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Preface to ”Recent Advances in Biomaterials and
Dental Disease”

The researchers involved in this reprint will continue their studies to improve the existent dental

biomaterials in order to achieve optimal dental treatment with biocompatible, bioactive, and stable

properties. As the Guest Editors, we sincerely value and thank the reviewers for their insightful

comments and the support of the team at Bioengineering. Finally, we express our gratitude to all

contributing authors for their valuable research. Altogether, the 16 research papers/reviews in this

Special Issue entitled “Recent Advances in Biomaterials and Dental Disease“ reflect the importance

of in vitro and in vivo studies for improving the efficacy of using biomaterials in dental treatment.

Naji Kharouf, Salvatore Sauro, and Davide Mancino

Editors
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1. Introduction

Oral cavities provide an entry point for food and nutrients. Teeth consist of various
hard and soft tissues, such as enamel, dentin, cementum, dental pulp, and the root canal
system. Adsorbed macromolecules which are delivered by bacteria, blood, saliva, gingival
fluids, particles, and molecules from the diet comprise the salivary pellicles [1]. Oral
bacteria can adhere to the enamel surfaces (Figure 1) and demineralize dental hard tissues,
resulting in the development of dental caries.
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1. Introduction 

Oral cavities provide an entry point for food and nutrients. Teeth consist of various 

hard and soft tissues, such as enamel, dentin, cementum, dental pulp, and the root canal 

system. Adsorbed macromolecules which are delivered by bacteria, blood, saliva, gingival 

fluids, particles, and molecules from the diet comprise the salivary pellicles [1]. Oral bac-

teria can adhere to the enamel surfaces (Figure 1) and demineralize dental hard tissues, 

resulting in the development of dental caries. 

 

Figure 1. Scanning electron microscopy (SEM) shows the adhesion of oral biofilm to the enamel 

surface. 
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2. Individual Contribution
2.1. Enamel and Dentin Restoration

Once caries are established in the enamel and dentin structures, they can be eliminated
with burs; then, the enamel and dentin structures can be restored with direct or indirect
dental restorations [2–5]. These restorative biomaterials bond effectively to dental tissues,
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providing both durability and aesthetically satisfactory results [2,4,6,7]. Different desen-
sitizers can produce chemical interactions with dentinal structures; these can be used in
luting cements and may impact their bonding and sealing properties [8].

2.2. Modifications of Coronal Restorative Materials

Researchers have been working to improve the biological properties of coronal restora-
tive biomaterials through adding bioactive molecules to their composition in order to
ensure antibacterial and antioxidant properties [2,9]. Kharouf et al. [2] used pyrogallol
to modify a dental adhesive. They reported that pyrogallol, a polyphenol–vegetable tan-
nin, may preserve the polymer–dentin bonding interface and provide a certain degree of
antibacterial activity.

2.3. Root Canal Treatment

Once bacteria arrive in the root pulp system, an endodontic treatment should be
performed. The choice of endodontic treatment depends on the clinical situation [10].

Vital pulp therapy could be performed using pulp capping, partial pulpotomy, of full
pulpotomy therapy [11–13]. Successful endodontic treatment consists of an appropriate
access cavity [14], good shaping [15], proper cleaning using irrigants [16], and an optimal
3D obturation for the root canal system using sealer and gutta-percha [10,17,18]. Endodon-
tic sealers must be used with gutta-percha to entomb the bacteria and ensure optimal
sealing for the root canal system [19]. Several endodontic materials with different chemical
compositions, such as zinc oxide eugenol, gutta-percha flow, epoxy–resin, and calcium
silicate, have been introduced in the dental market. In addition, different studies have
modified endodontic sealers with different polyphenols to enhance their properties [20].
Various endodontic treatments, such as pulpotomy, pulp capping, perforation, open apex,
and the retrograde endodontic procedure, should be performed with materials that are
more viscous than endodontic sealers, for example, endodontic cements (putty) [21].

2.4. Calcium Silicate Materials in Endodontic Treatment

Recently, calcium silicate (CS) materials were introduced to the dental market. The
advantageous antibacterial activity, biocompatibility, filling ability, and physicochemical
properties of CS materials have led this product to be the primary choice in modern clinical
endodontics [11,21,22]. Moreover, these materials can be used in both permanent and
primary teeth [23]. Despite the advantages of the evolution which has occurred in the
endodontic field, some cases should be retreated with mechanical and chemical procedures
to eliminate root canal materials which are no longer in use, clean the root canal system,
and retreat re-infected teeth [24,25]. When orthograde endodontic treatment cannot be
performed correctly, surgical endodontic treatment must be performed to improve the
effectiveness of root canal debridement, and the quality of the retro-preparation and the
retro-obturation of the apical part of the dental root [26,27]. Moreover, different regenera-
tive endodontic techniques could offer good alternatives for pulp revitalization in some
endodontic situations [28].

