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Abstract: Over the past several decades, orthodontic treatment has been increasingly sought out by
adults, many of whom have undergone restorative dental procedures that cover enamel. Because the
characteristics of restorative materials differ from those of enamel, typical bonding techniques do
not yield excellent restoration-bracket bonding strengths. Plasma treatment is an emerging surface
treatment that could potentially improve bonding properties. The purpose of this paper is to evaluate
currently available studies assessing the effect of plasma treatment on the shear bond strength (SBS)
and failure mode of resin cement/composite on the surface of ceramic materials. PubMed and Google
Scholar databases were searched for relevant studies, which were categorized by restorative material
and plasma treatment types that were evaluated. It was determined that cold atmospheric plasma
(CAP) treatment using helium and H,O gas was effective at raising the SBS of feldspathic porcelain to
a bonding agent, while CAP treatment using helium gas might also be a potential treatment method
for zirconia and other types of ceramics. More importantly, CAP treatment using helium has the
potential for being carried out chairside due to its non-toxicity, low temperature, and short treatment
time. However, because all the studies were conducted in vitro and not tested in an orthodontic
setting, further research must be conducted to ascertain the effectiveness of specific plasma treatments
in comparison to current orthodontic bonding treatments in vivo.

Keywords: plasma; surface modification; shear bond strength; zirconia; porcelain; ceramic

1. Introduction

The number of adult patients seeking orthodontic care has increased dramatically in the
past decades, a trend currently sweeping the globe that shows little sign of reversing [1-3].
For example, 30% of patients receiving orthodontic treatment in the United States in 2016
were adults, compared to only 4.37% in 1960 [2]. Similarly, in the United Kingdom, three-
quarters of orthodontists surveyed by the British Orthodontic Society in 2019 reported
treating more adults than they had before [4]. Importantly, in comparison to adolescent
patients, adults have a higher rate of having undergone restorative dental procedures
involving the use of dental materials (such as veneers, inlays, onlays, and crowns) that
cover or replace the enamel before receiving orthodontic treatment [1,5].

Thanks to the fast-growing field of dental materials, various ceramic materials are cur-
rently utilized in restorative and aesthetic dentistry [5-7]. For instance, porcelain (namely
feldspathic ceramics) has been increasingly used due to its aesthetic qualities [6-9], and
glass ceramics (such as lithium disilicate) are also becoming more popular [9,10]. In addi-
tion, zirconia, especially yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) and its
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variants, is being increasingly applied in dentistry because of its superior mechanical prop-
erties and chemical inertness [10]. However, since the composition and characteristics of
these ceramic materials differ from native enamel, the adhesion of orthodontic brackets and
attachments to these restorations likewise differs from their adhesion to the natural tooth
surface [1,5]. These differences in adhesion result in a high debonding rate of brackets and
attachments from the ceramic surface that substantially affects orthodontic treatment [11].

Many techniques have been developed to resolve the debonding problem with the aim
of enhancing the porosity and roughness of the surface of these ceramic materials and thus
improving the bonding strength for orthodontic purposes [5]. Some well-known examples
include the use of hydrofluoric acid (HF) etching, the application of silane treatment, and
sandblasting (air-abrasion) with aluminum oxide particles [1,12]. Currently, sandblasting
is generally the most frequently used technique [1], though, HF etching with subsequent
silane treatment is considered to produce the best surface conditioning of feldspathic and
glass ceramic restorations [13]. However, because HF can be harmful and particularly
aggressive to soft tissues, with the potential to cause oral soft tissue necrosis [1,5], crucial
precautions must be taken when using HF intraorally [11,12,14,15]. In addition, zirconia
is not amenable to surface treatment by acids, including HF [13,14,16,17]. For example,
Mehmeti et al. demonstrated that HF application could weaken the surface structure of
zirconia (as well as lithium disilicate) and thus may actually compromise these ceram-
ics structurally [15,18]. Likewise, sandblasting has also been shown to cause structural
damage to ceramic materials such as zirconia, including creating surface and subsurface
cracks [16,17,19-21]. A number of newly emerging surface treatment strategies, such as
lasers and plasma, are currently being investigated to overcome these hurdles [18,19,22,23].
Notably, current research on plasma surface treatments spans a wide variety of techniques,
from radiofrequency plasma spraying [24] to plasma-enhanced chemical vapor deposi-
tion [25] to cold atmospheric plasma (CAP) [26]. At the same time, many different gases,
including argon and helium, have been applied in plasma treatments [23,26]. There are
multiple review articles that extensively discuss the mechanism of the plasma treatments
on surface modification, as well as their influence on the surface chemical composition of
the substance materials [27-30]. However, there is still a need to compare and evaluate the
effects of these different plasma-based techniques to determine which ones are practical for
clinical chairside application and most effective at providing adequate bonding strength,
specifically in the context of orthodontic applications.

Currently, when evaluating the adhesion of brackets to ceramic restorations, re-
searchers are principally interested in two parameters: shear bond strength (SBS) and
failure mode [5]. SBS testing is considered a substitute for evaluating the forces exerted
by the jaw during mastication and a reliable method for quantifying the degree of ad-
hesion [31,32]. It is important to note that a low SBS may lead to an increased chance
of debonding, while an excessively high SBS can be detrimental to the tooth surface or
restorative material and is, therefore, also undesirable [31,33]. A 1975 study testing a variety
of metal brackets attached to enamel reported that a tensile bond strength of approximately
4.9 MPa has been suggested as sufficient for clinical success, but there is no suggestion
on the SBS values [34]. With the improvement of dental materials, the use of clinically
common bonding agents such as the primer Transbond XT [35,36] provides SBS values of
15-33 MPa [37], which can be considered a clinically accepted standard for orthodontics.

Failure mode, on the other hand, describes how debonding between the adhesive
and the substrate occurs [38]. Specifically, “adhesive failure” refers to debonding at the
interface of the resin cement and either the bracket or the surface of the tooth/restoration,
“cohesive failure” refers to debonding within the resin cement/composite so that some
resin cement remains on both the bracket and the tooth/restoration, and “mixed failure”
refers to debonding characterized by both adhesive and cohesive failure [38—40]. Generally,
a tendency toward cohesive failure rather than adhesive failure indicates that the bonding
forces between the substrate-adhesive interface are more robust than the bonding forces
within the adhesive itself; thus, a tendency for cohesive failure indicates good bonding
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strength between the resin cement and bracket/enamel/restoration and is therefore more
desirable for orthodontic treatment [38,41,42].

By comparing and evaluating the SBS and failure mode results from currently available
publications assessing the efficacy of plasma treatment on ceramic surfaces, we intend
to gain insight into the potency of plasma treatment in enhancing the adhesion between
orthodontic brackets and the surfaces of ceramic restorative materials. Accordingly, this
review article could pave the way for establishing new clinically practice guidelines for
ceramic surface conditioning in orthodontics.

2. Materials and Methods

The following keywords were used for the literature search in MEDLINE (PubMed)
and Google Scholar: (ceramic and plasma), (zirconia and plasma). Only original studies
were included in the analysis, and we excluded reviews, case reports, opinions, and letters
to editors. In addition, the references of the included articles were screened, and the
relevant articles were hand-searched. Subsequently, relevant information, including the
type of ceramic, plasma type and conditions, bonding reagents, the SBS, and the failure
mode, were extracted from each included article. As significant variations were noticed
in the SBS values of the control groups across the studies, the “% of Control SBS” was
calculated by dividing the mean value of the SBS of each experimental group by the mean
value of the SBS of its respective control group to represent the extent of SBS changes
caused by plasma treatment.

3. Feldspathic Porcelain

Feldspathic porcelain is one of the most commonly used restorative materials in aesthetic
dentistry [6,8,43]. As an all-ceramic material composed of aluminosilicates that may contain
other metals such as calcium, potassium, and sodium [6], feldspathic porcelain presents
excellent translucency and closely resembles natural enamel [44]. Despite its good aesthetic
qualities, feldspathic porcelain has a flexural strength of 60-120 MPa [6,45], indicating it is
brittle and prone to chipping [46,47] and thus may complicate orthodontic treatment.

3.1. Cold Atmospheric Plasma (CAP)

CAP, also known as non-thermal plasma (NTP) [48], is the most commonly tested
plasma treatment method for feldspathic porcelain (Table 1). For example, Adimci et al.
utilized CAP in combination with silane adhesive to treat feldspathic porcelain [49]. In
their study, the gas used for the plasma treatment was not specified; thus, the chairside
safety of the treatment cannot be assessed. However, the CAP application did not involve
high temperatures, had a relatively short treatment time of 90 s, and yielded an SBS of
43.16 MPa, which is about 20% higher than that of the control (silane primer treated w/o
CAP) and is moderately above the acceptable SBS range of 15-33 MPa [37,49]. Regarding
failure mode, although the silane primer control and CAP + silane adhesive treatment
groups had a relatively similar distribution of adhesive, cohesive, and mixed failures, the
CAP-treated group was nevertheless characterized by a greater mixed failure value [49].
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Table 1. SBS and failure mode of plasma-treated feldspathic porcelain. CAP: cold atmospheric
plasma; SBS: shear bond strength; TEGDMA: triethylene glycol dimethacrylate; HMDSO: hexam-
ethyldisiloxane. For failure mode, A: adhesive failure; C: cohesive failure; M: mixed failure.

Plasma Primer Subgrou %o of Failure Control
Tvpe Plasma Gas(es) (Y/N) Di ffefiencgs SBS (MPa) Control Mode Failure Mode Ref.
yp SBS (A/CIM) (A/C/M)
CAP Not specified Y - 43.16 £8.56 119.96% 20/20/60 30/30/40 [49]
9V 258 +7.1 160.25% 35/30/35
CAP Helium, TEGDMA N Voltage 15V 26.6 7.4 165.22% 30/35/35 100/0/0 [50]
18V 295493 183.23% 20/35/45
Helium, water 26.3 £ 6.3 129.56% 60/10/30
Helium, HMDSO 115+27 56.65% 100/0/0
CAP Helium, benzene N Gastype 54154 139.90%  70/25/5 100/0/0 [51]
Helium, HMDSO, benzene 324+ 3.5 159.61% 50/45/5
Helium, TEGDMA 148 £3.7 128.70% 70/0/30
CAP Hehum, TEGDMA, water N Gas type 20.0 £ 3.9 173.91% 30/0/70 90/0/10 [52]
Helium, TEGDMA, 147 +40 127.83%  100/0/0
water, HMDSO ’ ’ oo
Etching Oxygen Y - 72.83 £16.02 140.49% - - [53]

All of the studies that specified which gas was used for CAP treatment of feldspathic
porcelain used helium gas in combination with other gases [50-52] (Table 1). These helium-
based plasma treatments yielded an SBS value of 11.5-32.4 MPa, with the highest SBS
achieved by the helium/hexamethyldisiloxane (HMDSO)/benzene CAP treatment [50-52].
Unlike the controls (no primers), whose failure modes were entirely or overwhelmingly
characterized by adhesive failure [50-52], helium-based CAP treatments’ failure modes had
a higher incidence of cohesive and/or mixed failure mode and a lower incidence of adhesive
failure mode [50-52]. Noticeably, these helium-based plasma treatments only require 60 s
or less treatment time and involve low temperatures [50-52], which is preferable for clinical
settings. However, even though helium is a non-toxic gas, most of the other gases used, such
as benzene, HMDSO, and triethylene glycol dimethacrylate (TEGDMA) [50-52], are either
toxic or very dangerous to handle [54-56]. For instance, benzene is a known carcinogen [54].
Thus, safety concerns are a massive obstacle to using these plasma treatments on humans.

