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Abstract
Statement of problem  The effectiveness of non-thermal plasma (NTP) in improving the bond strength of different 
resin cements to different glass ceramics under various surface treatment protocols remains unclear. Moreover, the 
influence of specific plasma devices and the material-dependent response of ceramic–resin cement systems to NTP 
have not been sufficiently investigated.

Purpose  The purpose of this in vitro study was to evaluate the effect of NTP on the shear bond strength of different 
resin cements to different glass ceramics by comparatively assessing multiple surface treatment protocols.

Materials and methods  A total of 240 specimens of each glass ceramic group (IPS e.max CAD (E), Vitamark II (V)) 
were divided into 24 groups according to the combination of 6 surface treatments ((control), hydrofluoric acid 
(HF)+ceramic primer (Pr), Pr, HF+plasma (Pl) + Pr, Pl + Pr, and Pl) and two different resin cements (Single Bond+RelyX 
Ultimate (R) and ZenitCem (Z)). NTP was applied with an AC microsecond pulse power supply (5 kHz, 20 kV, 90 s). 
Specimens were cemented to composite cylinders. After storage in an oven, SBS was measured. The results were 
analyzed using three-way ANOVA, post-hoc tests, and targeted pairwise comparisons, with the significance level set at 
α = 0.05.

The effectiveness of NTP is material- and cement-dependent and should be considered as a selective surface 
modification strategy rather than a universal alternative to conventional surface treatments.

Results  The V-Pl-Z group showed significantly higher SBS values than the V-Z group, and these values were within 
the clinically acceptable range (p < 0.05). In the V groups treated with HF + Pr and HF + Pl+Pr, R demonstrated higher 
bond strength values than Z. HF surface treatment increased the SBS values for all groups (p < 0.05).

Conclusions  The effectiveness of NTP is material- and cement-dependent and should be considered as a selective 
surface modification strategy rather than a universal alternative to conventional surface treatments

Clinical significance  This study demonstrates that atmospheric non-thermal plasma does not universally enhance 
ceramic–resin cement bonding. Its effectiveness depends on the ceramic substrate, resin cement type, and surface 
treatment protocol. Clinicians should therefore apply plasma selectively.
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​​Introduction
Advances in adhesive dentistry have led to the greater 
use of all-ceramic restorations because of their improved 
aesthetic and biocompatibility properties compared with 
metal-supported restorations [1, 2]. 

Even though ceramic materials are popular in dental 
practice [3–8], their clinical performance is limited by 
their tensile strength [1]. The adhesion potential of resin 
cements to ceramic restorations and tooth structures is a 
key factor to improve the performance of dental restora-
tions [9, 10]. 

An increasing number of different surface treatments 
have been discussed and studied to enhance dental 
ceramics’ clinical performance [11–12]. 

Surface treatments with acid etching and silane-cou-
pling agents are commonly used applications prior to 
cementing ceramic restorations [13]. 

Hydrofluoric (HF) acid etching is a reliable protocol for 
the bonding of glass ceramics with resin cements [14, 15]. 
Some authors, however, state that surface treatment with 
HF acid negatively affects the mechanical properties of 
etched dental ceramics because of its potential for creat-
ing surface defects [16–19]. This indicates the necessity 
of innovative strategies to develop bonding procedures 
[20–22].

Plasma is the fourth state of matter [23, 24]. It is com-
posed of reactive species, ions, electrons, free radicals, 
and neutrals [24, 25]. Such composition leads to modifi-
cations to plasma-treated surfaces, which may result in a 
reactive surface that increase the surface hydrophilicity 
and cement wetting capacity, without significantly affect-
ing the bulk properties of dental ceramics [9, 26–33]. 

Nonthermal plasma (NTP) treatment has been sug-
gested as an alternative to HF acid etching that can 
improve the adhesion effectiveness and durability 
between ceramic surfaces and resin cements [6, 26, 34]. 

In dentistry, NTP treatment is a new technique that is 
used for inducing the surface modification of titanium 
implants [35, 36], improving the mechanical properties 
of fiber-reinforced acrylic resins [37], and improving the 
adhesion effectiveness and durability between fiber post 
surfaces and core resins [38] and between resin cements 
and ceramic surfaces [39]. 

Previous studies have shown that the effects of non-
thermal plasma (NTP) on dental silicate ceramics are 
influenced by the plasma device, treatment parameters, 
and surface conditioning protocol [40]. However, stud-
ies evaluating a specific atmospheric non-thermal plasma 
device operating with an AC microsecond-pulsed power 
supply, while simultaneously comparing multiple surface 
treatment protocols, different glass ceramics, and differ-
ent resin cements, are limited. Furthermore, the material- 
and cement-dependent effectiveness of plasma treatment 
in comparison with conventional surface treatments has 

not been comprehensively investigated. Therefore, the 
aim of this in vitro study was to evaluate the effect of 
atmospheric non-thermal plasma surface treatment on 
the shear bond strength of two different resin cements to 
two different glass ceramics by comparing various sur-
face treatment combinations.

The null hypothesis of this study was that the effec-
tiveness of non-thermal plasma treatment would not 
increase bond strength depending on the material, 
cement, and surface treatment combination.

