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Abstract: This study evaluated the effectiveness of atmospheric pressure plasma jet (APPJ) treatment
on the surface characteristics and bond strength of zirconia and lithium disilicate ceramics for
CAD-on restorations. A total of 70 cylindrical-shaped specimens of lithium disilicate and 70 disc-
shaped specimens of Y-TZP zirconia were machined, thermally processed, surface-treated, and
then resin-bonded. The specimens were grouped according to the following surface treatments: no
surface treatment, sandblasting, plasma, sandblasting followed by plasma, sandblasting followed by
universal adhesive, plasma followed by universal adhesive, and sandblasting and plasma treatment
followed by universal adhesive. The treated surfaces were subjected to a wettability assessment
via contact angle measurement and a topography assessment using scanning electron microscopy
(SEM). The cemented assembly was subjected to shear bond strength testing with a universal testing
machine, and the results were imported to SPSS 23.0 for statistical analysis. The results show that
APP] treatment induced a significantly low contact angle for both ceramics with no surface alteration
upon scanning. Moreover, APP] treatment produced a bonded assembly with a shear bond strength
comparable to sandblasting. In conclusion, APPJ treatment should be considered an efficient surface
treatment with a non-destructive nature that surpasses sandblasting with the provision of a high
shear bond strength between CAD-on ceramics.

Keywords: plasma jet; ceramic surface treatment; CAD-on; zirconia; lithium disilicate; universal
adhesive

1. Introduction

Plasma implementation has been surging in popularity within many related medical
and dental fields. The application of plasma has two approaches: the therapeutic approach
for vital tissues or the surface treatment of restorative and prosthetic materials. The latter
application is intended for surface modification along with bioactive coating, which is used
in implant manufacturing or surface modification to aid in enhanced interfacial bonding [1].
When the aim is to join different substrates, it is crucial to allow for complete flow of
the adhesive over the adherent surfaces. Hydrophilic surfaces are difficult to completely
wet, which limits the spread of the adhesive layer and, in turn, may result in interfacial
void formation or improper interaction with the adherent interface. As a consequence,
the resultant interface will be vulnerable to debonding and failure over time. Ceramic
surfaces are hydrophobic in nature and thus require further surface treatment before
bonding. This treatment is a deliberate surface modification aimed at increasing the surface
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energy of the hydrophobic surface, decontaminating the interface, and providing a high
surface area free of shallow micro-irregularities [2]. In studying the bonding mechanism,
the initiation of reactive groups on the material surface is essential to attain a wettable
surface and successful bonding. Inertness and hydrophilicity properties, such as those
found in zirconia, demonstrate poor bonding, which has been attributed to an extreme
decrease in the reactive (OH) groups that are essential for subsequent bonding [2,3]. Surface
modification is eventually required for all ceramic types, such as glass ceramics [4]. Plasma
surface treatment acts by shooting ionized particles onto the target surface to create the ideal
microenvironment for improved surface energy and wettability [5,6]. This process results
in the production of reactive species or groups on the treated surface without alteration of
its structure, namely OH, O3, HyO,, and NO [7], coupled with cleaning action [8]. Plasma
is generated in one of the following two forms: thermal plasma [9] or cold plasma [10].
The cold (non-thermal) atmospheric pressure plasma method, abbreviated as CAPP [11] or
NTAPP [1], has the marked characteristic of target preservation, which surpasses the other
plasma types. This target preservation characteristic is achieved by preventing overheating
by maintaining the temperature relatively within the range of the room temperature. Such
characteristics are important for applications in living tissues and materials susceptible
to thermal deterioration [1,12]. Other favorable features of the NTAPP method were
evidenced by the simplicity of plasma generation, such as its low cost, short application
time, and relative ease of implementation [11,13,14]. Plasma can be generated under two
atmospheric conditions: low atmospheric pressure and atmospheric pressure. A carrier gas,
such as argon, helium, nitrogen, or oxygen, is essential in plasma applications [11]. There
are numerous processes that can be utilized in the production of the cold (non-thermal)
atmospheric pressure plasma method, such as dielectric barrier discharge, corona discharge,
gliding arc discharge, and plasma jet. Moreover, various types of plasma applications with
different parameters and gas atmospheres have been investigated with mandatory in-lab
preparation [15,16].