On the other hand, Han et al. established a CAP treatment method using helium
with vaporized, non-toxic distilled water [51]. This treatment yielded an SBS value of
26.3 MPa (which is 30% greater than the SBS value of the untreated control and is within
the clinically acceptable range for orthodontic treatment) [37,51]. In addition, 60% of the
plasma-treated samples underwent adhesive failure and 40% underwent either cohesive
or mixed failure, compared to 100% adhesive failure in the control group [51], indicating
that the plasma treatment resulted in stronger bonding between the adhesive and the
brackets/feldspathic ceramic and therefore would be a good addition to a protocol for
attaching brackets to feldspathic ceramic restorations. More importantly, the method was
designed with intraoral usage in mind: the treatment time was short (30 s), and plasma
was applied with a hand-held ceramic pencil-type plasma torch [51]. In addition, the torch
was situated 0.5 cm from the treated surface, the flow rate was set to 2 L/min, and power
was generated at 5.15 W and 15 kHz [51]. The CAP treatment is low-temperature and
the application of plasma can be performed by hand instead of using machinery such as
a reactor, suggesting that it may be a viable surface treatment for intraoral feldspathic
ceramic restorations during orthodontic treatment.

3.2. Plasma Etching

In addition to CAP, etching with plasma followed by silane application was initially
developed as a feldspathic ceramic surface treatment by Cokeliler et al. [53]. While a non-
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toxic gas, oxygen, was used for plasma etching, and high temperatures were avoided in
this method, the current technology is not ready for chairside use due to the long treatment
time of 15 min [53]. Moreover, this treatment resulted in an overly large SBS value of
72.83 MPa [37,53], indicating a bonding strength that is similar to the flexural strength of
feldspathic porcelain and far exceeds what is normally needed for orthodontic purposes
and thus may cause damage to the restoration during the debonding process. Undoubtedly,
modification of this plasma etching treatment is required to optimize it for clinical use.

3.3. Summary

Of all the different types of plasma activation that have been tested on feldspathic
porcelain, CAP with helium and water can yield an SBS value similar to that of HF-
based bonding treatment, and only a short treatment time and no toxic gas is necessary,
thus holding a great deal of potential for treating the surface of feldspathic porcelain
during orthodontic bonding. However, the influence of porcelain surface aging and saliva
contamination on the bonding strength achieved by plasma treatment still needs to be
investigated, as well as the treatment’s potential toxicity to local oral tissues and the body
overall. Moreover, although previous studies showed that HF etching combined with
adhesives could result in an SBS of up to 22.01 MPa on the treated feldspathic porcelain
surface [12,57], all available studies assessing the effect of plasma on feldspathic porcelain
SBS used untreated rather than HF-treated controls (Table 1). Thus, whether plasma
activation is superior to HF treatment for feldspathic porcelain should also be assessed via
direct comparison.

4. Zirconia

Zirconia, the oxidized form of zirconium, is classified as a polycrystalline ceramic [6].
Other materials, such as calcia, ceria, magnesia, and, most notably, yttria, may be added to
stabilize the tetragonal and cubic phases of zirconia at ambient temperatures [6]. While
zirconia is generally characterized by its strength and resistance to damage [10], Y-TZP is
especially recognized for its ability to withstand wear and tear within the mouth [6]. Since
its aesthetic qualities are inferior to those of other restorative materials (such as feldspathic
ceramics and glass ceramics), Y-TZP has been more widely studied and used in posterior
tooth restorations than anterior ones [58-60]. Noticeably, previous studies suggested that
zirconia is inherently unamenable to treatment with HF [16,17], so establishing an effective
plasma treatment for chairside surface conditioning of zirconia ceramic restorations for
orthodontic purposes is especially important. Moreover, exposure to water can cause
low-temperature degradation of tetragonal zirconia. Damage, such as microcracks, can
develop in the surface of zirconia restorative materials [61,62], so further research on how
the moist oral environment can affect the bonding strength of zirconia is also needed.

4.1. Cold Atmospheric Plasma (CAP)
4.1.1. CAP with Argon

Non-toxic argon is the most widely used gas for CAP treatment on zirconia, alone or
in combination with oxygen. The major differences among the currently available studies
are the plasma treatment time, primer usage, cement/composite type, and zirconia brand,
summarized in Table 2.

Argon-Alone CAP

Argon-alone CAP treatment of zirconia can be carried out in less than 1 min; however,
these short-term treatments generally resulted in a low SBS value below the acceptable
range [63-65] (Table 2). On the other hand, prolonged argon-alone CAP treatment time
may be detrimental to bonding strength. For example, in comparison with their responsive
controls, 1 min argon-alone CAP activation with G-CEM LinkACE resin cement application
on zirconia lowered the SBS values [66], and 30 min argon-alone CAP activation with
Panavia F2.0 resin cement application reduced the SBS value of the zirconia surface by
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35.38% compared to its control [23]. Based on the available literature, argon-alone CAP
did not alter the failure mode of the treated zirconia surface [23,63,64,67]. Taken together,
despite the treatment times that ranged from short (30 s) to long (30 min) periods, previ-
ous studies did not suggest that argon-alone CAP could provide good bonding strength
between zirconia and the bonding agent.

It is still questionable whether adding primer after argon-alone CAP treatment mean-
ingfully increases SBS. For instance, two different groups reported that argon-alone
CAP + primer treatment on zirconia surfaces could provide orthodontically acceptable SBS
values (ranging from 12.6 to 27.3 MPa); however, the SBS values of the plasma-activated zir-
conia surfaces were not statistically significantly different or were even lower than those of
the respective controls [66,67], which casts doubt on whether these CAP treatments indeed
improved the dental materials’ bonding strength. Two other investigation groups reported
that although argon-alone CAP + primer treatment could increase SBS values, the resulting
SBS was still largely below the range acceptable for orthodontic treatment [23,65]. Thus,
the combination of argon-alone CAP and primer application does not ensure an increased
SBS in the acceptable range. Further research is needed to clarify the best combination of
argon CAP and bonding reagent(s) for clinical usage.

It is also worth noting the variation in the types of zirconia used in the available studies
(Table 2). Although most of these types of zirconia consistently presented inadequate SBS
values (less than 10 MPa) when treated with plasma [23,63-67], there was nevertheless
notable variation across these studies (Table 2). For example, under non-water storage
and non-thermocycling conditions, Zirmon® specimens (Kuwotech, Gwangju, Republic of
Korea) presented the lowest SBS value (2.71 MPa) after argon-alone CAP treatment [23];
in contrast, InCoris Maxi-S blocks (Sirona, Charlotte, NC, USA) and LUXEN cubes (Den-
talMax, Seoul, Republic of Korea) demonstrated much higher SBS values (27.3 MPa and
19.99 MPa, respectively) [66,67]. The usage of strong bonding reagents may be an explana-
tion of the high SBS exhibited by argon-alone CAP-treated InCoris Maxi-S blocks (Sirona)
and LUXEN cubes (DentalMax) zirconia [66,67], as treated LUXEN cubes (DentalMax)
show distinctly different SBS values when bonded with G-GEM LinkACE resin cement
compared to RelyX U200 resin cement [66]. However, variation in SBS values was also ob-
served when evaluating different types of zirconia treated with the same bonding reagents.
For example, when bonded with primer and RelyX U200 resin cement, Zirmon® specimens
(Kuwotech) had an average SBS of 2.71 MPa [23], while LUXEN cubes (DentalMax) had
an average SBS of 10.49 MPa [66]. More significantly, under non-water storage and non-
thermocycling conditions, argon-alone CAP treatment could improve the SBS of Zirmon®
(Kuwotech) specimens (when bonded with RelyX U200 resin cement) [23], ZirCAD blocks
(Ivoclar Vivadent, Schaan, Liechtenstein) [63], and KZ-3YF type AC powder (KCM, Nagoya,
Japan) [64], but did not affect or even reduced the SBS of InCoris Maxi-S blocks (Sirona) [67].
Thus, both bonding reagents and zirconia types are important factors in the post-CAP
treatment bonding strength.

Nevertheless, there is notable inconsistency amongst the findings of the studies. Katana
blocks (Kuraray Noritake, Tokyo, Japan) without primer were used by two groups [63,65];
Negreiros et al. claimed that argon-alone CAP treatment could improve the SBS by 50-70%
(increasing with plasma treatment time) [63], but de Mendonga et al. concluded that CAP
treatment does not affect the SBS [65]. With such considerable variation in the currently
available publications, further confirmation of test results is needed.
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Table 2. SBS and failure mode of CAP-treated zirconia ceramic. CAP: cold atmospheric plasma; SBS: shear bond strength. For failure mode, A: adhesive failure;

C: cohesive failure; M: mixed failure.

21:::: Sa) Zirconia Type P&l;;e)r Subgroup Differences SBS (MPa) % of Control SBS Fal(lle/ré /I\I\//[[())de i;’:‘;?(l ;/aé};;)e Ref.
exposure to atmosphere 0 h 422 +£0.99 64.62% 0/0/100
N Panavia F2.0 resin exposure to atmosphere 24 h 519 +0.92 79.48% 0/0/100 0/0/100
Zirmon® specimens cement exposure to atmosphere 36 h 6.05 £ 1.70 92.65% 0/0/100
Argon (Kuwotech pran L exposure to atmosphere 72 h 6.98 £ 1.96 106.89% 0/0/100 [23]
Republic ’0 ‘ Koregl) ¢ exposure to atmosphere 0 h 5.26 £ 0.83 170.78% 0/0/100
P Y RelyX U200 resin exposure to atmosphere 24 h 5.08 £1.15 164.94% 0/0/100 90/0,10
cement exposure to atmosphere 36 h 424 £0.76 137.66% 0/0/100
exposure to atmosphere 72 h 271 £1.19 87.99% 100/0/0
plasma treated for 10s not stored in water 6.9 153.33% 100/0/0
Katana blocks (Kuraray stored in water 2.9 152.63% 100/0/0 100/0,0
Noritake, Tokyo, Japan) lasma treated for30s Mot stored in water 7.7 171.11% 100/0/0
N P stored in water 29 152.63% 100/0/0
ZirCAD blocks (Ivoclar plasma treated for 10 s not StOFed in water 114 165'220/0 100/0/0
. stored in water 3 136.36% 100/0/0
Vivadent, Schaan, not stored in water 10.7 155.07% 100/0/0 100/0/0
Liechtenstein) plasma treated for 30 s . . o
Argon stored in Water 2.8 127.27% 100/0/0 [63]
plasma treated for 10s not stored in water 9.7 190.20% 100/0/0
Katana blocks (Kuraray stored in water 49 175.00% 100/0/0 100/0/0
Noritake, Tokyo, Japan) lasma treated for 30 s not stored in water 11.9 425.00% 100/0/0
Y P stored in water 46 164.29% 100/0/0
3 O,
ZirCAD blocks (Ivoclar plasma treated for 10 s not Stored in water 119 156'580/0 100/0/0
. stored in water 5.2 260.00% 100/0/0
Vivadent, Schaan, not stored in water 9.6 126.32% 100/0/0 100/0/0
Liechtenstein) plasma treated for 30 s . ’ e
stored in water 5.5 275.00% 100/0/0
not colored 6.46 + 0.372 152.36% 100/0/0 100/0/0
Argon Ijifﬁ zge f g ﬁ’;“;ifr N colored with molybdenium chloride 5.89 + 0.237 138.92% 100/0/0 100/0/0 [64]
- Nagoya, Jap colored with chromium chloride 7.29 + 1.082 171.93% 100/0/0 100/0/0
Katana plates (Kuraray not stored in water 103 £ 4.7 105.10%
Argon Noritake, Tokyo, Japan) N stored in water 74440 79.57% B } [65]

123+ 3.8
74+40

93.18%
137.04%

not stored in water
stored in water

Lava plates (3M ESPE, St.
Paul, MN, USA)
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Table 2. Cont.