Materials and methods
In the present study, a 2 × 6 × 2 factorial experimen-
tal design was used to evaluate the effects of two glass 
ceramic materials, six surface treatment protocols and 
two cement systems on shear bond strength. Accordingly, 
a total of 24 experimental combinations were generated. 
Ten specimens were allocated to each experimental com-
bination (n = 10), resulting in a total sample size of 240 
specimens. The sample size was determined based on an 
a priori power analysis, assuming a minimum statistical 
power of 80%, a Cohen’s effect size of 0.50, and a Type I 
error probability of α = 0.05.

The materials used in the study are listed in Table 1. A 
flowchart of the experimental process is given in Fig. 1.

For evaluating shear bond strength (SBS), glass ceramic 
plates (IPS e.max CAD, Vitamark II; 2 mm in thickness) 
were obtained using a precision sectioning machine 
(IsoMet 1000; Buehler Ltd., Lake Bluff, IL, USA). Then 
samples were embedded in self-curing acrylic resin (SC, 
Imicryl Dental, Konya, Turkey) to allow the test surfaces 
to be exposed [6]. 

These glass ceramic plates were then sequentially pol-
ished with 600, 800, and 1200 grit silicon carbide abra-
sive papers under water cooling to create initial surface 
roughness standardization.

Then the specimens were washed in an ultrasonic 
water bath to remove the impurities remaining on the 
specimen surface followed by air drying.

Two hundred and forty composite resin cylinders were 
built up in a plastic mold (4 mm in inner diameter and 
5 mm in height).

A flowable composite resin (Fusio, Pentron, Walling-
ford, CT, USA) was used to fill the plastic mold and then 
it was light polymerized according to the manufacturer’s 
recommendation.

The experimental design was structured to enable a 
comprehensive evaluation of non-thermal plasma in 
comparison with conventional and combined surface 
treatment protocols across different ceramics fabricated 
using CAD/CAM systems and different resin cement 
systems.

Glass ceramic specimens obtained from IPS e.max 
CAD (E) and Vitamark II (V) CAD/CAM blocks were 
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For the NTP application, an AC microsecond pulse 
power supply was used. Glass ceramic surfaces were 
treated with NTP for 90 s. The power supply was oper-
ated at 5 kHz frequency and 20 kV voltage by maintain-
ing the discharge gap at 2 mm for the plasma treatment 
of samples.

Porcelain Etchant Buffered (9.5% hydrofluoric acid) was 
applied to the IPS e.max CAD (E) substrate surface for 
60 s.

Porcelain Etchant Buffered (9.5% hydrofluoric acid) was 
applied to the Vitamark II (V) substrate surface for 2 min. 
Following acid etching, the ceramic surfaces were thor-
oughly rinsed under running water for 60  s to remove 
residual acid and reaction by-products, and subsequently 
dried with compressed air.

randomized into 6 groups according to the combination 
of surface treatments: hydrofluoric acid etching (HF), 
primer application (Pr), and nonthermal plasma applica-
tion (Pl):

Group 1: Untreated (C)
Group 2: HF + Pr
Group 3: Pr
Group 4: Pl
Group 5: HF + Pl+Pr
Group 6: Pl + Pr
Cements: ((Single Bond + RelyX Ultimate) (R), 
ZenitCem (Z)

Fig. 1  Flowchart of the experimental process. 6 groups according to the combination of surface treatments ; (Hydoflouric acid etching (HF); Primer appli-
cation (Pr); Non-thermal Plasma application (Pl). Cements: ((Single Bond + Rely x Ultimate)(R); Zenitcem (Z). Glass ceramic specimens which were obtained 
from IPS e.max CAD (E) and Vitamark II (V) CAD / CAM blocks
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The ceramic primer was uniformly applied to the 
ceramic surfaces with a disposable brush applicator and 
subsequently air-dried for 5 s.

After the surface treatments, composite resin cylinders 
were cemented to the ceramic samples with ZenitCem 
or RelyX Ultimate resin cement. For the RelyX Ultimate 
resin cement groups, Single Bond Universal adhesive was 
actively applied to the ceramic bonding surface using a 
disposable microbrush, in accordance with the manu-
facturer’s instructions. The adhesive layer was gently air-
thinned to obtain a uniform distribution.

For specimen preparation, all composite resin cylinders 
were prepared using a plastic mold with a fixed internal 
diameter of 4 mm and a height of 5 mm, and transpar-
ent tapes with a central perforation were placed on the 
ceramic surfaces to standardize and control the bonding 
area. Flowable composite resin was carefully placed into 
the mold to prevent air bubble entrapment, and polym-
erization was performed using an LED light-curing unit. 
During cementation, each composite cylinder was cen-
trally positioned on the treated ceramic surface, and 
the circular interface defined by the perforated tape and 
mold was considered the standardized bonding area. To 
prevent uncontrolled enlargement of the bonding inter-
face, excess resin cement around the cylinder margins 
was carefully removed before polymerization. Light cur-
ing was performed for 20  s using an LED curing unit, 
according to the manufacturer’s recommendations.

