
∆E2 values increasing from 0.6 to 3.4 for CEREC and from 2.8 to 10.3 for Cerasmart. 
Although CAP treatment alone had a bleaching effect superior to that of the 35% H2O2/
CAP group, the bleaching effects of both methods were comparable and did not exhibit 
statistical significance.

Subsequent to the bleaching experiments, samples were restained for one week to 
assess bleaching stability. Consequently, the color change represented as ∆E3 was mea-
sured. As depicted in Fig. 4B, CEREC showed less discoloration than Cerasmart across 
all bleaching groups. Despite observable discoloration in all bleaching methods for both 
materials, the discoloration was less than that for the unbleached samples, suggesting 
that 35% H2O2/CAP not only effectively bleaches but also contributes to the color stabil-
ity of the CAD/CAM materials.

C. Prevention via CAP

The intent of pretreatment was to assess CAP’s mitigation of discoloration in the CAD/
CAM samples. Figure 5 shows that samples subjected to CAP pretreatment were less 
discolored than the control samples. Specifically, the discoloration values for the con-
trols were measured at 12.5 for CEREC and 11.5 for Cerasmart, whereas the pretreated 
groups had values of 9.7 and 8.3, respectively. The disparity in discoloration between 
the control and pretreated groups was statistically significant.

FIG. 4: (A) Bleaching efficacy among experimental groups for CEREC and Cerasmart; and (B) 
discoloration of experimental groups after 1-week bleaching for CEREC and Cerasmart
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D. Surface Characteristics

Figure 6B shows the alterations in surface roughness for the two materials follow-
ing 35% H2O2, CAP, and 35% H2O2/CAP. While the surface roughness of CEREC in-
creased across all treatment methods, there was no statistically significant variance in 
the final surface roughness, which remained approximately 0.37 µm across all groups. 
Conversely, for Cerasmart, although H2O2 alone led to a slight decrease in roughness, this 
change was not statistically significant. Furthermore, neither 35% H2O2 nor 35% H2O2/
CAP induced any noticeable alteration in surface roughness. These results were consis-
tent with the SEM images shown in Fig. 6A, which revealed no discernible changes on 
the surface of Cerasmart, while irregularities and increased porosity were observed for 
CEREC across all treatment groups. Additionally, the findings from contact angle mea-
surements indicated a decrease in θ for both CEREC and Cerasmart after undergoing 
10 min of CAP treatment, as presented in Fig. 6C. Specifically for CEREC, θ decreased 
from 42.423 to 11.356, while for Cerasmart, it decreased from 41.647 to 11.969. These 
results signified the development of a more hydrophilic surface for both materials.

FIG. 5: Pretreatment of CEREC and Cerasmart with CAP to evaluate CAP prevention efficacy
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E. Bacterial Adhesion

As bacterial adhesion is seen after the bleaching of prosthetic materials in a clinical 
setting, the effect of CAP and 35% H2O2/CAP on the prevention of bacterial adhesion 
was investigated. As seen in Fig. 7A and 7B, bacterial adhesion 6 h after the various 
treatments was evident for all experimental groups of both CEREC and Cerasmart and 
was around 6 to 7 logs. For Cerasmart, the amount of bacterial adhesion after 24 h of 
incubation was almost similar to that of 6 h of incubation for all treatment groups. On 
the other hand, CEREC, in all experimental groups, a decrease in bacterial adhesion for 
24 h of incubation was observed. Moreover, such a decrease was superior for CAP treat-
ment compared with other groups, where it dropped from 7 to about 5 logs, which was 
statistically significant.

IV. DISCUSSION

Aesthetic dentistry has been attracting attention for a couple of decades due to the de-
mands from patients who seek a better smile.37,38 Accordingly, various techniques and 
methods have emerged in clinical dental practice. Among them, CAD/CAM prosthetic 
materials hold an important place as they can provide reliable and predictable restora-
tions and can be adapted to different clinical scenarios.37 Similarly, due to a desire for 
a bright and better smile, tooth bleaching has become one of the most common prac-
tices in aesthetic dentistry.39 Numerous studies have shown the effectiveness of CAP 
treatment on the bleaching of vital and nonvital teeth.29,31 Dental prosthetic materials 
are expected to have appropriate physical properties and should provide good aesthetic 

FIG. 6: Surface characterization assessment with (A) SEM imaging for 500× and 10,000×; (B) 
surface roughness measurements; and (C) contact angle measurements at 0 and 10 min after CAP 
treatment for CEREC and Cerasmart
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characteristics. Similar to natural teeth, they can also be stained depending on the pa-
tients’ hygiene and nutritional habits.40 Stained prosthetic materials are the cause of 
aesthetic worries for patients and require bleaching. Bleaching of dental prostheses is 
usually performed at the dentist’s office using 35%–40% H2O2 preparations. However, 
35%–40% H2O2 preparations may be insufficient for the desired bleaching and also may 
cause unwanted alterations on the surface and mechanical properties of the prosthetic 
materials.41