Plasma . . Primer . o Failure Mode  Control Failure
Gas(es) Zirconia Type (Y/N) Subgroup Differences SBS (MPa) % of Control SBS (A/CIM) Mode (A/C/M) Ref.
BifixSE luting composite, not
stored in water, not 254 +6.1 104.10% 100/0/0 100/0/0
thermocycled
BifixSE luting composite, 15412 - (0MPa for control) 100/0/0 100/0/0
Futurabond U adhesi stored in water, thermocycled
HHrabond & adhiesive  pifixQM luting composite, not
stored in water, not 239 +49 114.35% 100/0/0 100/0/0
thermocycled
BifixQM luting composite, 9.8+52 98.00% 100/0/0 100/0/0
stored in water, thermocycled
BifixSE luting composite, not
stored in water, not 231+ 6.6 126.23% 100/0/0 100/0/0
thermocycled
InCoris Maxi-S blocks BifixSE luting composite, o
Argon (Sirona, Charlotte, NC, Y Futurabogd MY stored in water, thermocycled 50492 1666.67% 100/0/0 100/0/0 [67]
USA) adhesive BifixQM luting composite, not
stored in water, not 273 +£438 131.25% 100/0/0 100/0/0
thermocycled
BifixQM luting composite, 146 £35 124.79% 100/0/0 100/0/0
stored in water, thermocycled
BifixSE luting composite, not
stored in water, not 22.6 £ 8.6 96.58% 100/0/0 100/0/0
thermocycled
+ BifixSE luting composite, 19412  -(0MPaforcontrol)  100/0/0 100/0/0
Futul.‘abond M + stored in water, thermocycled ’ ’
DC-Activator adhesive BifixQM luting composite, not
stored in water, not 16.7 £3.0 74.22% 100/0/0 100/0/0
thermocycled
BifixQM luting composite, 11.8 4 4.0 142.17% 100/0/0 100/0/0
stored in water, thermocycled
LUXEN cubes G-CEM LinkACE resin ~ not thermocycled 19.99 + 4.67 82.81% 0/0/100 50/0/50
Argon (DentalMax, Seoul Y cement thermocycled 6.66 £ 0.81 62.54% 0/0/100 50/0/50 [66]
Republic of Korea) RelyX U200 resin not thermocycled 12.62 £ 3.82 120.31% 10/0/90 10/0/90
cement thermocycled 414 +0.61 47.92% 10/0/90 10/0/90
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Table 2. Cont.
Plasma . . Primer . o Failure Mode  Control Failure
Gas(es) Zirconia Type (Y/N) Subgroup Differences SBS (MPa) % of Control SBS (A/CIM) Mode (A/C/M) Ref.
Argon, ~ Cereon Smart Ceramics treated for 2 min 2434 + 495 164.57% 40/40/20 80/20/0
’ plates (Degudent, Y [68]
oxygen Madrid, Spain) treated for 5 min 27.89 +3.31 188.57% 30/30/40 80/20/0
Katana specimens
Helium (Kuraray Noritake, Y - 16.6 £ 0.64 164.36% - - [69]
Tokyo, Japan)
TT-MT (Al) cylindrical t th led 23.00 + 0.79 166.06% 10/0/90 80/0/20
Helium specimens (Upcera, Y not Thermosyete ' ' ' 10/ 10/ [26]
Pforzheim, Germany) thermocycled 19.92 + 0.87 190.26% 40/0/60 80/0/20
CEREC InCoris ZI N not thermocycled 44+03 157.14% 70/0/30 100/0/0
Not specimens (Dentsply thermocycled 3.1+03 155.00% 90/0/10 100/0/0 [70]
specified Sirona, Charlotte, v not thermocycled 10.0£1.8 142.86% 20/0/80 40/0/60
NC, USA) thermocycled 72407 160.00% 40/0/60 60/0/40
Not IPS e.max ZirCAD blocks
o (Ivoclar Vivadent, Schaan, N - 20.22 £1.76 180.05% - - [71]
specified

Liechtenstein)




Bioengineering 2023, 10, 1323

10 of 21

Importantly, many procedural aspects of argon-alone CAP treatment (i.e., distance of
the plasma source from the surface, gas flow rate, and water storage) varied among studies,
making it difficult to ascertain the exact reason why different SBS values were achieved. On
the other hand, it is also challenging to determine the weighted contribution of each factor
when similar SBS values were obtained from studies with different protocols. For example,
of all the studies that omitted primer, Park et al. and Negreiros et al. are the only ones that
reported SBS values more than 50% higher than the control [63,64]. However, there are
significant differences between the two studies: Park et al. used a gas flow rate of 10 L per
minute and did not store specimens in water, while Negreiros et al. used a rate of 1 L per
minute and stored specimens in water for 24 h after treatment [63,64]. It is important to
emphasize that storing specimens in water or artificial saliva at 37 °C is a valuable tool for
mimicking intraoral conditions and may yield more representative SBS values than simply
storing specimens in dry conditions. However, studies under such conditions have not
yet been performed. Thus, in-depth investigations are needed to better understand how
specific procedural factors can contribute to CAP treatment impacting the SBS of zirconia.

Combined Argon and Oxygen CAP

Unlike the argon-alone CAP treatments that did not notably increase the SBS of
zirconia materials [23,63-67], combined argon and oxygen CAP conditioning of a zirconia
surface yielded orthodontically acceptable SBS values (24.35 MPa resulting from a 2 min
treatment and 27.89 MPa resulting from a 5 min treatment) [68] (Table 2). Meanwhile, the
argon/oxygen CAP-treated zirconia surface displayed moderately higher incidences of
cohesive and mixed failure and lower incidences of adhesive failure in the two plasma-
treated groups compared to the control [68], further indicating that the plasma treatment
strengthened the bonding between the resin cement and zirconia. It is worth noting that
although the 5 min argon/oxygen CAP treatment led to a slightly higher SBS value than the
2 min one [68], it may be too long for chairside use, possibly making the 2 min treatment a
better option for use in the clinic.

4.1.2. Helium CAP

Helium has also been explored to as a potential gas to use in CAP treatment of zirconia
ceramic [26,69] (Table 2). In two studies, CAP was conducted with a hand-held piece to
apply plasma 10 mm from the ceramic surface, and primer was applied to the zirconia
surface after the plasma treatment [26,69]. Ito et al. reported an SBS of 16.6 MPa, while
Ye et al. reported an SBS of 23.00 MPa after helium CAP treatment; both SBS values are
within the orthodontically acceptable range and are at least 64% higher than the SBS of their
respective primer-only control groups [26,69]. More excitingly, when the zirconia specimens
were thermocycled to mimic the intraoral environment, the helium CAP treatment still
resulted in an increased SBS of 19.92 MPa, 90% higher than the control [26]. In addition,
Ye et al. reported a significant shift in the distribution of failure mode post-helium-CAP
treatment [26] (Table 2). Specifically, the control group had an 80% incidence of adhesive
and a 20% incidence of mixed failure modes, which remained unchanged after 24 h storage
in water [26]. In contrast, the helium CAP-treated group had a 10% incidence of adhesive
and a 90% incidence of mixed failure mode; after water storage, the incidences of adhesive
and mixed failure modes were 40% and 60%, respectively [26]. This tendency of the
experimental group towards mixed failure even after water storage [28] indicates that
the helium plasma treatment enhances the strength of the bonding between the resin
cement and zirconia. Furthermore, helium CAP treatment of zirconia specimens only took
30-90 s [26,69], making it highly amenable for chairside use in orthodontic practices.

Notably, the Katana zirconia tested in the study of Ito et al. [69] has also been explored
for argon-alone CAP treatment [63,65] (Table 2). These previous studies suggested that
Katana zirconia had a better response to helium CAP treatment. However, it will be
necessary to conduct side-by-side studies comparing different types of CAP treatment on
the same zirconia material before a definite conclusion can be drawn.
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4.1.3. CAP with Unspecified Gas

We also found two studies in which zirconia was treated with CAP but the gas
used was not specified [70,71] (Table 2). Specifically, Altuntas et al. reported that a 90 s
CAP treatment induced ~50% SBS increase, which was still below the acceptable range,
accompanied by a rise in the incidence of mixed failure [70]. On the other hand, Mahrous
et al. found that an 80 s treatment led to an ~80% SBS increase and thus fell into the
acceptable range, while no evaluation of failure mode was presented [71]. Regardless of the
results of these two studies, it is impossible to further compare these studies with others
without specific information on the type(s) of gas used for CAP.

4.2. Plasma-Enhanced Chemical Vapor Deposition (PECVD)

Multiple studies have also explored the use of plasma-enhanced chemical vapor
deposition (PECVD) for treating zirconia surfaces using combinations of argon with oxygen,
HMDSO, hydrogen, sulfur hexafluoride, benzene, and tetramethylsilane (TMS) (Table 3).
Overall, these studies showed that PECVD using argon, oxygen, and HMDSO could
significantly reduce the SBS of Y-TZP [25,72], while PECVD using argon, hydrogen, TMS,
or benzene could improve the SBS of zirconia [73], although these improved SBS values
do not satisfy the clinical standard for orthodontic treatment. On the other hand, the
PECVD treatment using argon and silane yielded an acceptable SBS of the zirconia surface
without noticeably altering the incidence of failure modes [74]. Importantly, all these
studies require the use of a chamber and toxic gases and employ an overly long treatment
time of 5 to 10 min [25,54,55,72-77], which rules out the intraoral use of current PECVD
modification surface modification methods for zirconia ceramics.

Table 3. SBS and failure mode of zirconia ceramics treated with PECVD. PECVD: plasma-enhanced
chemical vapor deposition; SBS: shear bond strength; HMDSO: hexamethyldisiloxane; TMS: tetram-
ethylsilane. For failure mode, A: adhesive failure; C: cohesive failure; M: mixed failure.

o . Control
Primer SBS %o of Failure Failure
Plasma Gas(es) Zirconia Type Subgroup Differences Control Mode Ref.
(Y/N) (MPa) SBS (A/C/M) Mode
(A/C/M)
Y-TZP cubes not thermocycled 3.6+1.0 39.13% 100/0/0  80/0/20
Argon, oxygen, HMDSO (Vita Zahnfabrik, N thermocycled - - - 90/0/10 [25]
Argon, oxygen, hydrogen, Bad Sackingen, not thermocycled 11.1 + 3.6 120.65%  100/0/0  80/0/20 7
sulfur hexafluoride Germany) thermocycled 38+0.7 60.32% 100/0/0  90/0/10
Cercon Y-TZP
Argon, oxygen, HMDSO  P10%ks (Dentsply, Y ; 0.45 2.36% ; ; [72]
NC, USA)
Argon, hydrogen, TMS 103 £238 228.89% - -
Cercon base
Argon, hydrogen, benzene block (DeguDent, v - 101 £4.1 224.44% - - [73]
Madrid, Spain
Argon, hydrogen, TMS, pain) 227+37  504.44% - -
benzene
plasma treated for 30 s 248 +5.0 166.44%
not thermo- plasma treated for 60 s 221485 148.32% _ _
Y)gﬁ(:(zvig cycled plasma treated for 120 s 230425 154.36%
0,
SiH4 (silane) Zahnfabrik, Bad N plasma treated for 300 s 201+64  134.90% (74]
Sdckingen, plasma treated for 30 s 39407 390.00%
Germany) thermocveleq  Plasma treated for 60 s 36+08  360.00% B B
Y plasma treated for 120 s 6.1+18 610.00%
plasma treated for 300 s 56+18 560.00%

4.3. Fluorination

Fluorination with sulfur hexafluoride (SF6) is another plasma surface treatment that
has been applied to different types of zirconia, resulting in consistently increased SBS
values ranging from 26.3 to 37.3 MPa [78-80] (Table 4). However, it is interesting to note
that the studies, including two that tested the same type of zirconia, did not agree on the
differences in the distribution of failure modes [78-80] (Table 4). Meanwhile, although fluo-
rination achieved clinically acceptable SBS values, this technique seems to have significant
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drawbacks: not only were the treatment times relatively long (2 and 5 min), but also the
fluorination reactions were carried out in a reactor and conducted at high temperatures
that could approach 100 °C, which would not be possible to replicate intraorally [78-80].
Moreover, SF6 can cause tissue damage and, in the presence of electric discharge, break
down into HF molecules, which, as stated previously, can also be harmful [76]. Thus,
although fluorination does result in significant improvements in bonding strength, this
type of plasma treatment is not currently feasible for intraoral surface modification of
zirconia restorative materials.