Generally, handheld plasma devices known as atmospheric pressure plasma jets
(APPJs) have the advantage of simplified application and ease of usage within the in-office
clinical setting for the delivery of the cold (non-thermal) atmospheric pressure plasma
method due to the exclusion of the vacuum element surrounding the reactor. These devices
have the option of working within ambient air, without the need for a carrier gas [11].
Compact devices such as plasma pens, needles, torches, or brushes all fall under the
category of APPJs. Plasma generated using a Piezobrush® PZ3 is considered a type of APPJ
and is referred to as piezoelectric direct discharge (PDD) because it utilizes a piezoelectric
transformer with resultant high-voltage AC power [17-19].

The joining of two machinable ceramic interfaces is proposed under the CAD-on
concept. This process is carried out via an integrated virtual design of the substructure
framework and the veneering structure, followed by milling. The introduction of the CAD-
on technique gave rise to the term tri-layer [20] or multilayer [21,22]; the latter term is more
common in the literature. The CAD-on was proposed to render the fabrication process
totally digitally driven and to overcome the inherent chipping of conventional porcelain
veneering [23,24]. Digital incorporation of the CAD-on approach concept allowed for
more consistent and standardized fabrication of veneering with fewer firing cycles and, in
turn, less construction time compared with lengthy hand-layering techniques [23,25]. The
CAD-on milled structure is joined to the underlying framework via either an intervening
heat-treated layer of fusion glass—ceramic or resin cementation [26]. The advantages of the
simple technique of joining CAD-on structures with resin cementation have been discussed
in the literature [27-29]. A feldspathic-based machinable ceramic [22] has been proposed for
CAD-on veneering, while high-strength glass ceramics such as lithium disilicate have also
been implemented with advantageous strength properties [30,31]. Resin-based machinable
ceramics could also be used, but without further heat treatment [32]. Another advantageous
aspect of the CAD-on concept is its consideration for the intraoral repair of chipped or
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delaminated fixed dental prostheses [33]. Generally, intraoral repair is undertaken to
overcome the shortcomings of chipped restoration, without further replacement [34,35].

One of the most detrimental factors for ceramic bonding is the application of a com-
patible surface treatment prior to joining the different substrates. In turn, several surface
treatments have been elaborated and/or combined together for the sake of creating strong
and stable bonded interfaces [36]. Ideally, the adherent surface should be decontaminated
and/or treated to provoke free surface energy. The boosting of surface energy has been
correlated with enhanced wettability, and hence, results in low contact angle values [37,38].
In broad terms, air-borne particle abrasion has been routinely incorporated with various
surface treatments of either acid-resistant or acid-sensitive ceramics [39,40]. Due to the
nature of polycrystalline zirconia, the further application of functional monomers, mainly
Methacryloyloxydecyl Dihydrogen Phosphate (MDP), has been recommended. In the case
of decontaminated silica-based ceramics, a silane coupling agent should be applied prior to
resin cementation [41,42]. Universal adhesives have been proposed for the simplification
of bonding procedures, on either a tooth or a ceramic substrate. In a study of ceramic
substrates, a universal adhesive incorporating MDP and silane coupling agent was used
to promote bonding between resin cement and polycrystalline ceramics or silica-based
ceramics [43].

The decontamination procedure is performed using acid etching or sandblasting. This
procedure results in the creation of micro-irregularities along with an increase in the surface
area, which is favored for optimum bonding. Such micro-irregularities are evidenced by the
increase in the surface roughness of the treated surface or prominent changes in the surface
topography upon SEM scanning. On the other hand, an immensely roughened surface
could adversely affect the bond strength, as in the prolonged etching of glass ceramics or
uncontrolled abrasion of polycrystalline ceramics [44]. Significant disagreement [45,46]
has been reported in the literature regarding sandblasting of the zirconia interface, with
some results demonstrating stress-induced phase transition and tetragonal-monoclinic
transformation. Despite the resultant satisfactory bond strength and high surface energy
achieved with sandblasting, a continuous search for other alternatives is required to avoid
the possible resultant weak phase transition [47,48].