Before SBS testing, the bonded specimens were 
inspected to verify proper cylinder positioning, absence 
of obvious excess cement, and preservation of the stan-
dardized bonding diameter. During the same inspection 
procedure, all ceramic specimens were visually examined 
under magnification using dental loupes and an LED 
light source to detect visible defects, including surface 
cracks, edge chipping, irregularities, or voids within the 
composite build-up, that could potentially affect bond 
strength measurements. This procedure was performed 
to reduce bias related to pre-existing ceramic or com-
posite defects, prevent variability in the bonding inter-
face, and improve specimen standardization among the 
experimental groups. Specimens showing visible defects, 
structural irregularities, incorrect cylinder position-
ing, obvious excess cement, or loss of the standardized 
bonding diameter were excluded and replaced with new 
specimens.

Then these samples were stored in an oven (37 °C, 100% 
humidity, 24 h) before the SBS test.

SBS was measured using a universal testing machine 
(Shimadzu, AGS-X 5kN, Shimadzu Corporation, Kyoto, 
Japan). In the SBS test, a knife edge-shaped apparatus 
was used at a crosshead speed of 1 mm/min until failure 
occurred. Subsequently, SBS (MPa) was determined by 

dividing the ultimate failure load by the bonding interface 
area.

After SBS testing, the fractured surfaces of all speci-
mens were systematically evaluated to determine the 
failure mode. Initial examination was performed using 
a stereomicroscope (Stemi 508; Carl Zeiss Jena GmbH, 
Jena, Germany) to identify the predominant failure loca-
tion and the amount and distribution of residual resin 
cement on the ceramic surface. Failure modes were 
classified according to predefined criteria as adhesive, 
cohesive, or mixed failures. Type I failure was defined as 
adhesive failure, corresponding to separation at the resin 
cement–ceramic interface, and was recorded when the 
ceramic surface appeared clean or nearly clean. Type II 
failure was defined as cohesive failure within the mate-
rial and was subclassified as cohesive failure within the 
resin cement, composite resin cylinder, or ceramic sub-
strate. Cohesive failure was recorded when fracture 
occurred predominantly within one of these materials 
without complete separation at the bonding interface. 
Type III failure was defined as mixed failure, in which 
both adhesive interfacial separation and cohesive frac-
ture areas were observed within the same specimen. The 
same classification criteria were applied to all specimens 
to improve consistency. Scanning electron microscopy 
(SEM; Zeiss, Germany) was used at 100× magnification 
to further evaluate the failure modes and fracture surface 
characteristics in greater detail.

The normality of data distribution was assessed using 
the Shapiro–Wilk test, and the homogeneity of variances 
was evaluated using Levene’s test. A three-way ANOVA 
with Type III sums of squares was performed to analyze 
the main effects and all interaction effects. For statisti-
cally significant main effects, Tukey’s HSD post-hoc test 
was applied, whereas simple main effects analysis was 
used for the evaluation of interaction effects. To assess 
the targeted effect of plasma treatment, pairwise compar-
isons were performed using either the independent-sam-
ples t-test or the Mann–Whitney U test, as appropriate, 
and Cohen’s d effect size was calculated. The clinically 
relevant threshold was defined as 8–9  MPa, which is 
widely accepted in the literature. The level of statistical 
significance was set at α = 0.05, and all analyses were per-
formed using IBM SPSS Statistics version 30.

Results
Table  2 shows the mean and standard deviation values 
for the SBS of composite cylinders with glass ceramic 
specimens.

According to the three-way ANOVA results, the main 
effect of surface treatment was statistically significant 
and showed the highest effect size among the tested 
factors (F = 22.561, p < 0.001, η²p = 0.343). In addition, 
the ceramic × surface treatment interaction (p = 0.013, 
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η²p = 0.064) and the surface treatment × cement system 
interaction (p = 0.026, η²p = 0.057) were statistically sig-
nificant. Figure 2; Table 3.

In the Tukey’s HSD post-hoc analysis of the main 
effect of surface treatment, significant differences were 
observed among the surface treatment groups. The 
HF + Pl+Pr and HF + Pr groups showed higher SBS values 
than most non-HF groups. The Pl + Pr group had signifi-
cantly higher SBS values than the Pl group (+ 2.51 MPa, 
p = 0.045) and the untreated group (+ 4.596  MPa, 
p < 0.001).

For the V ceramic, the highest mean SBS values 
were recorded in the HF-containing surface treatment 
groups for both cement systems. In the R group, the 
mean SBS values were 19.93 ± 2.73  MPa for HF + Pl+Pr 
and 18.56 ± 2.49  MPa for HF + Pr. In the Z group, 
the corresponding values were 16.01 ± 3.81  MPa and 
13.77 ± 3.67  MPa, respectively. Among the V combina-
tions, the mean SBS value of the untreated Z group was 
below the clinical threshold of 8 MPa (7.12 ± 2.59 MPa). 
For the E ceramic, the highest mean SBS values were 
also recorded in the HF-containing surface treat-
ment groups. In the R group, the mean SBS values were 
21.56 ± 3.10 MPa for HF + Pl+Pr and 19.59 ± 6.33 MPa for 
HF + Pr. In the Z group, the corresponding values were 
16.71 ± 5.48  MPa and 15.60 ± 5.48  MPa, respectively. 