Table 4. SBS and failure mode of zirconia ceramic treated with plasma fluorination. SBS: shear bond
strength. For failure mode, A: adhesive failure; C: cohesive failure; M: mixed failure.

Primer % of Failure Control Failure
Plasma Gas(es) Zirconia Type SBS (MPa) Control Mode Ref.
(Y/N) SBS (A/C/M) Mode (A/C/M)
ZircCAD blocks (Ivoclar
Sulfur Hexafluoride Vivadent, Schaan, Y 263+ 64 260.40% 30/0/70 100/0/0 [78]
Liechtenstein)
. Lava plates and cylinders (3M o
Sulfur Hexafluoride ESPE AG, St. Paul, MN, USA) N 26.7 +4.9 290.22% 100/0/0 100/0/0 [79]
Sulfur Hexafluoride ~ LAvaPlates GMESPEAG, St 373+46  40543%  40/60/0 100/0/0 [80]

Paul, MN, USA)

4.4. Magnetron Sputtering

Magnetron sputtering has also been evaluated on zirconia ceramics (Table 5). Karakig
et al. carried out an argon-alone radiofrequency magnetron sputtering treatment for 2.5, 15,
and 20 min, followed by primer application, and yielded SBS values higher than 20 MPa [81].
Unfortunately, the 2.5 min treatment only improved the SBS by 10%, while the 15 and
20 min are too long for chairside use despite yielding higher increases in the SBS. Moreover,
short-treatment-time argon-alone radiofrequency magnetron sputtering treatment without
primer sometimes even reduced the SBS of zirconia [81], further confirming that argon-
alone radiofrequency magnetron sputtering treatment may not be an efficient surface
treatment strategy for zirconia. In contrast, using argon and oxygen gas for reactive or
radiofrequency magnetron sputtering, followed by silane application, could significantly
raise the SBS of zirconia [82,83]. However, magnetron sputtering reactions were carried out
in chambers with high pressure and a long treatment time (30 to 60 min), making this type
of plasma treatment nonviable for chairside application.

Table 5. SBS and failure mode of zirconia ceramic treated with magnetron sputtering. SBS: shear
bond strength. For failure mode, A: adhesive failure; C: cohesive failure; M: mixed failure.

. Control
Plasma Primer % of Failure Failure
Gasles) Zirconia Type (Y/N) Subgroup Differences SBS (MPa) Control Mode Mozle Ref.
SBS (A/C/M) (A/C/M)
plasma treated for 2.5 min 12.15 £2.34 70.97% - -
. N plasma treated for 15 min 14.52 + 4.50 84.81% - -
ICE Zirkon blocks plasma treated for 20 min 2469 +508  144.22% - -
Argon (Zirkonzahn, Gais [81]
BZ, Italy) plasma treated for 2.5 min 21.22 £3.91 110.06% - -
Y plasma treated for 15 min 2441 +4.55 126.61% - -
plasma treated for 20 min 28.45 £ 2.41 147.56% - -
Argon yttria-stabilized
" & n, zirconia (Tosoh, Y - 30.86 + 3.52 333.26% - - [82]
oxyge Tokyo, Japan)
Argon, - Y - 32.8 £54 285.22% - - [83]

oxygen
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4.5. Plasma Etching

A study by El-Shrkawy et al. used oxygen, a non-toxic gas, for a treatment combining
plasma etching and primer [84] (Table 6). This yielded an SBS of 17.8 MPa, more than
190% greater than the primer-treated control [84]. The control group had a 30% incidence
of adhesive failure and 70% incidence of mixed failure, in contrast with the experimental
group, which had a 30% incidence of cohesive failure and 70% incidence of mixed failure;
despite the low incidence of adhesive failure in both groups, these data nevertheless
indicate that the oxygen etching treatment enhanced the bonding strength of the resin
cement to the zirconia [84]. However, a treatment time was not specified in that study,
making it difficult to assess whether this treatment can be used in a clinical setting [84].
This is the only currently available publication reporting the effect of plasma etching on
zirconia, so further studies are needed to verify these findings.

Table 6. SBS and failure mode of zirconia ceramic treated with other types of plasma treatment.
SBS: shear bond strength; RF: radiofrequency; HMDSO: hexamethyldisiloxane. For failure mode,
A: adhesive failure; C: cohesive failure; M: mixed failure.

o . Control
Plasma Plasma Primer Yo of Failure Failure
T Zirconia Type Subgroup Differences SBS (MPa) Control Mode Ref.
ype Gas(es) (Y/N) SBS @acny - Mode
(A/C/M)
Etching  Oxygen Taler(‘lgl‘)i;&t;%))c“s“ Y - 178421  29180%  0/30/70  30/0/70  [84]
Silica Talent dental discs o )
coating Argon (FP50-XP Y - 19.6 £2.6 321.31% 0/70/30 30/0/70 [84]
hot isostatic pressed yttrium-oxide
RF partially stabilized zirconia blocks 53+0.7 353.33% - -
plasma Oxygen, N (Nobel Biocare) [24]
spraying HMDSO glossy dense zirconia blocks (Zircar 35407 437.5% ~ B
Zirconia, Inc.) ’ ’ ’
X . not o
A Cllearﬁl SA Luting thermocycled 246 £3.7 153.75% 0/0/100 0/0/100
Glow- Not NANOZR disks Plus thermocycled 163+ 26 13697%  0/0/100  50/0/50
discharge specified (Panasonic Health N [85]
plasma Care) luting composite ~ not 49422 13243%  100/0/0  100/0/0
of Panavia V5 thermocycled
without primer thermocycled 24402 10435%  100/0/0  100/0/0
Irradiati Not TZ-3YB-E discs N Clearfil Protect Bond 7.96 +2.76 93.76% _ _ 86]
rradiation ghecified  (Tosoh, Osaka, Japan) Clearfil > Bond Plus 11.58 =+ 2.69 114.09%

4.6. Silica Coating

The study by El-Shrkawy et al. mentioned in the preceding section also evaluated
silica coating treatments using argon gas followed by primer application [84], and found
that this conditioning yielded an SBS of 19.6 MPa, more than 200% greater than the primer-
treated control (Table 6). In addition, the silica coating treatment resulted in a 70% incidence
of cohesive failure and 30% incidence of mixed failure, indicating that the silica coating
treatment improved the bonding strength [84]. However, the silica coating technique used
by the study requires equipment that precludes intraoral use and therefore cannot be used
for chairside treatment [84].

4.7. Radiofrequency Plasma Spraying

Oxygen and HMDSO have been used in radiofrequency plasma spraying on two types
of zirconia (Table 6), yielding SBS values below the accepted range but significantly higher
than those of the non-plasma control [24]. In addition to this treatment’s poor outcome, this
method cannot be replicated intraorally due to its use of toxic HMDSO and the RF plasma
spraying technique involved [24].

4.8. Glow-Discharge Plasma

Egoshi et al. reported a glow-discharge plasma treatment of zirconia in which the gas
was not specified [85] (Table 6). Certain elements of this technique (such as the treatment
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being carried out in a vacuum) prevent it from being replicated intraorally [85], thereby
making it unsuitable for chairside use. However, it is worth noting that glow-discharge
plasma can potentially significantly increase the SBS value of zirconia ceramics, and the
type of resin used determines whether the SBS value is orthodontically acceptable [85]. In
addition, although there were generally no differences in failure mode incidence between
the control and plasma-treated, non-primer luting composite of Panavia V5 groups, the
plasma-treated Clearfil SA Luting Plus cement group had a notably higher incidence of
mixed failure mode compared to its control group after 24 h water storage [85], again
indicating the importance of bonding reagent selection.

4.9. Plasma Irradiation

An irradiation plasma treatment on zirconia was used by Noro et al., which was not
particularly successful [86] (Table 6); the resulting SBS values were lower than or similar to
those of the controls [86]. Moreover, the irradiation procedure cannot be carried out intraorally.

4.10. Summary

These previous studies indicated that the response of zirconia to plasma treatment
varies significantly depending on the type of zirconia and bonding reagents used. Certain
plasma treatments are detrimental to the bonding strength between the zirconia and
bonding material. In our opinion, the CAP technique still has notable potential for intraoral
application. Based on the limited amount of currently available data, we also suggest that
further testing of helium-based CAP on different types of zirconia is worthwhile.

5. Other Ceramics and Ceramic-Containing Materials

Plasma treatment has also been applied to other assorted ceramic and ceramic-
containing restorative materials, such as resin nanoceramics (RNC), glass-ceramics, alumina
ceramics, and polymer-infiltrated ceramic network (PICN).

5.1. Resin Nanoceramics (RNC)

RNC consist of a resin/polymer matrix filled with nanoscale zirconia, silica, or barium
particles [87,88]. A study by Adimci et al. (in which no plasma gas was specified) reported
a ~20% increase in SBS (which was excessively high at 46.91 MPa) post plasma activation
accompanied by a moderate increase in the incidence of mixed failure rather than adhesive
failure [49] (Table 7). In contrast, a recent study showed that treatment of RNC with argon-
or helium-CAP with or without HF modification provided orthodontically acceptable SBS
values [89]. Argon-CAP displayed a slightly better improvement compared to helium-CAP [89],
while additional HF treatment did not meaningfully improve the bonding strength or alter
the incidence of failure mode [89]. Since HF is toxic and can potentially harm the patient [1,5],
HF application does not seem to be necessary in preparing RNC ceramic restorations for
orthodontic treatment if plasma treatment, specifically CAP, can be used.

5.2. Glass-Ceramics

Glass-ceramics are another type of ceramic material used in restorative and aesthetic
dentistry [6] that are generally brittle [90] but have good oral biocompatibility and aesthetic
qualities [91]. One type of glass-ceramic material, known as silicate glass-ceramic, consists of
lithium silicate or lithium disilicate crystals in a glass matrix [6,91]. A few studies evaluated
the effects of plasma surface treatment on silicate glass-ceramics’ SBS. For example, Lanza et al.
utilized argon and oxygen gases for CAP treatment of lithium silicate ceramic in combination
with a variety of primers [41]. Although the SBS values provided by CAP treatment alone
were very low, applying HF post-CAP treatment significantly increased the SBS of the lithium
silicate ceramics [41]. This trend was also validated by another study conducted by Alayad
et al., in which the gas used for CAP treatment was not specified: the plasma-treated group
likewise had a much lower SBS value than the HF-treated non-plasma group [92]. However,
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there was marked variation among post-CAP treatment SBS values, seemingly dependent on
the type of primer used, in the study of Alayad et al.