In this study, in an attempt to analyze failures of bonded interfaces between prosthetic
substrates and within a simulated in vitro environment, shear bond strength, as indicative
of the bonding quality, was investigated.

The objective of this study was to evaluate the effect of plasma applied via APP]
devices as a surface treatment (separately or combined) for zirconia and lithium disilicate.
A wettability assessment and surface topography scanning of the ceramic surfaces were car-
ried out and the shear bond strength of the bonded interface mimicking CAD-on layers was
measured. It was hypothesized that plasma surface treatment via APPJ devices—applied
separately or combined with other surface treatments—would not affect the wettability
and surface topography of treated surfaces and would not provide an acceptable shear
bond strength for ceramic bonding.

2. Materials and Methods

In this in vitro study, two types of machinable ceramic materials, zirconia and lithium
disilicate, were used to assess the impact of APP] surface treatment, both separately and
combined with other treatments. An initial power analysis was performed using a two-
tailed test to assess the difference between the two independent group means, a medium
effect size (d = 0.50) and an alpha of 0.05. The results demonstrated that a power of
0.80 required a total sample of 10 specimens for each group. A total of 70 disc-shaped
zirconia specimens (Copran® Zri, White Peaks, Essen, Germany) and 70 cylindrical-shaped
lithium disilicate glass—ceramic specimens (IPS e.max CAD, Ivoclar Vivadent, Schaan,
Liechtenstein) were used in this study. The materials used, their composition, and their
manufacturer information are described in Table 1.
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Table 1. Brand, composition & manufacturers of the materials used in this study.

Material/Type Composition (Manufacturers’ Data) Manufacturer
Ie ® 70 | Y,035: 4.5-5.35%, Al,O3: 0.15-0.35%, Iron
opran — £I hydroxide3: 0-0.01%, Other Oxides: White Peaks, Essen, Germany
(ZR) Group o
0-0.06%
SiO,: 57.0-80.0, Li,O: 11.0-19.0, K, O:
IPS e.max CAD 0.0-13.0, P,Os5: 0.0-11.0, ZrO,: 0.0-8.0, . . .
(LDS) Group Zn0: 0.0-8.0, Other and colouring oxides: Ivoclar Vivadent, Schaan, Liechtenstein

0.0-12.0

Maxcem Elite™ Self-Etch /Self-Adhesive

Dual Cure Resin Cement.

Hazardous Ingredients: Uncured
Methacrylate Ester Monomers. Other
ingredients: Non-hazardous inert mineral Kerr, Brea, CA, USA
fillers, Ytterbium Fluoride, activators,
stabilizers, and colorants.

3M™ Single Bond Universal Adhesive

MDP phosphate Monomer,
Dimethacrylate resins, HEMA, Vitrebond
Copolymer, Filler, Ethanol, Water,
Initiators, Silane

3M, Saint Paul, MN, USA

2.1. Specimen’s Preparation

The zirconia specimens (Copran® Zri) were trephined out of a large blank (98 x 18) to
obtain a cylindrical structure with a 10 mm diameter. Then, using a precision saw (BUEHLER
Isomet-5000), each zirconia cylinder was sliced to create disc-shaped specimens measuring 2
mm thick. Cutting was carried out under running water with a blade speed of 1200 rpm, a
blade thickness of 0.5 mm, and a load of 100 g. To eliminate the extra thickness of the discs, a
fine-grit sandpaper disc fitted on a polishing machine (AutoMet250, Buehler Ltd., Lake Bluff,
IL, USA) was utilized. Lithium disilicate glass—ceramic (IPS e.max CAD, Ivoclar Vivadent)
was trephined out of a C 14 block to obtain cylinder-shaped specimens, measuring 5 mm
in diameter and 4 mm in height, and then prepared in the same manner as the previous
specimens. The specimens were prepared according to the shear bond ISO standard (ISO
29022: 2013 Dentistry—Adhesion-Notched- edge shear bond strength Test) [49].