In the E–R combinations, the mean SBS values of the 
untreated group (5.33 ± 2.49  MPa) and the Pl group 
(5.99 ± 2.61  MPa) were below the clinical threshold of 
8  MPa. In the E–Z combinations, the mean SBS val-
ues of the untreated group (2.98 ± 0.43  MPa), Pl group 
(4.23 ± 1.22  MPa), and Pr group (5.39 ± 2.44  MPa) were 
below the clinical threshold of 8 MPa Fig. 3.

In the Mann–Whitney U comparison, plasma-treated 
groups showed higher mean SBS values than non-
plasma-treated groups. The difference was significant 
in the Z groups (+ 2.35 MPa, p = 0.012), but not in the R 
groups (+ 1.57  MPa, p = 0.110). Significant differences 
were also observed for V + Z (+ 3.80 MPa, p = 0.001) and 
E + Z (+ 5.09 MPa, p < 0.001). After HF etching, the addi-
tional effect of plasma treatment was not statistically sig-
nificant Table 4.

In the targeted comparisons of plasma effect, at level 
A (untreated vs. Pl), statistically significant differences 
were observed in the V + R group (+ 2.77 MPa, p = 0.040) 
and in both Z ceramic groups. In the E + Z group, the 
Plasma group showed a statistically significant increase 
compared with the untreated group (p < 0.01); however, 
the absolute mean SBS value remained below the clini-
cal threshold. At level B (Pr vs. Pl + Pr), statistically sig-
nificant differences were observed in the Z groups. The 
mean SBS value was higher in the Pl + Pr group than in 

Table 2  Descriptive Statistics of SBS Values by Group
Ceramic Surface Treatment Cement n Mean ± SD (MPa) 95% CI Med. Min–Max
Vitamark II Primer RelyX+Bond 10 10,22 ± 3,99 7,37–13,07 10,25 4,19–15,88

Vitamark II Primer ZenitCem 10 8,80 ± 2,54 6,98–10,61 8,55 5,56–13,59

Vitamark II HF+Primer RelyX+Bond 10 18,56 ± 2,49 16,78–20,33 19,19 14,96–21,61

Vitamark II HF+Primer ZenitCem 10 13,77 ± 3,67 11,14–16,40 13,57 6,93–19,41

Vitamark II Plasma+Primer RelyX+Bond 10 10,35 ± 3,13 8,11–12,58 9,76 4,22–14,86

Vitamark II Plasma+Primer ZenitCem 10 11,90 ± 2,07 10,42–13,38 11,36 8,78–16,22

Vitamark II HF+Plasma+Primer RelyX+Bond 10 19,93 ± 2,73 17,97–21,88 19,84 17,13–26,46

Vitamark II HF+Plasma+Primer ZenitCem 10 16,01 ± 3,81 13,29–18,74 16,49 8,30–20,88

Vitamark II Untreated RelyX+Bond 10 8,00 ± 1,50 6,92–9,07 8,18 5,40–9,74

Vitamark II Untreated ZenitCem 10 7,12 ± 2,59 5,27–8,97 6,52 4,41–13,06

Vitamark II Plasma RelyX+Bond 10 10,77 ± 3,65 8,15–13,38 11,26 5,09–16,51

Vitamark II Plasma ZenitCem 10 10,77 ± 2,33 9,10–12,44 10,48 7,22–14,90

IPS e.max CAD Primer RelyX+Bond 10 8,90 ± 2,98 6,77–11,03 8,73 5,08–13,98

IPS e.max CAD Primer ZenitCem 10 5,39 ± 2,44 3,64–7,14 4,70 2,54–8,62

IPS e.max CAD HF+Primer RelyX+Bond 10 19,59 ± 6,33 15,06–24,12 20,30 9,01–28,78

IPS e.max CAD HF+Primer ZenitCem 10 15,60 ± 5,48 11,68–19,52 15,05 4,99–22,90

IPS e.max CAD Plasma+Primer RelyX+Bond 10 11,45 ± 3,38 9,03–13,87 11,25 6,75–16,48

IPS e.max CAD Plasma+Primer ZenitCem 10 8,11 ± 2,56 6,28–9,95 8,47 3,79–12,36

IPS e.max CAD HF+Plasma+Primer RelyX+Bond 10 21,56 ± 3,10 19,34–23,78 21,24 17,30–26,60

IPS e.max CAD HF+Plasma+Primer ZenitCem 10 16,71 ± 5,48 12,78–20,63 18,41 9,69–26,66

IPS e.max CAD Untreated RelyX+Bond 10 5,33 ± 2,49 3,55–7,11 4,42 2,56–9,59

IPS e.max CAD Untreated ZenitCem 10 2,98 ± 0,43 2,67–3,29 2,99 2,25–3,61

IPS e.max CAD Plasma RelyX+Bond 10 5,99 ± 2,61 4,12–7,86 5,69 2,63–11,04

IPS e.max CAD Plasma ZenitCem 10 4,23 ± 1,22 3,36–5,11 4,27 2,42–6,60
Mean ± SD mean ± standard deviation, CI confidence interval, Med. median, HF hydrofluoric acid, MPa megapascal. Each group included n = 10 specimens. Bold 
values indicate mean SBS values < 8 MPa, below the clinical threshold
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the Pr group for both V + Z (+ 3.10  MPa, p = 0.008) and 
E + Z (+ 2.72 MPa, p = 0.026). In the R groups, the differ-
ence between Pr and Pl + Pr was not statistically signifi-
cant. At level C (HF + Pr vs. HF + Pl+Pr), no statistically 
significant differences were observed in any ceramic–
cement combination Fig. 4.