Novel techniques are required to improve the bleaching performance of dental pros-
thetic materials without altering material properties. Although CAP treatment is widely 
considered in the literature to increase the bonding strength of dental prosthetic ma-
terials, the use of CAP for bleaching of dental prosthetic materials has yet to be ad-
dressed.42,43 The present study investigates the bleaching effect of CAP on stained dental 
CAD/CAM prosthetic materials—namely, CEREC and Cerasmart. In the present study, 
two CAD/CAM dental prosthetic materials were selected, as they have gained popular-
ity due to their capabilities to provide for personalized needs of patients.44

The materials were kept in coffee for one week for the initial staining, where ΔE1 
was measured as 9.45 and 12.98 for CEREC and Cerasmart, respectively. A higher ini-
tial staining value for Cerasmart compared with CEREC was due to the different com-
position of the two materials. In detail, CEREC is a feldspathic, glass‐ceramic material, 
while Cerasmart is a nanohybrid‐ceramic in a resin matrix.45 Materials with a resin matrix 
have higher water absorption capacity, as the resin matrix is mostly composed of hydro-
philic polymers. Thus, during the staining procedure, more water along with the coffee 

FIG. 7: Bacterial adhesion evaluation at 6 and 24 h for (A) CEREC and (B) Cerasmart
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stain can be absorbed by Cerasmart, which leads to a higher initial staining value.46,47 
To determine the required CAP treatment time for the bleaching experiments, an op-
timization study was carried out using Cerasmart, as it was expected to produce more 
staining, as explained above. The study showed that the bleaching efficacy of Cerasmart 
increased with increasing plasma treatment time and reached a plateau after 10‐min of 
treatment, where an ΔE2 of 10.5 was obtained. A higher bleaching effect with increasing 
treatment time could be attributed to a higher concentration of the plasma‐generated 
ROS levels that increased with CAP treatment time.31 Numerous previous studies inves-
tigating bleaching of natural teeth with CAP treatment associated the bleaching effect 
to plasma‐generated ROS—more specifically to the hydroxyl radical (OH•).31,48 OH• is 
considered a primary ROS for bleaching as it carries an unpaired electron, which makes 
it unstable and highly reactive. Such reactivity and instability are why OH• readily re-
acts with chromophores that cause staining of the tooth or the prosthetic material, as in 
the present study. The reaction of OH• with chromophores causes the removal of elec-
trons from chromophore molecules, which leads to the breaking of the chromophores 
and eventually bleaching of CAD/CAM prosthetic materials.49,50