Table 7. SBS and failure mode of plasma-treated resin nanoceramic. CAP: cold atmospheric plasma.
SBS: shear bond strength. For failure mode, A: adhesive failure; C: cohesive failure; M: mixed failure.

o . Control
Plasma Plasma Primer % of Failure Failure
Subgroup Differences SBS (MPa) Control Mode Ref.
Type Gas(es) (Y) SBS (A/C/M) Mode
(A/C/M)
CAP Not specified Y - 4691+433  12075%  10/20/70 20/30/50 [49]
N HF not thermocycled 33.97 +2.04 201.84% 20/0/80 100/0/0
no thermocycled 2828 256  211.36% 40/0/60 100/0/0
A
Teon N ppp  Potthermocycled 3378160  15957%  20/0/80  30/0/70
CAP wit thermocycled 3238 +£142  185.35% 30/0/70 50/0/50 [59]
N HF not thermocycled 2793 +1.74 165.95% 30/0/70 100/0/0
no thermocycled 23.02+262  172.05%  40/0/60 100/0/0
Heli
em N oy Motthermocycled 28514171 13467%  30/0/70 30/0/70
wit thermocycled 2598 +1.74  148.71% 30/0/70 50/0/50

Interestingly, Bitencourt et al. reported that CAP treatment of lithium disilicate glass-
ceramic resulted in a higher SBS than the HF treatment when argon, methane, and HMDSO
gases were used, but not when argon, oxygen, and HMDSO gases were used [93]. How-
ever, after thermocycling, the SBS value of argon/methane/HMDSO-CAP treated lithium
disilicate glass-ceramic was significantly lower than that of the HF-treated one [93]. More-
over, the overly long treatment time of 30 min and the toxicity of HMDSO make the
argon/methane/HMDSO-CAP method described by Bitencourt et al. [93] unsuitable for
chairside usage. Thus, no study has reported a plasma modification method that can be
used intraorally to provide glass-ceramics with a better SBS than HF application does
(Table 8).

5.3. Alumina Ceramics

Only one study has been published regarding the effect of plasma surface treatment
on the SBS of alumina ceramic; it reported that radiofrequency plasma spraying resulted in
an SBS value of 15.2 MPa, acceptable for orthodontic treatment [94] (Table 9). Despite the
fact that the treatment time was not specified, the treatment’s usage of toxic HMDSO gas
and radiofrequency plasma spray [94] prevent this technology from being used intraorally.

5.4. Polymer-Infiltrated Ceramic Network (PICN)

Likewise, only one published manuscript described the effect of plasma on PICN, a
dental restorative material in which the ceramic component consists of feldspathic ceramic
and alumina [95]. Here, the 30 s (short treatment time), argon-alone CAP application
decreased the SBS values to half of those of the respective controls, regardless of the types
of bonding reagents used [95] (Table 10), indicating that this treatment is not effective.
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Table 8. SBS and failure mode of CAP-treated glass ceramics. CAP: cold atmospheric plasma. SBS:

shear bond strength. HMDSO: hexamethyldisiloxane. ACPS: acryloyloxypropyltrimethoxysilane;
STYRX: styrylethyltrimethoxysilane; ALAP: 3-(N-allylamino) propyltrimethoxysilane; BATS: bis(2-
hydroxyethil)-3-aminopropyltriethoxysilane; MBP: Monobond Plus, ZPP: ZPrimePlus. For failure

mode, A: adhesive failure; C: cohesive failure; M: mixed failure. * Control group was treated with HF.

. Control
Plasma Gas(es) ~ LLmer Subgroup D SBS (MPa) % of Modo. Failure  p ¢
asma Gas(es (Y/N) ubgroup Differences a Control SBS ~ Co/ 13[ ) Mode ef.
(A/C/M)
No HF short-term water storage 25+25 71.43% 100/0/0 100/0/0
N © long-term water storage 0.0+0.0 - 100/0/0 -
With LIF short-term water storage 14.0+14 153.85% 100/0/0 91.6/0.4/8.0
it long-term water storage 51+£23 87.93% 100/0/0 91/0/9
No HF short-term water storage 11.6 £ 45 165.71% 83.3/0/16.7 0/100/0
ACPS o long-term water storage 1.3+1.0 76.47% 100/0/0 0/92/8
With HF short-term water storage 28.7 + 4.8 118.60% 0/100/0 58.3/16.7/25
it long-term water storage 226 +5.1 105.61% 0/92/8 50/33/17
No HF short-term water storage 121 £40 295.12% 83.3/0/16.7 0/16.7/83.3
STYRX o long-term water storage 2.8+20 147.37% 100/0/0 0/75/25
With HF short-term water storage 257 +£49 120.66% 0/16.7/83.3 0/75/25
it long-term water storage 191 +25 117.18% 0/75/25 83/0/17
Argon, oxygen No HF short-term water storage 24+28 85.71% 100/0/0 100/0/0 [41]
ALAP o long-term water storage 02+0.6 285.71% 100/0/0 100/0/0
With HF short-term water storage 151 +23 260.34% 100/0/0 90.9/0/9.1
it long-term water storage 77 +1.8 256.67% 100/0/0 100/0/0
No HF short-term water storage 2.7 +27 117.39% 100/0/0 100/0/0
BATS © long-term water storage 01+03 - 100/0/0 100/0/0
With LIF short-term water storage 11.4 £+ 3.0 120.00% 100/0/0 100/0/0
it long-term water storage 3.7+£08 59.68% 100/0/0 100/0/0
No HF short-term water storage 6.4+24 106.67% 58.3/0.01/41.6 0/91.6/8.3
MBP o long-term water storage 0.4 +0.7 22.22% 100/0/0 8/59/33
With HF short-term water storage 23.7 +5.8 139.41% 0/91.6/8.3 25/33.4/41.6
it long-term water storage 202 +55 169.75% 8/59/33 58/8/33
No HF short-term water storage 26+£20 83.87% 100/0/0 100/0/0
7PPp o long-term water storage 0.0 £0.0 - - 100/0/0
With HF short-term water storage 19.8 £3.9 131.13% 100/0/0 100/0/0
it long-term water storage 142+ 39 184.42% 100/0/0 100/0/0
Not specified Y - 14.28 + 0.62 66.48% * 80/10/10 20/70/10 * [92]
Argon, methane, not thermocycled 10.44 143.01% * 100/0/0 80/0/20*
HMDSO Y thermocycled 1.9 27.90% * 100/0/0 100/0/0* [93]
Argon, oxygen, not thermocycled 6.54 89.59% * 100/0/0 80/0/20 *
HMDSO thermocycled 7.29 107.05% * 100/0/0 100/0/0 *
Table 9. SBS and failure mode of plasma-treated alumina ceramic. CAP: cold atmospheric plasma.
SBS: shear bond strength. HMDSO: hexamethyldisiloxane. For failure mode, A: adhesive failure;
C: cohesive failure; M: mixed failure.
% of Failure Control
Pl Pl Pri .
Tasn;a G:SS(I: s;; &;;;;r ])S‘il;rengitgs SBS (MPa) Control Mode Failure Mode Ref.
yP SBS (A/C/M) (A/C/M)
f;rf}l,?;?a gﬁ’g‘;‘g N - 152426 214.08% - - [94]
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Table 10. SBS and failure mode of plasma-treated polymer-infiltrated ceramic network (PICN).
CAP: cold atmospheric plasma. SBS: shear bond strength. For failure mode, A: adhesive failure;
C: cohesive failure; M: mixed failure. * Control group was treated with HF.

% of Failure Control
Plasma  Plasma  Primer Subgroup Differences SBS Control Mode Failure Ref.
Type Gas(es) (Y/N) (MPa) Mode
SBS (A/C/M) (A/C/M)
Panavia V5 not thermocycled 58 +14  58.00% * - -
0/ * _ -
CAP Argon Y thermocycled 29+08 31.87% [95]
. not thermocycled 10.1+2.1  64.33% * - -
RelyX Ultimate thermocycled 75+£17  63.56% * - -

6. Discussion

Finding a plasma treatment that can consistently improve bonding strength and be
delivered chairside safely and easily would improve orthodontic clinical care. Of all
the types of plasma treatment that have been evaluated thus far, argon CAP is the most
investigated; however, outcomes are inconsistent when different ceramics are used as the
substrate. In addition, the choice of primer and bonding reagent also influences the effects of
argon CAP. Thus, the feasibility of argon CAP’s usage in a clinician- and chairside-friendly
surface conditioning treatment is considerably reduced because its effectiveness depends
on the type of ceramic, primer, and bonding reagent used and it is difficult for clinicians to
identify the specific type of ceramic used after restorations are delivered intraorally. On the
other hand, based on the limited available evidence discussed above, helium CAP treatment
holds great potential due to its usage of a non-toxic gas, short treatment time, and significant
and consistent improvement of SBS among porcelain, zirconia, and RNC surfaces.

There is no doubt that this review has certain limitations. Firstly, the majority of the
articles included and discussed in the current review were not tested in an orthodontic
setting (i.e., with the bonding of brackets), and all of them were conducted in an in vitro
environment. In addition, most of the studies used new ceramic blocks/plates that may not
represent the surface condition of restorations that have been in the oral cavity for a period
of time. Meanwhile, it is well known that the properties of the substance ceramics are
contingent on their chemical compositions, which is particularly true for zirconia materials
that can be categorized into distinct variants. Unfortunately, detailed information regarding
the zirconia types (e.g., the yttria stabilizer content) is not always available in the reviewed
manuscripts, which prohibits further comparison between different studies, particularly in
the sense of underlying mechanisms and influence on the surface chemical composition.
Therefore, a significant amount of research must be conducted before plasma treatment of
restorative and aesthetic ceramic materials can be used for orthodontic purposes.

7. Conclusions

Based on the currently available literature, in our opinion, cold atmospheric plasma
(CAP) treatment using helium might be a potential treatment method for porcelain, zirconia,
and other types of ceramic. More importantly, CAP treatment using helium has the potential
to be carried out chairside due to its non-toxicity, low temperature, and short treatment
time. However, because all the available studies were conducted in vitro and not tested in
an orthodontic setting, further research must be conducted to ascertain the effectiveness of
specific plasma treatments relative to current orthodontic bonding treatments in vivo.

Author Contributions: Conceptualization, C.L.; data collection and curation, E.G., O.G. and B.E.T;;
writing—original draft preparation, E.G.; writing—review and editing: O.G., B.E.T,, Y.Z., C-H.C,,
Z.Z. and C.L; funding acquisition, C.L.; project administration, C.L.; supervision, C.L. All authors
have read and agreed to the published version of the manuscript.



Bioengineering 2023, 10, 1323 18 of 21

Funding: This research was funded by the American Association of Orthodontists Foundation
(AAQOF) Orthodontic Faculty Development Fellowship Award, the International Orthodontic Foun-
dation (IOF) Young Research Grant, the American Academy of Periodontology Foundation (AAPF)
the Dr. Colin Richman and Family Perio.-Ortho. Interface Award, the University of Pennsylvania
School of Dental Medicine Joseph and Josephine Rabinowitz Award for Excellence in Research, and
the J. Henry O’Hern Jr. Pilot Grant from the Department of Orthodontics, University of Pennsylvania
School of Dental Medicine for Chenshuang Li. Yu Zhang would like to acknowledge funding from
the U.S. National Institutes of Health/National Institute of Dental and Craniofacial Research (grant
numbers RO1DE033545, R0O1DE(026279 and R01DE(026772). The content is solely the responsibility of
the authors and does not necessarily represent the official views of the funding agencies.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are contained within this article.