The SBS values of the two ceramic groups were com-
pared within the same surface treatments and cement 
types. For Z cement type in the Pl, control, Pr, and Pl + Pr 
surface treatments groups, V samples showed signifi-
cantly higher SBS values when compared with the E sam-
ples (p < 0.05).

When the SBS values of different cement types were 
compared within the same surface treatment and glass 
ceramic groups, significant differences were deter-
mined (p < 0.05). For V ceramic groups receiving the 
HF + Pr and HF + Pl+Pr surface treatments, R showed 

significantly higher SBS values when compared with Z 
(p < 0.05).

Morphological changes on the CAD/CAM block 
surfaces resulting from different surface treatments 
were evaluated by SEM (AxioCam ERc 5s, Zeiss, Ger-
many). The SEM images were obtained at 100× and 
500× magnification and then micrographs were com-
pared with each other.

Considering the SEM micrographs (Fig. 5), alterations 
and micro-retentive areas were more clearly visible on the 
surfaces of the HF samples compared with the untreated 
samples. HF acid etching surface treatment increased the 
surface area on all the CAD/CAM block (E, V) surfaces. 
However, small changes, mostly the same surface charac-
teristics, were observed between HF and HF + Pl samples. 
There were no large morphological differences between 
HF and HF + Pl samples for all materials.

The SBS values of HF + Pl samples and HF samples 
were similar as observed in the SEM micrographs for 
those samples. The untreated samples exhibited a sig-
nificantly lower bond strength value when compared 
with HF + Pl and HF samples (p < 0.05).

Figure 6 shows the failure modes of all the glass 
ceramic groups. In the specimens that received Pl surface 
treatment, mix/cohesive failure was observed rather than 
adhesive failure. Representative micrographs of different 
failure modes were obtained by SEM (Zeiss, Germany) 
(Fig. 7).

Table 3  Three-Way ANOVA Results (Type III Sum of Squares)
Effect SS df F p η²p
Ceramic (C) 8,738 1 0,797 0,373 0,004

Surface Treatment (S) 1236,286 5 22,561 < 0,001 0,343
Primer/Cement System (P) 10,153 1 0,926 0,337 0,004

C × S Interaction 162,290 5 2,962 0,013 0,064
C × P Interaction 10,858 1 0,991 0,321 0,005

S × P Interaction 143,061 5 2,611 0,026 0,057
C × S × P Interaction 42,949 5 0,784 0,562 0,018

Error 2367,220 216 – – –
SS sum of squares, df degrees of freedom, η²p partial eta squared. η²p ≤ 0.06 
indicates a small effect, 0.06–0.14 indicates a medium effect, and ≥ 0.14 
indicates a large effect. p-values are presented in italics; statistically significant 
p-values (p < 0.05) are presented in bold italics

Fig. 2  Ceramic Material × Surface Treatment Interaction Plot (Mean ± SEM). The red dashed lines indicate the 8–9 MPa clinical threshold. Left: RelyX+Bond; 
Right: ZenitCem
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Discussion
In the present study, atmospheric-pressure dielectric bar-
rier discharge (DBD) plasma was applied to the surfaces 
of feldspathic and lithium disilicate CAD/CAM ceramics 
in ambient air without the use of an additional process 
gas.

The null hypothesis of this study was that the effec-
tiveness of non-thermal plasma treatment would not 
increase bond strength depending on the material, 
cement, and surface treatment combination. Based on 
the obtained results, the null hypothesis was rejected.

An important finding of the present study was the 
material-, cement-, and surface treatment–dependent 
effect of atmospheric non-thermal plasma application. 
The effect of plasma treatment appeared to be more evi-
dent in the ZenitCem cement system (p = 0.012), par-
ticularly on surfaces that did not receive HF etching. 
The V + Z combination was among the groups in which 

plasma treatment showed a more pronounced and statis-
tically significant effect. In the E + Z group, plasma treat-
ment resulted in a statistically significant increase in SBS 
compared with the untreated condition; however, the 
absolute SBS value remained below the clinical threshold. 
In contrast, hydrofluoric acid–based surface treatments 
consistently yielded higher bond strength values regard-
less of the ceramic type. These findings indicate that 
non-thermal plasma does not provide a universal bond-
ing improvement, but may be more effective in specific 
ceramic–resin cement combinations and under certain 
surface conditioning protocols. Considering the limited 
number of studies evaluating this specific plasma device 
and the comparative assessment of multiple surface 
treatments, the present study provides novel and clini-
cally relevant insights into the selective effectiveness of 
atmospheric non-thermal plasma.