The specimens from each ceramic material (N = 70) were further divided into seven
groups based on the surface treatment used, as shown in Figure 1, with n = 10 for each
intended surface treatment. The control (C) group received no surface treatment.

Machinable Zivconia & Lithium Disilicate
Ceramic
Materials Z Disc-shaped (10 mm x 2 mm) and LD Cylindrical-shaped specimens (5 mm x 4 mm), each material N=70
C S P SP SN PN SPN
Surface «Control Sandblasting *Plasma d & balsting & * Plasma & * Sandblasting,
No treatment Group Group * Plasma * Universal * Universal * Plasma &
Treatments Group *n=10 *n=10 Group Adhesive Adhesive » Universal
*n=10 *n=10 Group Group Adhesive
*n=10 *n=10 Group
*n=10
Cementation Dual Cure Resin Cement.
Wettability a
Testing Testing of treated surfaces for Groups (C =S =P —SP) Only
[
SEM Scanning of treated surfaces for Groups (C —S —P — SP) Only
Scanning
Shear Bond
Strength Testing of cemented assembly for All Groups
Testing

Figure 1. Testing setup chart and specimen grouping.
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2.2. Specimens Surface Treatments

Sandblasting was conducted using 50 um Aluminum Oxide (Al,Os3 particles) at a 90°
angle for 10 s at a 15 mm distance under 2 bar pressure. The plasma surface treatment was
generated and applied via a handheld APPJ (Piezobrush PZ3, Relyon plasma, Regensburg,
Germany) for 30 s at a 5 mm distance with 80% of the power. The plasma parameters and
device used are presented in Table 2.

Table 2. Plasma Parameters.

Type of

Plasma Type Delivery Model Gas Medium Duration Distance to the Powe-r of
i Target Device
Device Power
Piezoelectric (Piezobrush PZ3,
APPJ direct discharge Relyon plasma, Ambient Air 30s 5 mm 80%

Regensburg, Germany)

In terms of adhesive application, a disposable micro-brush was used to coat the
zirconia surfaces with the silane and MDP-containing universal adhesive (3M Single Bond
Universal Adhesive). Air thinning of the adhesive was performed using a triple syringe
connected to a dental unit at a pressure of 40-50 psi and approximately 10 mm from the
zirconia surface until there was no movement of the adhesive. Light curing was performed
for 20 s perpendicular to the zirconia surface (Dentsply QHL75 Dental Curing Light,
Dentsply Sirona USA, Charlotte, NC, USA). The sequence of surface treatments in multiple
combinations was conducted in the order presented in Figure 1. Each cylindrical-shaped
specimen of the lithium disilicate ceramic was cemented over the disc-shaped specimens
of the zirconia ceramic after the application of the predetermined surface treatment. The
cementation process of the lithium disilicate cylinder on the zirconia disc was conducted
using Self-Etch/Self-Adhesive Dual Cure Resin Cement (Maxcem Elite) immediately after
the application of the designated surface treatment. A standardized load of 5 Kg was used
to hold the specimens for 15 min until the cement was set. The final assembly that was
mounted in the testing machine is illustrated in Figure 2.

Load

4

Emax

Zirconia

Figure 2. Specimen assembly.
2.3. Specimens Testing
2.3.1. Shear Bond Strength

The shear bond strength test was carried out according to 1ISO29022 using a universal
testing machine (Instron 5965; Instron Co., Norwood, MA, USA). A 5 kN load cell was
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applied in parallel with the bonded surfaces at a crosshead speed of Imm /min using a
knife-edge-shaped tip. The highest breaking force required to break the prepared specimens
was measured in newtons (N), and the shear bond strength (SBS) was determined using
the formula R = F/A, where “R” is the shear bond strength (MPa), “F” is the force needed
to separate the specimen, and “A” is the area of the interface (mm?), A = 7tr?, where “R” is
the radius of the tooth base.