Acknowledgments: We would like to thank Nicole Capogna from the University of Pennsylvania
School of Dental Medicine for her contribution in the initial literature search.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Francisco, I.; Travassos, R.; Nunes, C.; Ribeiro, M.; Marques, E,; Pereira, F.; Marto, C.M.; Carrilho, E.; Oliveiros, B.; Paula, A.B.; et al.
What Is the Most Effective Technique for Bonding Brackets on Ceramic—A Systematic Review and Meta-Analysis. Bioengineering
2022, 9, 14. [CrossRef] [PubMed]

Saccomanno, S.; Saran, S.; Lagana, D.; Mastrapasqua, R.F.; Grippaudo, C. Motivation, Perception, and Behavior of the Adult
Orthodontic Patient: A Survey Analysis. Biomed. Res. Int. 2022, 2022, 2754051. [CrossRef] [PubMed]

Johal, A; Bondemark, L. Clear aligner orthodontic treatment: Angle Society of Europe consensus viewpoint. J. Orthod. 2021, 48,
300-304. [CrossRef] [PubMed]

Orthodontic treatment for adults continues popularity. Br. Dent. J. 2019, 227, 331. [CrossRef]

Mehmeti, B.; Azizi, B.; Kelmendi, J.; Iljazi-Shahiqi, D.; Alar, 7.; Anié-Milogevi¢, S. Shear Bond Strength of Orthodontic Brackets
Bonded to Zirconium Crowns. Acta Stomatol. Croat. 2017, 51, 99-105. [CrossRef] [PubMed]

Giordano Ii, R. Ceramics overview. Br. Dent. J. 2022, 232, 658-663. [CrossRef]

Ozkurt, Z.; Kazazoglu, E. Clinical success of zirconia in dental applications. J. Prosthodont. 2010, 19, 64—68. [CrossRef]
Peumans, M.; Van Meerbeek, B.; Lambrechts, P.; Vanherle, G. Porcelain veneers: A review of the literature. J. Dent. 2000, 28,
163-177. [CrossRef]

El-Mowafy, O.; El-Aawar, N.; EI-Mowafy, N. Porcelain veneers: An update. Dent. Med. Probl. 2018, 55, 207-211. [CrossRef]
Zarone, F.; Di Mauro, M.L; Ausiello, P.; Ruggiero, G.; Sorrentino, R. Current status on lithium disilicate and zirconia: A narrative
review. BMC Oral Health 2019, 19, 134. [CrossRef]

Juntavee, N.; Juntavee, A.; Wongnara, K.; Klomklorm, P.; Khechonnan, R. Shear bond strength of ceramic bracket bonded to
different surface-treated ceramic materials. J. Clin. Exp. Dent. 2018, 10, e1167-e1176. [CrossRef] [PubMed]

Grewal Bach, G.K,; Torrealba, Y.; Lagravere, M.O. Orthodontic bonding to porcelain: A systematic review. Angle Orthod. 2014, 84,
555-560. [CrossRef] [PubMed]

Garcia-Sanz, V.; Paredes-Gallardo, V.; Mendoza-Yero, O.; Carbonell-Leal, M.; Albaladejo, A.; Montiel-Company, ].M.; Bellot-Arcis,
C. The effects of lasers on bond strength to ceramic materials: A systematic review and meta-analysis. PLoS ONE 2018, 13,
€0190736. [CrossRef]

Alzainal, A.H.; Majud, A.S.; Al-Ani, A.M.; Mageet, A.O. Orthodontic Bonding: Review of the Literature. Int. J. Dent. 2020, 2020,
8874909. [CrossRef]

Ozcan, M.; Allahbeickaraghi, A.; Diindar, M. Possible hazardous effects of hydrofluoric acid and recommendations for treatment
approach: A review. Clin. Oral. Investig. 2012, 16, 15-23. [CrossRef] [PubMed]

Ahmed, T.; Fareen, N.; Alam, M.K. The effect of surface treatment and thermocycling on the shear bond strength of orthodontic
brackets to the Y-TZP zirconia ceramics: A systematic review. Dent. Press |. Orthod. 2021, 26, €212118. [CrossRef]

Elias, A.B.; Simao, R.A.; Prado, M.; Cesar, P.E.; Botelho Dos Santos, G.; Moreira da Silva, E. Effect of different times of nonthermal
argon plasma treatment on the microtensile bond strength of self-adhesive resin cement to yttria-stabilized tetragonal zirconia
polycrystal ceramic. J. Prosthet. Dent. 2019, 121, 485-491. [CrossRef]

Mehmeti, B.; Kelmend,i, J.; liljazi-Shahiqi, D.; Azizi, B.; Jakovljevic, S.; Haliti, F.; Ani¢-Milo8evi¢, S. Comparison of Shear Bond
Strength Orthodontic Brackets Bonded to Zirconia and Lithium Disilicate Crowns. Acta Stomatol. Croat. 2019, 53, 17-27. [CrossRef]
Yoshihara, K.; Nagaoka, N.; Maruo, Y.; Nishigawa, G.; Irie, M.; Yoshida, Y.; Van Meerbeek, B. Sandblasting may damage the
surface of composite CAD-CAM blocks. Dent. Mater. 2017, 33, e124—e135. [CrossRef]


https://doi.org/10.3390/bioengineering9010014
https://www.ncbi.nlm.nih.gov/pubmed/35049723
https://doi.org/10.1155/2022/2754051
https://www.ncbi.nlm.nih.gov/pubmed/35281602
https://doi.org/10.1177/14653125211006423
https://www.ncbi.nlm.nih.gov/pubmed/33860707
https://doi.org/10.1038/s41415-019-0777-6
https://doi.org/10.15644/asc51/2/2
https://www.ncbi.nlm.nih.gov/pubmed/28827846
https://doi.org/10.1038/s41415-022-4242-6
https://doi.org/10.1111/j.1532-849X.2009.00513.x
https://doi.org/10.1016/S0300-5712(99)00066-4
https://doi.org/10.17219/dmp/90729
https://doi.org/10.1186/s12903-019-0838-x
https://doi.org/10.4317/jced.55330
https://www.ncbi.nlm.nih.gov/pubmed/30697375
https://doi.org/10.2319/083013-636.1
https://www.ncbi.nlm.nih.gov/pubmed/24325623
https://doi.org/10.1371/journal.pone.0190736
https://doi.org/10.1155/2020/8874909
https://doi.org/10.1007/s00784-011-0636-6
https://www.ncbi.nlm.nih.gov/pubmed/22065247
https://doi.org/10.1590/2177-6709.26.5.e212118.oar
https://doi.org/10.1016/j.prosdent.2018.03.025
https://doi.org/10.15644/asc53/1/2
https://doi.org/10.1016/j.dental.2016.12.003

Bioengineering 2023, 10, 1323 19 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Kosmac, T.; Oblak, C.; Jevnikar, P.; Funduk, N.; Marion, L. The effect of surface grinding and sandblasting on flexural strength
and reliability of Y-TZP zirconia ceramic. Dent. Mater. 1999, 15, 426—433. [CrossRef]

Zhang, Y.; Lawn, B.R.; Malament, K.A.; Van Thompson, P.; Rekow, E.D. Damage accumulation and fatigue life of particle-abraded
ceramics. Int. |. Prosthodont. 2006, 19, 442-448.

Han, J.; Zhang, F.; Van Meerbeek, B.; Vleugels, J.; Braem, A.; Castagne, S. Laser surface texturing of zirconia-based ceramics for
dental applications: A review. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 123, 112034. [CrossRef] [PubMed]

Park, C; Park, SW.; Yun, K.D,; Ji, M.K,; Kim, S.; Yang, Y.P.; Lim, H.P. Effect of Plasma Treatment and Its Post Process Duration on
Shear Bonding Strength and Antibacterial Effect of Dental Zirconia. Materials 2018, 11, 2233. [CrossRef] [PubMed]

Derand, T.; Molin, M.; Kvam, K. Bond strength of composite luting cement to zirconia ceramic surfaces. Dent. Mater. 2005, 21,
1158-1162. [CrossRef] [PubMed]

de Figueiredo, VM.G,; Silva, A.M.; Massi, M.; da Silva Sobrinho, A.S.; de Queiroz, ].R.C.; Machado, ].P.B.; do Prado, R.E; Junior,
L.N. Effect of the nanofilm-coated zirconia ceramic on resin cement bond strength. J. Dent. Res. Dent. Clin. Dent. Prospect. 2022,
16,170-178. [CrossRef]

Ye, X.Y.; Liu, M.Y;; Li, J; Liu, X.Q.; Liao, Y.; Zhan, L.L.; Zhu, X.M.; Li, H.P; Tan, ]. Effects of cold atmospheric plasma treatment on
resin bonding to high-translucency zirconia ceramics. Dent. Mater. J. 2022, 41, 896-904. [CrossRef]

Yoshinari, M.; Matsuzaka, K.; Inoue, T. Surface modification by cold-plasma technique for dental implants—Bio-functionalization
with binding pharmaceuticals. Jpn. Dent. Sci. Rev. 2011, 47, 89-101. [CrossRef]

Kim, J.-H.; Lee, M.-A.; Han, G.-J.; Cho, B.-H. Plasma in dentistry: A review of basic concepts and applications in dentistry. Acta
Odontol. Scand. 2014, 72, 1-12. [CrossRef]

Poncin-Epaillard, F.; Legeay, G. Surface engineering of biomaterials with plasma techniques. . Biomater. Sci. Polym. Ed. 2003, 14,
1005-1028. [CrossRef]

Chu, PK,; Chen, J.; Wang, L.; Huang, N. Plasma-surface modification of biomaterials. Mater. Sci. Eng. R Rep. 2002, 36, 143-206.
[CrossRef]

Labunet, A.; Kui, A.; Voina-Tonea, A.; Vigu, A.; Sava, S. Orthodontic Attachment Adhesion to Ceramic Surfaces. Clin. Cosmet.
Investig. Dent. 2021, 13, 83-95. [CrossRef]

Kim, M.; Jo, D.W,; Khalifah, S.A.; Yu, B.; Hayashi, M.; Kim, R.H. Shear Bond Strength of Composite Diluted with Composite-
Handling Agents on Dentin and Enamel. Polymers 2022, 14, 2665. [CrossRef] [PubMed]

Gardiner, R.; Ballard, R.; Yu, Q.; Kee, E.; Xu, X.; Armbruster, P. Shear bond strength of orthodontic brackets bonded to a new
all-ceramic crown composed of lithium silicate infused with zirconia: An in vitro comparative study. Int. Orthod. 2019, 17,
726-732. [CrossRef] [PubMed]

Reynolds, L.R. A Review of Direct Orthodontic Bonding. Br. J. Orthod. 1975, 2, 171-178. [CrossRef]

Hellak, A.; Ebeling, J.; Schauseil, M.; Stein, S.; Roggendorf, M.; Korbmacher-Steiner, H. Shear Bond Strength of Three Orthodontic
Bonding Systems on Enamel and Restorative Materials. BioMed Res. Int. 2016, 2016, 6307107. [CrossRef] [PubMed]

Shaik, M.S.; Pattanaik, S.; Pathuri, S.; Sivakumar, A. Shear Bond Strength of Different Adhesive Materials Used for Bonding
Orthodontic Brackets: A Comparative In Vitro Study. Orthod. . Nepal. 2015, 5, 22-26. [CrossRef]

Cozza, P,; Martucci, L.; De Toffol, L.; Penco, S.I. Shear Bond Strength of Metal Brackets on Enamel. Angle Orthod. 2006, 76, 851-856.
[CrossRef]

Reis, A.; dos Santos, J.E.; Loguercio, A.D.; de Oliveira Bauer, J.R. Eighteen-month bracket survival rate: Conventional versus
self-etch adhesive. Eur. J. Orthod. 2008, 30, 94-99. [CrossRef]

von Fraunhofer, J.A. Adhesion and Cohesion. Int. J. Dent. 2012, 2012, 951324. [CrossRef]

Dalby, R.; Ellakwa, A.; Millar, B.; Martin, EE. Influence of immediate dentin sealing on the shear bond strength of pressed ceramic
luted to dentin with self-etch resin cement. Int. J. Dent. 2012, 2012, 310702. [CrossRef]

Lanza, M.D.S.; Rodrigues Lanza, FJ.S.; Manso, A.P.; Matinlinna, ].P,; Carvalho, R M. Innovative surface treatments for improved
ceramic bonding: Lithium disilicate glass ceramic. Int. . Adhes. Adhes. 2018, 82, 60-66. [CrossRef]

Ebnesajjad, S.; Ebnesajjad, C. Surface Treatment of Materials for Adhesive Bonding; Elsevier Science & Technology Books: Norwich,
CT, USA, 2013.