Table 4  Overall Comparison Between Plasma-Treated and Non-Plasma-Treated Groups (Mann–Whitney U Test)
Group Plasma-treated Mean ± SD (MPa) Non-plasma-treated Mean ± SD (MPa) Difference (MPa) Test p
All groups 12,31 ± 5,92 10,35 ± 6,11 + 1,96 MWU 0,004 *

VİTAMARK II 13,29 ± 4,59 11,08 ± 4,87 + 2,21 MWU 0,006 *

E-MAX 11,34 ± 6,92 9,63 ± 7,11 + 1,71 MWU 0,062 ns

RelyX+Bond 13,34 ± 6,33 11,77 ± 6,45 + 1,57 MWU 0,110 ns

ZenitCem 11,29 ± 5,34 8,94 ± 5,46 + 2,35 MWU 0,012 *

VİTAMARK II+ ZenitCem 12,15 ± 3,47 8,35 ± 4,25 + 3,80 MWU 0,001 **

E-MAX + ZenitCem 9,68 ± 6,55 4,59 ± 4,26 + 5,09 MWU < 0,001 ***
Plasma-treated groups: Plasma+Primer, HF+Plasma+Primer, and Plasma. Non-plasma-treated groups: Primer, HF+Primer, and Untreated. Additional rows were 
included for the VITAMARK+ZenitCem and EMAX+ZenitCem combinations. p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant. p-values are presented in italics; 
statistically significant p-values (p < 0.05) are presented in bold italics

Fig. 3  SBS Values According to Surface Treatment and Cement System (Mean ± SD). The red dashed line indicates the 8 MPa clinical threshold. Numbers 
indicate the mean SBS values. Left: VITAMARK II; Right: E-MAX
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According to Borges and colleagues, cementation plays 
an important role in the clinical success of ceramics [2]. 
Some authors suggest that strong resin bonding depends 
on the composition of the ceramic material and the sur-
face treatment [41]. 

Airborne particle abrasion is a well-known technique 
for increasing the surface roughness of ceramics. How-
ever, it is not recommended for cementing silica-based 
ceramics as it may lead to cracks and a high loss of porce-
lain material [42]. 

Together with micromechanical interlocking, chemi-
cal bonding helps to increase bond strength. For glass 
ceramics, surface roughening and chemical bonding are 
achieved via HF acid etching and silane treatment [43]. 

Although HF acid etching is a generally accepted appli-
cation for strong resin bonding with glass ceramics, some 
researchers state that HF may affect ceramic strength 
negatively since it may lead to cracks [44]. Furthermore, 
numerous authors still recommend eliminating HF from 
the etching procedure [21, 22]. 

The effects of NTP surface treatments on different 
materials have been investigated in dentistry [13–16]. 

According to some studies, NTP surface treatment 
appears to be a promising alternative for improving the 
surface wettability of ceramics [45–47]. 

HF etching mainly enhances bonding by dissolving the 
glassy phase of the ceramic matrix, increasing surface 
roughness, and promoting micromechanical interlock-
ing between the ceramic and resin cement [48]. In con-
trast, atmospheric plasma primarily acts through surface 
activation rather than pronounced micromechanical 
roughening. Plasma treatment may generate polar func-
tional groups, such as carboxyl groups, on the outermost 
surface layer, thereby increasing wettability and poten-
tially improving chemical interaction with the adhesive 
[49–51]. NTP has been used to chemically modify the 
ceramic surface without negatively affecting ceramic 
strength [9, 47]. 

According to Han and colleagues, nonthermal atmo-
spheric pressure plasma surface treatment improved the 
wettability of feldspathic ceramic surfaces. Moreover, 
plasma surface treatment increased ceramic bonding by 
producing carboxyl groups [46]. 

In a study by Lanza et al. investigating the effects of 
novel surface treatments on the shear bond strength of 

Fig. 4  Targeted Comparisons of Plasma Effect. A Untreated vs. Plasma; B Primer vs. Plasma+Primer; C HF+Primer vs. HF+Plasma+Primer). Numbers indi-
cate the mean SBS values. The red line indicates the 8 MPa clinical threshold. p < 0.05; ** p < 0.01; *** p < 0.001
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a self-adhesive resin cement to lithium disilicate glass 
ceramic, the combined application of hydrofluoric acid 
and non-thermal plasma (NTP) was reported to yield the 
highest overall bond strength among the evaluated sur-
face pretreatment protocols [52].

Liao et al. investigated the effects of atmospheric non-
thermal argon plasma (NTP) treatment on enhancing the 
micro-shear bond strength (µSBS) of lithium disilicate 
(LD) to dental resin cements and concluded that NTP 
surface treatment represents a promising technology for 

Fig. 5  FE-SEM micrographs of various CAD/CAM materials after different surface treatments. ( at 500 x magnification, scale bar indicates 20 μm )

 



Page 11 of 15Mustafaoğlu et al. BMC Oral Health         (2026) 26:1644 

improving the short- and long-term micro-shear bond 
strength of LD bonded to dental resin cements [53]. 

In a study evaluating the effects of surface modification 
of feldspathic porcelain by corona discharge on bond-
ing to resin cement, it was reported that the shear bond 
strength (SBS) values of corona-discharge-treated porce-
lain were comparable to those obtained with convention-
ally hydrofluoric acid (HF)–etched porcelain [54].