2.3.2. Contact Angle

The sessile drop method was used to calculate the contact angle [50]. This was mea-
sured on both treated surfaces of zirconia and lithium disilicate discs before the cementation
procedure. A digital camera and micro-lens were used to record the contact angle for all
specimens, except for specimens in the groups incorporating adhesive application, i.e., the
SN, PN, and SPN groups. An LED light with a collimating filter was set up behind the
sample. The contact angles were measured at a room temperature of 20 °C. A pipette was
used to create a drop of distilled water (10 uL) on the specimen’s surface. The water drop
photos were recorded 15 s after application and analyzed with Image J software (Version
1.54g) [51]. The procedure was carried out three times for each specimen, and the results
were averaged in order to determine the contact angle for each specimen and group.

2.3.3. Scanning Electron Microscopy (SEM)

One sample from each group was evaluated via SEM (FEIL Inspect S50, Czech Republic)
with 1000X magnification to assess the surface topography.

2.4. Statistical Analysis

SPSS 23.0 (SPSS Inc., Chicago, IL, USA) was used to conduct statistical analysis.
The mean and standard deviation (SD) were used for descriptive statistics. To compare
the means of the different groups, a one-way ANOVA test was employed. Tukey’s test
was also used to determine the statistically significant potential pair means among the
groups studied.

3. Results
3.1. Contact Angle Test

The means and standard deviations of the contact angles of lithium disilicate and
zirconia materials are presented in Table 3. It was discovered that the plasma group had the
lowest contact angle in both lithium disilicate (23.99° + 5.03) and zirconia (23.35° £ 5.51)
materials, with a significant difference compared with all other tested surface treatments
(p < 0.05). The control group in both ceramics had the highest contact angles, with
a significant difference compared with all other tested surface treatments (p > 0.05).
Figure 3 shows the contact angles of the zirconia/lithium disilicate specimens after different
surface treatments.

Table 3. Contact angle of Zirconia & Lithium Disilicate specimens after different surface treatments.

Contact Angle (°) Mean/Std Dev

Surface Tx/Materials

Lithium Disilicate Zirconia
(C) Control Group 53.15+ 3.61 4 77.34 + 6.03 A
(S) Sandblasting Group 39.92 42528 52.84 +£ 4518
(P) Plasma Group 23.99 +5.03 € 23.35 + 551D
(SP) Sandblasting + Plasma Group 37.70 + 4.16 B 3541 +5.13¢€

Levels not connected by same letter per column are significantly different.
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Emax Zirconia

Figure 3. The contact angle of zirconia/lithium disilicate specimens after different surface treatments.
(A) no treatment; (B) sandblasting; (C) plasma; and (D) plasma and sandblasting.

3.2. Scanning Electron Microscopy (SEM)

The surface topography determined using scanning electron microscopy (SEM) for
both ceramics after the different surface treatments is shown in Figure 4. In the zirconia
groups, pronounced irregular surfaces were evidenced upon scanning specimens that
received either sandblasting only or plasma-and-sandblasting surface treatments. However,
irregular and rougher surfaces were observed in sandblasted lithium disilicate-treated
surfaces (Figure 4B,D). Plasma-treated surfaces for both zirconia and lithium disilicate
revealed virtually no topography changes when compared with the other implemented
surface treatments (Figure 4C).

Zirconia

Lithium Disilicate

Figure 4. Scanning electron microscopy images of zirconia/lithium disilicate specimens after different
surface treatments. (A) no treatment; (B) sandblasting; (C) plasma; and (D) plasma and sandblasting.

3.3. Shear Bond Strength Test

Table 4 reveals the means and standard deviations of the shear bond strength test.
The untreated control group exhibited the lowest shear bond strength, with a significant
difference (p < 0.05) compared with the (S), (P), (SP), and (SN) groups. The plasma alone
group (P) exhibited the highest shear bond strength value, but this was not statistically
significant compared with sandblasting groups (S), (SP), and (SN), with (p > 0.05). In terms
of the failure mode, all specimens in all groups showed adhesive failure, with no incidence
of cohesive or mixed failure detected.