Meng, M,; Li, X.C.; Guo, ].W.; Zhou, M.; Niu, L.N,; Tay, ER; He, L.; Zhang, S.F. Improving the wear performance of feldspathic
veneering porcelain by ion-exchange strengthening. J. Dent. 2019, 90, 103210. [CrossRef] [PubMed]

Mozayek, R.S.; Alkhalil, M.A.; Allaf, M.; Dayoub, S. Evaluation of the fracture strength of porcelain sectional veneers made from
different sintered feldspathic porcelains: An in vitro study. Dent. Med. Probl. 2019, 56, 273-278. [CrossRef] [PubMed]

Zhang, Y.; Kelly, J.R. Dental Ceramics for Restoration and Metal Veneering. Dent. Clin. N. Am. 2017, 61, 797-819. [CrossRef]
Quinn, G.D. On edge chipping testing and some personal perspectives on the state of the art of mechanical testing. Dent. Mater.
2015, 31, 26-36. [CrossRef] [PubMed]

Karthikeyan, V.; Chander, N.G.; Reddy, J.R.; Muthukumar, B. Effects of incorporation of silver and titanium nanoparticles on
feldspathic ceramic toughness. J. Dent. Res. Dent. Clin. Dent. Prospect. 2019, 13, 98-102. [CrossRef]

Lata, S.; Chakravorty, S.; Mitra, T.; Pradhan, PX.; Mohanty, S.; Patel, P; Jha, E.; Panda, PK.; Verma, S.K.; Suar, M. Aurora Borealis
in dentistry: The applications of cold plasma in biomedicine. Mater. Today Bio 2022, 13, 100200. [CrossRef]

Adimci, P; Ibis, F; Ercan, UK; Bagis, B. Evaluation of effects of non-thermal plasma treatment on surface properties of
CAD/CAM materials. J. Adhes. Sci. Technol. 2019, 33, 35-49. [CrossRef]


https://doi.org/10.1016/S0109-5641(99)00070-6
https://doi.org/10.1016/j.msec.2021.112034
https://www.ncbi.nlm.nih.gov/pubmed/33812647
https://doi.org/10.3390/ma11112233
https://www.ncbi.nlm.nih.gov/pubmed/30423984
https://doi.org/10.1016/j.dental.2005.02.005
https://www.ncbi.nlm.nih.gov/pubmed/16005508
https://doi.org/10.34172/joddd.2022.029
https://doi.org/10.4012/dmj.2022-068
https://doi.org/10.1016/j.jdsr.2011.03.001
https://doi.org/10.3109/00016357.2013.795660
https://doi.org/10.1163/156856203769231538
https://doi.org/10.1016/S0927-796X(02)00004-9
https://doi.org/10.2147/CCIDE.S302770
https://doi.org/10.3390/polym14132665
https://www.ncbi.nlm.nih.gov/pubmed/35808710
https://doi.org/10.1016/j.ortho.2019.08.011
https://www.ncbi.nlm.nih.gov/pubmed/31466931
https://doi.org/10.1080/0301228X.1975.11743666
https://doi.org/10.1155/2016/6307107
https://www.ncbi.nlm.nih.gov/pubmed/27738633
https://doi.org/10.3126/ojn.v5i1.14495
https://doi.org/10.1043/0003-3219(2006)076[0851:sbsomb]2.0.co;2
https://doi.org/10.1093/ejo/cjm089
https://doi.org/10.1155/2012/951324
https://doi.org/10.1155/2012/310702
https://doi.org/10.1016/j.ijadhadh.2017.12.007
https://doi.org/10.1016/j.jdent.2019.103210
https://www.ncbi.nlm.nih.gov/pubmed/31600535
https://doi.org/10.17219/dmp/108852
https://www.ncbi.nlm.nih.gov/pubmed/31577071
https://doi.org/10.1016/j.cden.2017.06.005
https://doi.org/10.1016/j.dental.2014.08.378
https://www.ncbi.nlm.nih.gov/pubmed/25244927
https://doi.org/10.15171/joddd.2019.015
https://doi.org/10.1016/j.mtbio.2021.100200
https://doi.org/10.1080/01694243.2018.1493834

Bioengineering 2023, 10, 1323 20 of 21

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Han, G.-J.; Chung, S.-N.; Chun, B.-H.; Kim, C.-K.; Oh, K.-H.; Cho, B.-H. Effect of the applied power of atmospheric pressure
plasma on the adhesion of composite resin to dental ceramic. J. Adhes. Dent. 2012, 14, 461-469. [CrossRef]

Han, G.-J,; Kim, J.-H.; Kim, C.-K.; Chung, S.-N.; Chun, B.-H.; Cho, B.-H. Sequential deposition of hexamethyldisiloxane and
benzene in non-thermal plasma adhesion to dental ceramic. Macromol. Res. 2013, 21, 1118-1126. [CrossRef]

Cho, B.-H.; Han, G.-].; Oh, K.-H.; Chung, S.-N.; Chun, B.-H. The effect of plasma polymer coating using atmospheric-pressure
glow discharge on the shear bond strength of composite resin to ceramic. J. Mater. Sci. 2011, 46, 2755-2763. [CrossRef]
Cokeliler, D.; Erkut, S.; Shard, A.G.; Akdogan, E.; Ozden, N,; Imirzahoglu, P.; Mutlu, M. A novel approach for improvement of
the interfacial binding of ceramics for dental materials: Chemical treatment and oxygen plasma etching. J. Appl. Polym. Sci. 2008,
110, 2656-2664. [CrossRef]

PubChem Compound Summary for CID 241, Benzene. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Benzene
(accessed on 23 June 2023).

PubChem Compound Summary for CID 24764, Hexamethyldisiloxane. Available online: https://pubchem.ncbi.nlm.nih.gov/
compound /Hexamethyldisiloxane (accessed on 23 June 2023).

PubChem Compound Summary for CID 7979, Triethylene Glycol Dimethacrylate. Available online: https://pubchem.ncbi.nlm.
nih.gov/compound/Triethylene-glycol-dimethacrylate (accessed on 23 June 2023).

Sobouti, F; Aryana, M.; Dadgar, S.; Alizadeh Navaei, R.; Rakhshan, V. Effects of Novel versus Conventional Porcelain Surface
Treatments on Shear Bond Strength of Orthodontic Brackets: A Systematic Review and Meta-Analysis. Biomed. Res. Int. 2022,
2022, 8246980. [CrossRef] [PubMed]

Zhang, Y.; Lawn, B.R. Novel Zirconia Materials in Dentistry. J. Dent. Res. 2018, 97, 140-147. [CrossRef]

Leitao, C.; Fernandes, G.V.O.; Azevedo, L.P.P; Aratjo, EM.; Donato, H.; Correia, A.R.M. Clinical performance of monolithic
CAD/CAM tooth-supported zirconia restorations: Systematic review and meta-analysis. ]. Prosthodont. Res. 2022, 66, 374-384.
[CrossRef]

Tang, Z.; Zhao, X.; Wang, H.; Liu, B. Clinical evaluation of monolithic zirconia crowns for posterior teeth restorations. Medicine
2019, 98, €17385. [CrossRef]

Kontonasaki, E.; Giasimakopoulos, P.; Rigos, A.E. Strength and aging resistance of monolithic zirconia: An update to current
knowledge. Jpn. Dent. Sci. Rev. 2020, 56, 1-23. [CrossRef]

Kim, J.W,; Covel, N.S.; Guess, P.C.; Rekow, E.D.; Zhang, Y. Concerns of hydrothermal degradation in CAD/CAM zirconia. . Dent.
Res. 2010, 89, 91-95. [CrossRef] [PubMed]

Negreiros, W.M.; de Souza, T.ES.; Noronha, M.D.S.; Lopes, B.B.; Giannini, M. Adhesion of Resin Cement to Zirconia Using Argon
Plasma and Primer. Int. |. Prosthodont. 2021, 34, 796-800. [CrossRef]

Park, C.; Yoo, S.H.; Park, SW.; Yun, K.D,; Ji, M.K,; Shin, ].H.; Lim, H.P. The effect of plasma on shear bond strength between resin
cement and colored zirconia. J. Adv. Prosthodont. 2017, 9, 118-123. [CrossRef]

de Mendonga, B.C.; Negreiros, W.M.; Giannini, M. Effect of aluminum oxide sandblasting, plasma application and their
combination on the bond strength of resin cement to zirconia ceramics. Braz. Dent. Sci. 2019, 22, 275-280. [CrossRef]

Ahn, J.J.; Kim, D.S,; Bae, E.B; Kim, G.C,; Jeong, C.M.; Huh, ].B.; Lee, S.H. Effect of Non-Thermal Atmospheric Pressure Plasma
(NTP) and Zirconia Primer Treatment on Shear Bond Strength between Y-TZP and Resin Cement. Materials 2020, 13, 3934.
[CrossRef] [PubMed]

Pott, P.C.; Syviri, T.S.; Stiesch, M.; Eisenburger, M. Influence of nonthermal argon plasma on the shear bond strength between
zirconia and different adhesives and luting composites after artificial aging. J. Adv. Prosthodont. 2018, 10, 308-314. [CrossRef]
[PubMed]

Liu, T.; Hong, L.; Hottel, T.; Dong, X.; Yu, Q.; Chen, M. Non-thermal plasma enhanced bonding of resin cement to zirconia
ceramic. Clin. Plasma Med. 2016, 4, 50-55. [CrossRef]

Ito, Y.; Okawa, T.; Fukumoto, T.; Tsurumi, A.; Tatsuta, M.; Fujii, T.; Tanaka, J.; Tanaka, M. Influence of atmospheric pressure
low-temperature plasma treatment on the shear bond strength between zirconia and resin cement. J. Prosthodont. Res. 2016, 60,
289-293. [CrossRef]

Altuntas, M.; Colgecen, O.; Ercan, U.K.; Cukur, E. Nonthermal Plasma Treatment Can Eliminate Sandblasting Procedure for
Zirconia-Resin Cement Bonding. Int. ]. Prosthodont. 2022, 35, 752-760. [CrossRef]