Non-thermal plasma protocols reported in the litera-
ture show substantial variability in gas type, exposure 
time, treatment power, operating pressure, and source-
to-specimen distance. In most dental ceramic stud-
ies, plasma treatment times have generally ranged from 
10 to 90 s, whereas longer activation periods, including 
5–15 min, 30 min, and 60 min, have been used only in 
limited studies [40]. Treatment power and working dis-
tance also vary considerably among protocols, indicating 

that there is no standardized NTP application protocol 
[40]. Previous studies have further suggested that longer 
treatment times or higher NTP power may result in more 
pronounced changes in ceramic surface roughness and 
wettability [46, 55]. In the present study, a 90-s exposure 
time and a 2-mm discharge gap were selected based on 
previous evidence identifying this duration as optimal 
for achieving the highest wettability under similar con-
ditions, as well as on preliminary observations showing 
comparable surface responses. The 5 kHz frequency and 
20 kV voltage were used as device-specific parameters 
that provided stable plasma discharge, and all plasma set-
tings were kept constant throughout the experiment to 
ensure reproducibility.

In our previous study the effects of NTP surface treat-
ment on the wettability and surface roughness of differ-
ent CAD/CAM blocks as well as the bond strength of 

Fig. 7  FE-SEM micrographs of debonded specimens. a adhesive failure. b cohesive failure. c mixed failure. (100x magnification)

 

Fig. 6  Failure mode distribution for all groups after the SBS test. 6 groups according to the combination of surface treatments ; (Hydoflouric acid etching 
(HF); Primer application (Pr); Non-thermal Plasma application (Pl). Cements: ((Single Bond + Rely x Ultimate)(R); b, Zenitcem (Z). Glass ceramic specimens 
which were obtained from IPS e.max CAD (E) and Vitamark II (V) CAD / CAM blocks
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dual-cure composite resin cements were investigated. In 
accordance with the results of that previous study, while 
30-s NTP treatment caused an increase in the wettabil-
ity of the feldspathic ceramic-based CAD/CAM materi-
als, extension of NTP treatment time to 90  s caused an 
increase in surface roughness. The SBS of feldspathic 
ceramic-based CAD/CAM materials and the resin 
cement was also increased after 90 s of NTP treatment. 
Similarly, in the present study, plasma surface treatment 
appeared to increase the bond strength values of both Z 
and R in V specimens when compared with the untreated 
group.

Plasma treatment may modify material surfaces 
through various surface-related effects, including clean-
ing, activation, etching, and coating [56]. Plasma sur-
face treatment is thought to improve bonding mainly 
through surface activation, increased surface energy, 
and enhanced wettability [57, 58]. During plasma expo-
sure, reactive species or functional groups such as OH, 
O₃, H₂O₂, and NO may be generated on the treated sur-
face without substantial structural alteration [59]. This 
effect may also be accompanied by surface cleaning [60]. 
Accordingly, these surface modifications may promote 
adhesive spreading and interfacial interaction, contribut-
ing to higher bond strength.

The clinically acceptable minimum bond strength 
reported in the literature varies widely, ranging from 8 to 
30 MPa [61–64]. Kalra et al. suggested that, considering 
the masticatory forces acting on anterior and posterior 
teeth and the relationship in which strength is directly 
proportional to force and inversely proportional to bond-
ing area (Strength = F/A), a minimum bond strength of 
approximately 8–9 MPa may be regarded as clinically 
acceptable [61]. Based on this threshold, the present 
findings indicate that the statistically significant effect 
of plasma treatment may have clinical relevance only in 
selected material–cement combinations. Specifically, 
among the plasma-treated and non-plasma-treated sur-
face protocols, the V-R and V-Z groups showed bond 
strength values within the clinically acceptable range, 
whereas the E-Z group remained below the clinical 
threshold. For the Pl + Pr surface treatment protocol, 
clinically acceptable values were also obtained in the Z 
group.

The SBS values of the HF + Pl+Pr samples were not sig-
nificantly different from those of the HF + Pr samples. 
Another result of our study was that regardless of the 
cement type, HF surface treatment was a more effective 
pretreatment than Pl.

Previous studies have shown that bond strength val-
ues obtained after cementation following plasma treat-
ments are generally lower than those achieved with 
conventional hydrofluoric acid (HF) etching [40]. Similar 
findings were also observed in the present study, which 

supports the existing literature. Furthermore, similar 
results were obtained from the comparison of surface 
characterization of selected samples. SEM evaluations 
confirmed that when comparing the HF and HF + Pl 
treated samples, large morphological surface changes 
were not observed between these samples. This finding is 
clinically relevant, as it suggests that the strong effect of 
hydrofluoric acid etching may overshadow the potential 
benefits of plasma treatment, emphasizing the impor-
tance of selecting appropriate surface treatment strate-
gies rather than applying plasma indiscriminately.

According to Graiff and colleagues [65], the applica-
tion of HF etching and silane surface treatments to the 
ceramic surface improved bond strength. Similarly, the 
SBS of the HF + Pl+Pr treatment was significantly greater 
than that of the Pl + Pr treatment for all groups. Regard-
less of ceramic and cement type, HF + Pr exhibited sig-
nificantly higher values than silane alone. This result 
is consistent with those of previous studies, as HF acid 
etching was shown to improve the SBS of ceramics with 
resin cements when compared with other surface treat-
ments [66–68]. In addition, all surface treatment proto-
cols involving HF etching provided bond strength values 
exceeding the clinically acceptable threshold for both 
ceramic materials and both resin cement systems.