Prosthesis 2024, 6

1235

Table 4. Shear bond strength means and standard deviations of all tested groups.

Surface Tx Mean/Std Dev (MPa)
(C) Control group 6.42 +2.13€

(S) Sandblasting group 10.28 +2.154

(P) Plasma group 10.31 + 1.68 A
(SP) Sandblasting + plasma group 1033 £2.354
(SN) Sandblasting + universal adhesive group 8.77 +1.8548
(PN) Plasma + universal adhesive group 6.94 +1.87 BC
(SPN) Sandblasting + plasma + universal adhesive group 8.20 +2.44 BC

Levels not connected by the same letter are significantly different.

4. Discussion

The impact of the handheld plasma device (APPJ) on the wettability, surface topogra-
phy, and shear bond strength of resin-cemented CAD-on ceramics is a matter of concern.
It was hypothesized that plasma surface treatment via APPJ would not affect the wetta-
bility or surface topography or provide acceptable shear bond strength between bonded
ceramics. The null hypothesis was partially rejected, as the APPJ surface treatment resulted
in improved wettability and acceptable shear bond strength while preserving the surface
topography of the treated surfaces.

The proposal of the zirconia-lithium disilicate assembly was intended to mimic and
support the usage of lithium disilicate as a CAD-on veneering over a zirconia framework
with low chipping or delamination incidence [23]. Fusion glass—ceramic was originally
recommended for joining the CAD-on, with reported improved strength [21,25]. However,
cemented CAD-on over a custom zirconia abutment demonstrated significant loading
fracture values when compared with heat-fused CAD-on [26]. Another comparable result
was gained upon fatigue and static load failure for both fusion glass—ceramic and the
cementation of CAD-On [27]. In the present study, the resin cementation method was
selected for joining the CAD-on assembly to avoid residual stresses [28], which alleviates
the success rate by suppressing crack propagation while circumventing additional thermal
treatment [29]. In addition, the resin cementation method could be applied in the repair
of existing delaminated restorations [33]. The usage of resin cementation rather than heat
fusion with CAD-on has extended the range of available materials for veneering to include
machinable resin-based materials [32].

Studies have shown that untreated ceramic surfaces demonstrate remarkable hy-
drophilicity, especially zirconia [2,3]. Similarly, in the present study, untreated ceramic
surfaces demonstrated significant hydrophilicity, with contact angle values coincident with
those in previous studies, for lithium disilicate and zirconia [38]. Within the tested mate-
rials, a higher contact angle value was observed with the untreated zirconia surface than
the untreated lithium disilicate, thus supporting the previously reported hydrophilicity
of zirconia. Sandblasting of both ceramics revealed a progressive reduction in the contact
angle measurement with alignment to the aforementioned studies [4,38]. Sandblasting
is considered a sensitive technique with a variable outcome due to the numerous incor-
porated settings, i.e., particle size, pressure, and time [40]. The application of various
plasma types has generally been shown to be beneficial in the provision of improved wetta-
bility [5,6]. Within the literature, APPJs have been relatively poorly explored, with little
documentation on ceramic wettability. Utilizing APP]J devices, a previous study revealed
improved wettability with lower contact angle values [19]. In our study, plasma surface
treatment alone for both treated ceramic surfaces exhibited the lowest contact angle values
among all tested surface treatments, revealing the efficacy of APPJs in providing vastly
improved wettability. Additionally, the APPJ treatment revealed enhanced wettability
for both tested ceramics in the same manner, providing almost the same contact angle
values. The remarkable hydrophilicity of zirconia was inverted to the lower level, with no
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difference from plasma-treated lithium disilicate. The combination of sandblasting and
plasma surface treatment resulted in significantly better wettability than the sandblasting
groups but significantly lower wettability than the plasma groups. This may be due to the
reported possible contamination from blasting particles [48].