2.5. Final Restoration Materials and Preparation Steps

Today, a major challenge for dentists is in restoring the functionality of endodonti-
cally treated teeth. Several materials and techniques have been proposed to have a good
restoration ability; these also ensure the durability of a restoration. Until now, there is
no specific restoration for endodontically treated teeth which could avoid the restorative
complications that lead to failure and tooth extraction [29–31]. Recently, Kharouf et al. [32]
studied a new material—a bidirectional, spiral-winding, fiber-reinforced composite—which
demonstrated a high compressive strength resistance; this material could be a promising
solution for restoring endodontically treated teeth. In addition, different techniques could
be used to fabricate the final restoration, such as the digital light-processing 3D-printing
technique [7]. Several materials can be used in the final restoration, such as composite resin,

2
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zirconia, and lithium disilicate. Cleaning and disinfection procedures of these restorations,
including impression materials, are recommended to ensure the quality of dental treat-
ment. Hardan et al. reported that several disinfection agents could be used to disinfect
dental impression materials [33]. Harouny et al. demonstrated that the use of phosphoric
acid on the lithium disilicate surface provide efficient cleaning [34]. Therefore, the main
aim of studies in the dental restoration field is to ameliorate the mechanical properties,
bond strength, and durability of direct and indirect restoration approaches, as well as to
improve the techniques used to bond brackets to teeth with different restorative materials
in orthodontic treatments [35,36].

2.6. Dental Implant

Dental implants have been a solution for replacing lost teeth and for supporting fixed
or removable prostheses for over 40 years. However, during the implantation planning
stage, any sources of infection in the edentulous area should be carefully identified in
advance to avoid complications with the dental implants [37].

3. Conclusions

Finally, the researchers involved in this Special Issue will continue their studies to
improve the existent dental biomaterials in order to have an optimal dental treatment with
biocompatible, bioactive, and stable properties.

As the Guest Editors, we sincerely value and thank the reviewers for their insightful
comments and the support of the team at Bioengineering. Finally, we express our grati-
tude to all contributing authors for their valuable research. Altogether, the 15 research
papers/reviews in this Special Issue—entitled Recent Advances in Biomaterials and Dental
Disease—reflect the importance of in vitro and in vivo studies for improving the efficacy of
using biomaterials in dental treatment.
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Abstract: This study aimed at evaluating the physicochemical and biological properties of experimen-
tal epoxy-resin sealers containing polyphenols such as resveratrol and pyrogallol. A conventional
epoxy resin (OB) was modified by adding different concentrations of resveratrol (RS) or pyrogallol
(PY) to its composition. Antibacterial and antioxidant activities, mechanical properties, along with
wettability and morphological changes were investigated. The results were statistically analyzed
using ANOVA and multiple comparison tests (α = 0.05). The incorporation of the tested polyphenols
into the epoxy resin enhanced its mechanical properties. PY demonstrated much better antioxidant
and antibacterial activities than RS, which were associated with a higher release of PY. In contrast, PY
showed a higher cytotoxicity than OB and OB doped with RS. OB containing PY presented a rougher
surface and higher water absorption than OB doped with RS. Both tested polyphenols caused no
notable changes to the overall porosity of OB. Resveratrol and pyrogallol may not only influence the
morphology and mechanical properties of epoxy-resin sealers, but could also enhance antioxidant
activity and antibacterial effects against Enterococcus faecalis. Most epoxy-resin sealers currently avail-
able in the market can be considered as “passive” materials. Thus, doping their composition with
specific polyphenols may be a suitable strategy to confer some antibacterial properties, antioxidant
potential, along with improvement of some mechanical properties.

Keywords: endodontic sealer; polyphenols; resveratrol; pyrogallol; biological activity
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1. Introduction

For appropriate preparation of a cavity access, good shaping, proper cleaning and well-
sealed tridimensional filling of the root canal space are essential factors in order to achieve
a successful endodontic treatment [1,2]. Since it does not seem possible to entirely eliminate
bacteria in an infected root canal system, a clinician should try to entomb such residual
bacteria during obturation procedures, along with their byproducts, as much as possible.
Indeed, to provide a hermetic tridimensional seal of the root canal system, gutta-percha is
used in combination with root canal sealers during endodontics procedures [2,3].