In the present study, three methods were used for the bleaching of dental pros-
thetic materials—namely, 35% H2O2, CAP, and 35% H2O2/CAP. For all treatment 
groups, statistically significant higher bleaching values were obtained for Cerasmart, 
most likely due to its resin matrix, greater water absorption, and greater initial stain-
ing.47 For CEREC, 35% H2O2CAP led to a slightly higher bleaching value compared 
with CAP, but the difference was not statistically significant. Inversely, for Cerasmart, 
CAP led to a slightly higher bleaching value compared with 35% H2O2/CAP, and 
the difference was also statistically insignificant. Previous studies of the bleaching 
effect of CAP itself and in combination with bleaching agents on extracted teeth re-
ported a superior bleaching effect with CAP in combination with bleaching agents 
as opposed to what was observed in the present study.31,51 In the present study, the 
bleaching capacity of 35% H2O2 was limited, and that of CAP alone was remarkably 
higher and comparable to that of 35% H2O2/CAP, which suggests that the materials 
used in the present study reached a maximum bleaching capacity with CAP only; the 
addition of 35% H2O2 could not further contribute. However, further detailed studies 
where staining is performed (using varying dental prosthetic materials) with different 
chromophores might be needed to prove such speculation. Our findings suggest that 
CAP treatment could be sufficient for the bleaching of dental prosthetic materials, 
contributing to the elimination of unwanted effects from bleaching agents, such as in-
terference with the materials’ adhesive properties.52 The stability of the bleaching was 
investigated by means of restaining the materials after bleaching. As shown in Fig. 4B, 
CEREC restaining after CAP and 35% H2O2/CAP was less than that after 35% H2O2. 
However, the opposite was true for the Cerasmart. Such a finding for Cerasmart could 
be attributed to its significantly higher bleaching by different bleaching applications. 
Moreover, although Cerasmart might be seen as remarkable, the final staining of the 
material was still less than the initial staining for CAP and 35% H2O2 co‐activated with 
CAP. In detail, the average ΔE1 (the initial staining value) was 12.98 for Cerasmart. 
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After bleaching, the measured ∆E2 value was an indicator of how much stain was re-
moved. Thus, the subtraction of ΔE2 from ΔE1 could be considered as the remaining 
staining of the materials after bleaching, which was determined as 10.18, 1.28, and 
2.18 for the 35% H2O2 treatment, CAP treatment, and 35% H2O2 co‐activated with 
CAP treatment groups, respectively. After the determination of these values, samples 
were restained, and ∆E3 values were calculated. In other words, the remaining stain-
ing after bleaching could resemble a background color before restaining. Thus, adding 
ΔE3 to ΔE1–ΔE2 could be used to compare initial staining with restaining. The ΔE3 + 
ΔE1 – ΔE2 values for Cerasmart were determined as 15.78, 7.88, and 9.45 for 35% 
H2O2 treatment, CAP treatment, and 35% H2O2 co‐activated with the CAP treatment 
groups, respectively. In summary, despite the restaining of Cerasmart, which might 
be seen as remarkably high in Fig. 4B, the discoloration after restaining was still less 
than the initial staining, which might be indicative of CAP as a method for preventing 
discoloration of dental prosthetic materials. Thus, we evaluated the possible preven-
tion effect of CAP treatment on the discoloration of CEREC and Cerasmart CAD/
CAM prosthetic materials. CAP pretreatment showed a significant preventative effect. 
That finding could be related to the increased hydrophilicity of the tested materials. 
As shown in Fig. 6C, the contact angles of both materials dropped significantly after 
plasma treatment, which makes the surfaces highly hydrophilic. One of the main pig-
ments in coffee that is responsible for staining teeth (and dental prosthetic materials) is 
melanoidin, a hydrophobic molecule.53 Thus, the increased hydrophilicity of materials 
after CAP pretreatment might be effective on the adhesion of staining pigment on the 
materials’ surface and subsequently cause less discoloration.

Effects of CAP treatment on the surface properties of dental prosthetic materials 
have been widely reported in the literature.28,54,55 Thus, in the present study, we evalu-
ated the surface characteristics of CEREC and Cerasmart after bleaching to ensure that 
CAP bleaching would not disrupt the surface of materials compared with bleaching 
with 35% H2O2 alone. Our results revealed that the surface roughness of CEREC and 
Cerasmart after CAP alone and 35% H2O2/CAP was comparable to that of 35% H2O2 
alone. Moreover, such findings were in line with SEM micrographs of the samples. The 
SEM micrographs and surface roughness measurements showed that the roughness of 
CEREC increased after all bleaching procedures compared with control samples, and fi-
nal roughness was not statistically significant according to the bleaching method. On the 
other hand, none of the bleaching methods led to a significant alteration in the surface 
roughness of Cerasmart. Such a difference in the surface roughness changes between 
CEREC and Cerasmart could be related to the composition of the tested materials. As 
mentioned before, Cerasmart is a nonhybrid ceramic in a resin matrix. In general, resin 
materials are more resistant to etching. In fact, hydrofluoric acid etching is not recom-
mended for the bonding of resin‐based materials in clinical applications.56,57 Thus, it 
can be concluded that the increased roughness of CEREC was due to etching, whereas 
Cerasmart was not affected.

The bacterial adhesion on CEREC and Cerasmart was also investigated after vari-
ous bleaching procedures. On CEREC, in the first 6 h, bacterial adhesion was around 
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the initial bioburden and then dropped about 1 log for all groups. On the other hand, the 
bacterial adhesion on Cerasmart was around 6 log (1 log less) for all treatment groups 
after both 6 and 24 h. Based on the data we obtained, the bleaching methods did not 
seem to have a significant effect on bacterial adhesion. At least overall CAP treatment 
and 35% H2O2/CAP did not negatively affect bacterial adhesion on the tested materials 
compared with 35% H2O2 and even the control group. More specifically, because the 
most prominent reduction in bacterial adhesion was determined on CAP‐treated CEREC 
after 24 h of incubation, however, further detailed investigations are needed to explain 
the reason for such findings.

V. CONCLUSIONS

To the best of our knowledge, this study was the first to investigate the bleaching efficacy 
of CAP treatment on dental CAD/CAM prosthetic materials, particularly in contrast 
to conventional bleaching agents. Our findings demonstrate that CAP treatment, either 
alone or in conjunction with 35% H2O2, delivers a markedly superior bleaching outcome 
compared with the use of 35% H2O2 alone, all while maintaining the integrity of surface 
characteristics and preventing bacterial adhesion. For these reasons, CAP pretreatment 
shows promise in the prevention of discoloration of CAD/CAM prosthetic materials.
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