Mahrous, A.; Radwan, M.; Emad, B. Effect of Non-Thermal Air Plasma Treatment on Shear Bond Strength of Adhesive Resin
Cement to Zirconia. Egypt. Dent. ]. 2018, 64, 2879-2888. [CrossRef]

de Moura Silva, S.; de Figueiredo, VM.G.; Massi, M.; do Prado, R.E; da Silva Sobrinho, A.S.; de Queiroz, ].R.C.; Nogueira Junior,
L. Silicon-based film on the yttria-stabilized tetragonal zirconia polycrystal: Surface and shear bond strength analysis. . Investig.
Clin. Dent. 2019, 10, €12477. [CrossRef]

Han, G.-J; Kim, J.-H.; Cho, B.-H.; Oh, K.-H.; Jeong, J.-J. Promotion of resin bonding to dental zirconia ceramic using plasma
deposition of tetramethylsilane and benzene. Eur. J. Oral Sci. 2017, 125, 81-87. [CrossRef]

Monteiro, J.B.; Prado, PH.C.O.; Ribeiro Zucco, G.; Campos, T.M.B.; Machado, ].P.B.; Trava-Airoldi, V.J.; de Melo, R.M. High-
Translucency Zirconia Following Chemical Vapor Deposition with SiH4: Evidence of Surface Modifications and Improved
Bonding. J. Adhes. Dent. 2023, 25, 1-12. [CrossRef]

PubChem Compound Summary for CID 6396, Tetramethylsilane. Available online: https://pubchem.ncbi.nlm.nih.gov/
compound/Tetramethylsilane (accessed on 23 June 2023).


https://doi.org/10.3290/j.jad.a25688
https://doi.org/10.1007/s13233-013-1145-z
https://doi.org/10.1007/s10853-010-5149-1
https://doi.org/10.1002/app.28432
https://pubchem.ncbi.nlm.nih.gov/compound/Benzene
https://pubchem.ncbi.nlm.nih.gov/compound/Hexamethyldisiloxane
https://pubchem.ncbi.nlm.nih.gov/compound/Hexamethyldisiloxane
https://pubchem.ncbi.nlm.nih.gov/compound/Triethylene-glycol-dimethacrylate
https://pubchem.ncbi.nlm.nih.gov/compound/Triethylene-glycol-dimethacrylate
https://doi.org/10.1155/2022/8246980
https://www.ncbi.nlm.nih.gov/pubmed/35036438
https://doi.org/10.1177/0022034517737483
https://doi.org/10.2186/jpr.JPR_D_21_00081
https://doi.org/10.1097/MD.0000000000017385
https://doi.org/10.1016/j.jdsr.2019.09.002
https://doi.org/10.1177/0022034509354193
https://www.ncbi.nlm.nih.gov/pubmed/19966039
https://doi.org/10.11607/ijp.7118
https://doi.org/10.4047/jap.2017.9.2.118
https://doi.org/10.14295/bds.2019.v22i2.1721
https://doi.org/10.3390/ma13183934
https://www.ncbi.nlm.nih.gov/pubmed/32899546
https://doi.org/10.4047/jap.2018.10.4.308
https://www.ncbi.nlm.nih.gov/pubmed/30140398
https://doi.org/10.1016/j.cpme.2016.08.002
https://doi.org/10.1016/j.jpor.2016.02.001
https://doi.org/10.11607/ijp.7302
https://doi.org/10.21608/edj.2018.77363
https://doi.org/10.1111/jicd.12477
https://doi.org/10.1111/eos.12316
https://doi.org/10.3290/j.jad.b3801051
https://pubchem.ncbi.nlm.nih.gov/compound/Tetramethylsilane
https://pubchem.ncbi.nlm.nih.gov/compound/Tetramethylsilane

Bioengineering 2023, 10, 1323 21 of 21

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

PubChem Compound Summary for CID 17358, Sulfur Hexafluoride. Available online: https://pubchem.ncbi.nlm.nih.gov/
compound/Sulfur-hexafluoride (accessed on 23 June 2023).

PubChem Compound Summary for CID 23953, Silane. Available online: https:/ /pubchem.ncbi.nlm.nih.gov/compound/Silane
(accessed on 23 June 2023).

Piascik, J.R.; Wolter, S.D.; Stoner, B.R. Development of a novel surface modification for improved bonding to zirconia. Dent. Mater.
2011, 27, €99-e105. [CrossRef]

Piascik, J.R.; Wolter, S.D.; Stoner, B.R. Enhanced bonding between YSZ surfaces using a gas-phase fluorination pretreatment. J.
Biomed. Mater. Res. B Appl. Biomater. 2011, 98, 114-119. [CrossRef] [PubMed]

Piascik, J.R.; Swift, E.J.; Braswell, K.; Stoner, B.R. Surface fluorination of zirconia: Adhesive bond strength comparison to
commercial primers. Dent. Mater. 2012, 28, 604—-608. [CrossRef]

Karakis, D.; Akay, C.; Pat, S. Effect of Argon Plasma on the Shear Bond Strength of Y-TZP Zirconia Ceramic Resin Interface. ECS J.
Solid State Sci. Technol. 2021, 10, 051005. [CrossRef]

Uno, M.; Kawaki, H.; Ishigami, H.; Yokogawa, Y.; Doi, Y. Effects of silica sputtering on adhesion between zirconia and composite
resin cores. Dent. Mater. J. 2021, 40, 1014-1019. [CrossRef] [PubMed]

de Queiroz, J.R.C.; Duarte, D.A.; de Assuncao e Souza, R.O.; Fissmer, S.F.; Massi, M.; Bottino, M.A. Deposition of SiOx thin films
on Y-TZP by reactive magnetron sputtering: Influence of plasma parameters on the adhesion properties between Y-TZP and resin
cement for application in dental prosthesis. Mater. Res. 2011, 14, 212-216. [CrossRef]

El-Shrkawy, Z.R.; El-Hosary, M.M.; Saleh, O.; Mandour, M.H. Effect of different surface treatments on bond strength, surface and
microscopic structure of zirconia ceramic. Future Dent. |. 2016, 2, 41-53. [CrossRef]

Egoshi, T.; Taira, Y.; Sakihara, M.; Kamada, K.; Sawase, T.; Murata, H. Effects of air abrasion and glow-discharge plasma treatment
on bonding resin cement to ceria-stabilized zirconia/alumina nanocomposite. Dent. Mater. ]. 2019, 38, 437-443. [CrossRef]
Noro, A.; Kameyama, A.; Haruyama, A.; Takahashi, T. Influence of hydrophilic pre-treatment on resin bonding to zirconia
ceramics. Bull. Tokyo Dent. Coll. 2015, 56, 33-39. [CrossRef]

Laborie, M.; Naveau, A.; Menard, A. CAD-CAM resin-ceramic material wear: A systematic review. J. Prosthet. Dent. 2022, in press.
[CrossRef]

Silva, J.; Engler, M.L.P.D.; Baumgardt Barbosa Lima, R.; Jestis Suarez, M.; Guy Oliver Salomon, J.-P.; Maziero Volpato, C.A. Color
stability of a resin nanoceramic after surface treatments, adhesive cementation, and thermal aging. J. Prosthet. Dent. 2022, 127,
498.e491-498.e498. [CrossRef] [PubMed]

Zhu, X.; Shi, J.; Ye, X.; Ma, X.; Zheng, M.; Yang, Y.; Tan, J. Influence of Cold Atmospheric Plasma on Surface Characteristics and
Bond Strength of a Resin Nanoceramic. Materials 2022, 16, 44. [CrossRef] [PubMed]

Zhang, Y.; Vardhaman, S.; Rodrigues, C.S.; Lawn, B.R. A Critical Review of Dental Lithia-Based Glass—-Ceramics. J. Dent. Res.
2023, 102, 245-253. [CrossRef] [PubMed]

Pollington, S. Novel glass-ceramics for dental restorations. J. Contemp. Dent. Pract. 2011, 12, 60-67. [CrossRef]

Alayad, A. Influence of lithium disilicate pretreatment using photodynamic therapy, non-thermal plasma, and laser treatment on
surface roughness and bond strength. Photodiagnosis Photodyn. Ther. 2023, 42, 103512. [CrossRef] [PubMed]

Bitencourt, S.B.; Piacenza, L.T.; Souza, ] P.D.V,; da Silva, E.V.E; Rangel, E.C.; Bardo, V.A.R.; Goiato, M.C.; Dos Santos, D.M. The
Effect of Different Plasma Treatments on the Surface Properties and Bond Strength between Lithium Disilicate and Resin Cement.
J. Adhes. Dent. 2020, 22, 531-538. [CrossRef]

Derand, T.; Molin, M.; Kvam, K. Bond strength of a composite luting agent to alumina ceramic surfaces. Acta Odontol. Scand.
2006, 64, 227-230. [CrossRef]

de Castro, E.F.; Azevedo, V.L.B.; Nima, G.; de Andrade, O.S.; Dias, C.T.D.S.; Giannini, M. Adhesion, Mechanical Properties, and
Microstructure of Resin-matrix CAD-CAM Ceramics. |. Adhes. Dent. 2020, 22, 421-431. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://pubchem.ncbi.nlm.nih.gov/compound/Sulfur-hexafluoride
https://pubchem.ncbi.nlm.nih.gov/compound/Sulfur-hexafluoride
https://pubchem.ncbi.nlm.nih.gov/compound/Silane
https://doi.org/10.1016/j.dental.2011.01.005
https://doi.org/10.1002/jbm.b.31840
https://www.ncbi.nlm.nih.gov/pubmed/21504059
https://doi.org/10.1016/j.dental.2012.01.008
https://doi.org/10.1149/2162-8777/abfc25
https://doi.org/10.4012/dmj.2020-363
https://www.ncbi.nlm.nih.gov/pubmed/33828000
https://doi.org/10.1590/S1516-14392011005000032
https://doi.org/10.1016/j.fdj.2016.04.005
https://doi.org/10.4012/dmj.2018-029
https://doi.org/10.2209/tdcpublication.56.33
https://doi.org/10.1016/j.prosdent.2022.01.027
https://doi.org/10.1016/j.prosdent.2021.12.003
https://www.ncbi.nlm.nih.gov/pubmed/34973836
https://doi.org/10.3390/ma16010044
https://www.ncbi.nlm.nih.gov/pubmed/36614395
https://doi.org/10.1177/00220345221142755
https://www.ncbi.nlm.nih.gov/pubmed/36645131
https://doi.org/10.5005/jp-journals-10024-1011
https://doi.org/10.1016/j.pdpdt.2023.103512
https://www.ncbi.nlm.nih.gov/pubmed/36935048
https://doi.org/10.3290/j.jad.a45183
https://doi.org/10.1080/00016350600613666
https://doi.org/10.3290/j.jad.a44874

	Introduction 
	Materials and Methods 
	Feldspathic Porcelain 
	Cold Atmospheric Plasma (CAP) 
	Plasma Etching 
	Summary 

	Zirconia 
	Cold Atmospheric Plasma (CAP) 
	CAP with Argon 
	Helium CAP 
	CAP with Unspecified Gas 

	Plasma-Enhanced Chemical Vapor Deposition (PECVD) 
	Fluorination 
	Magnetron Sputtering 
	Plasma Etching 
	Silica Coating 
	Radiofrequency Plasma Spraying 
	Glow-Discharge Plasma 
	Plasma Irradiation 
	Summary 

	Other Ceramics and Ceramic-Containing Materials 
	Resin Nanoceramics (RNC) 
	Glass-Ceramics 
	Alumina Ceramics 
	Polymer-Infiltrated Ceramic Network (PICN) 

	Discussion 
	Conclusions 
	References