The non-destructive nature of plasma has been further explained in a study using elec-
tron microscopy scanning [19]. Plasma-treated surfaces in our study showed homogenous
unchanged surfaces rather than rough or irregular surfaces created by sandblasting. It
has been stated that all sandblasting conditions can cause surface deterioration and phase
transformation of zirconia to a variable extent, even with low particle size. Such defects
could be reflected in the structural durability of zirconia restoration [47,48]. Sandblasting
had variable effects on the tested ceramics; lithium disilicate was more affected than zirco-
nia, as evidenced by the prominent surface irregularities revealed via electron microscopy
scanning. This result could be attributed to the material properties, with the characteristic
improved hardness of zirconia rendering its surface more resistant than high-strength
glass—ceramic [3].

The testing of the hypothesized surface-treated zirconia-lithium disilicate interface
has only been investigated in terms of shear bond strength, and high clinical survival of the
same CAD-on concept was reported in one study [25]. Moreover, the resin-ceramic inter-
face is usually tested under different sandblasting conditions. The results of a ceramic-resin
interface investigation showed high shear bond strength [39] but with doubts regarding the
preservation of structural durability, especially with blasted zirconia [48]. In the present
study, shear bond testing was focused on ceramic interfaces bonded using resin cemen-
tation. The plasma surface treatment generated using an APPJ device as a conventional
sandblasting surface treatment was significant in producing a high shear bond strength,
and the best results were achieved when both plasma and sandblasting were implemented
together. The provision of surface reactive species, enhanced wettability, and the cleaning
action of plasma application could be attributed to such results [7,8]. The incorporation
of a universal adhesive (silane and MDP-containing adhesive) with either sandblasting
or plasma surface treatment resulted in a decrease in shear bond strength; moreover, this
result was non-significant when combined with sandblasting and significant with plasma
application. Such findings may be attributed to the deposition of an extremely thin layer
of resin that could subsequently compromise bond strength [52]. Previous studies have
challenged the claim of the multipurpose applicability of universal adhesive (silane and
MDP-containing adhesive) on indirect ceramic restoration, noting its shortcomings in terms
of long-term performance [43].

In this study, it was apparent that APPJ application effectively improved wettabil-
ity, even in the case of tough hydrophilic surfaces with a low surface treatment effect or
structural deterioration, and produced high shear bond strength values. Therefore, the
application of APP] devices could be considered as a non-destructive replacement for
the traditional sandblasting surface treatment, coupled with the simplification of plasma
application within in-office settings. Compared with other types of plasma, APP]J treat-
ment produced satisfactory results. This renders APPJ treatment an applicable method
for ceramic surface treatment or bonding ceramic interfaces rather than relying on labo-
ratory plasma production or destructive mechanical sandblasting. Clinically, it could be
feasible to use APP] devices in treating ceramics within in-office settings. Ceramics are
bonded together in CAD-on assembly or even CAD-on repair and in the joining of multiple
prosthetic structures over an implant abutment.

As a limitation within testing, further investigations into surface treatments under
different settings and/or combinations could be beneficial in the determination of the
optimum ceramic treatment. Hence, investigations on variable sandblasting conditions,
such as particle size and pressure or other ceramic primers and combinations, are crucial.
Ceramic decontamination using APPJs could also be explored, as such contamination is
responsible for compromised resin adhesion in indirect ceramic restorations.
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In line with mimicking oral conditions, future testing under cyclic loading or aging
effects could be relevant to determining long-term performance. Additionally, X-ray
diffraction analyses of treated ceramic structures under the tested conditions could also
be considered.

5. Conclusions

Within the limitations of this in vitro study, the following conclusions can be drawn.
Surface treatments had a pronounced effect on surface characteristics and the shear bond
strength between ceramics and the proposed CAD-on assembly. The plasma surface treat-
ment (with handheld jets, APPJs) revealed the advantage of inducing vastly improved
wettability while being non-destructive, preserving the surface integrity with no topograph-
ical surface alteration. The APPJ surface treatment resulted in significant bond strength
when applied separately or combined with sandblasting. However, the incorporation of
universal adhesives negatively affected the bonding of the proposed assembly. Lastly,
randomized clinical studies are required to validate actual clinical performance.
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