The significantly higher SBS values observed for Vita-
mark II compared with IPS e.max CAD in the control, 
plasma, primer, and plasma+primer groups when using 
the self-adhesive resin cement indicate that the bonding 
performance is strongly influenced by the ceramic sub-
strate. The higher glass phase content and more homo-
geneous amorphous structure of feldspathic ceramics 
may facilitate improved surface wettability and interac-
tion with self-adhesive resin cements following surface 
energy–modifying treatments. In contrast, the higher 
crystalline content of lithium disilicate glass ceramics 
may limit the effectiveness of plasma and primer applica-
tions alone, resulting in lower bond strength values in the 
absence of hydrofluoric acid etching.

The selective response observed after plasma treat-
ment indicates that its effect was not uniform across all 
experimental groups, but was dependent on the material 
type and resin cement system. In particular, the effect 
appeared to be more pronounced in the V material. Vita-
mark II and IPS e.max CAD ceramics differ in their crys-
talline phase content, silica content, and aluminum oxide 
composition [69], which may contribute to their different 
responses to surface modification. Accordingly, the effect 
of plasma surface treatment on different glass-ceramic 
surfaces may not be identical and may be influenced not 
only by the chemical composition of the ceramic but 
also by its microstructural organization and molecular 
arrangement. The SEM findings, showing different sur-
face modification patterns on glass-ceramic surfaces with 
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distinct structural characteristics, further support this 
explanation.

Etch-and-rinse adhesive resin systems are generally 
considered to result in higher bond strengths when com-
pared with self-adhesive and self-etch resin cements on 
glass ceramic surfaces [70]. In the present study, within 
the V ceramic groups, the HF + Pr and HF + Pl+Pr sur-
face treatments resulted in significantly higher SBS val-
ues with R than with Z. It is possible that R, which has 
an adhesive agent, reacts more to the HF-treated glass 
ceramic surface than Z, which is a self-adhesive resin 
cement and used single step and alone [35]. This result 
was supported by previous studies in which the self-
adhesive resin cement bond strength exhibited a signifi-
cantly lower bond strength value when compared with 
etch-and-rinse procedure resin cements [70–72]. Chen 
et al. have reported that the weaker physical properties 
of self-adhesive cements than traditional resin cements 
could be considered a reason for this behavior [71, 72].

Taken together, the bonding performance of plasma-
treated ceramics appears to be governed by both surface 
treatment–cement and surface treatment–material inter-
actions. The response to atmospheric nonthermal plasma 
may therefore depend on the microstructural charac-
teristics of the ceramic substrate, the physicochemical 
properties of the resin cement system, and the specific 
surface treatment protocol used. Accordingly, plasma 
treatment should not be considered merely as a surface 
roughening method, but rather as a multifactorial inter-
facial phenomenon involving surface activation, wettabil-
ity enhancement, and material- and cement-dependent 
bonding mechanisms. In light of these selective effects, 
atmospheric nonthermal plasma should not be regarded 
as a direct substitute for HF etching; instead, it may be 
evaluated as a potential alternative for selected material–
cement–surface treatment combinations.

The present study has several limitations. First, 
although the shear bond strength (SBS) test is one of 
the most commonly used methods for evaluating bond 
strength in resin-bonded restorations [73], it has inherent 
methodological limitations. The complex stress distribu-
tion generated during loading may result in cohesive bulk 
fractures within the material rather than failure occur-
ring exclusively at the bonded interface [73]. Second, 
thermocycling was not performed; therefore, the durabil-
ity of the adhesive interface after artificial aging and the 
influence of long-term factors, such as material aging, on 
bond strength could not be assessed. This limits the clini-
cal interpretation of the findings and restricts the abil-
ity to make direct clinical recommendations. Third, the 
effectiveness of NTP treatment may vary considerably 
depending on the plasma system, gas type, exposure time, 
power, source-to-specimen distance, restorative mate-
rial, surface treatment combination, resin cement system, 

and subsequent adhesive protocol. Accordingly, since the 
effect of plasma treatment cannot be generalized based 
on a single application protocol, further studies evaluat-
ing different plasma parameters in combination with var-
ious adhesive systems and ceramic substrates are needed. 
Finally, because of the in vitro design of this study, intra-
oral conditions could not be fully reproduced. Moreover, 
future studies are required to evaluate clinically applica-
ble intraoral versions of plasma treatment and to deter-
mine their safety, feasibility, and effectiveness under real 
oral conditions. Further experimental and clinical studies 
are therefore needed to validate the routine applicability 
of NTP treatment as a surface pretreatment method in 
clinical practice.

Conclusions
Within the limitations of this in vitro study, NTP surface 
treatment selectively improved the SBS of self-adhesive 
resin cement to feldspathic glass ceramic, reaching a clin-
ically acceptable and statistically significant level in the 
Vitamark II–ZenitCem combination without HF etching. 
However, HF etching remained the most effective sur-
face treatment and produced clinically acceptable bond 
strength values in all HF-containing groups. The bonding 
effectiveness of NTP was dependent on the ceramic sub-
strate, resin cement type, and surface treatment protocol. 
Therefore, NTP should be considered a selective surface 
modification strategy rather than a universal alternative 
to conventional HF-based surface treatments.
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