Nevertheless, the incidence of voids formation during such procedures is still very
high and proliferation of residual bacteria in such circumstances is inevitable; the risk
for failure in the long-term outcome of root canal treatments is highly plausible [1–3].
A root canal sealer should be characterized as having good sealing ability, exhibiting
low solubility, along with having high biocompatibility and antibacterial activity [3,4].
Depending on their chemical compositions, several types of root canal sealers are currently
available in clinics, such as glass ionomer cements, silicone-based sealers, epoxy resins,
calcium silicate-based sealers and zinc oxide-eugenol [3,5]. Calcium silicate-based sealers
demonstrate good filling ability and antibacterial activity [3,6] but they are still overly
expensive [7]. Conversely, epoxy resin-based sealers are relatively inexpensive, but they are
characterized by limited or no antibacterial activity [8–10] especially against Enterococcus
faecalis (E. faecalis), a predominant bacteria found in persistent endodontic infections and
root canal re-treatment cases [3,8].

Polyphenols have been used to modify various dental materials in order to enhance
their mechanical properties, biological activity and bonding strength to tooth tissues [11].
For instance, Hu et al. [12] used epigallocatechin-3-gallate (EGCG) in glass ionomer ce-
ments to improve their antibacterial ability, along with flexural strength and surface micro-
hardness. In a further study [4] a cement with a mineral trioxide aggregate (MTA) base
was doped with tannic acid (TA); there was an increase in compressive stiffness at higher
concentrations of TA. Resveratrol (RS) (3,4,5-trihydroxystylbene), a polyphenol from the
stilbene family characterized by a phytoalexin phenolic compound, was incorporated into
dentin bonding agents in order to improve their biocompatibility [13]. RS has been used to
treat dentin before the application of dental adhesives in order to preserve the dentin-resin
bond over time [14]. Moreover, pyrogallol (PY) (1,2,3-trihydroxybenzene) is a well-known
organic compound produced in plants [15] that is often used for its potent antibacterial
activity against Staphylococcus aureus [16]. PY has been used in endosseous implant
applications as a nanocoating; the release of PY can reduce significantly the growth of
planktonic bacteria [17]. Moreover, the presence of pyrogallol groups in tannic acid have
been demonstrated to play a role in the treatment of dentin hypersensitivity [18]. Several
studies reported that resveratrol and pyrogallol exhibit antibacterial activity against Gram-
and Gram+ bacteria [16,19–21].

Since epoxy-resin sealers have no evident antibacterial activity, the main idea of the
present study was to incorporate some specific polyphenols with antibacterial properties
into a conventional sealer currently available in the market. Thus, the purpose of the
present study was to evaluate morphological changes, antibacterial activity, cytotoxicity and
chemical-mechanical properties of an epoxy-resin endodontic sealer doped with different
polyphenols, such as pyrogallol and resveratrol. The null hypothesis was that the addition
of the different polyphenols (RS or PY) would have no impact on physicochemical and
biological properties of tested epoxy-resin sealers.

2. Materials and Methods
2.1. Experimental and Control Materials

A conventional epoxy-resin dental sealer currently available in the market (OB) (Ob-
turys, ITENA Clinical, Paris, France) was used in this study and labelled as the control
group (Table 1). It was also used to generate several experimental cements by mixing
different concentrations (0.5 wt%, 1 wt% and 5 wt%) of pyrogallol “PY” (Sigma Aldrich,
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Saint-Quentin-Fallavier, France, ref. P0381) or resveratrol “RS” (Sigma Aldrich, Saint-
Quentin-Fallavier, France, ref. R5010). It was not possible to incorporate more than 5%
of RS or PY to prepare such experimental materials as a result of issues related to mixing,
which caused inhomogeneous blends on a visual basis.

Table 1. Endodontic sealer and polyphenols: chemical compositions and references.

Materials Reference Chemical Composition

Obturys (OB) OBAX1-5

Base: DGEBA, zirconium oxide, bismuth
oxychloride, ytterbium oxide, fumed silica

Catalyst: diamine, zirconium oxide,
bismuth oxychloride, ytterbium oxide,

fumed silica, silane quaternary
ammonium salt

Pyrogallol (PY) P0381-250G C6H3(OH)3
1,2,3-Trihydroxybenzene

Resveratrol (RS) R5010-500MG C14H12O3
3,5,4′-trihydroxy-trans-stilbene

2.2. Specimen Preparations

The epoxy-resin dental sealer (OB) used in this study has two components (base and
catalyst), but the polyphenols (RS or PY) were only added to the base part of the sealer
and mixed using a mixing spatula for approximately 1 min until a homogenous paste
was obtained on a visual basis. Subsequently, the complex (powder + base) was added
to the catalyst paste and mixed for 1 min in order to obtain the experimental PY@OB
or RS@OB sealers. All groups of specimens were labelled as OB (control group, epoxy
resin without the addition of polyphenols), OB@RS (epoxy-resin modified with resveratrol)
and OB@PY (epoxy-resin modified with pyrogallol). Stainless steel ring molds (internal
diameter 20 ± 0.1 mm and height 1.6 ± 0.1 mm) were used to prepare the specimens
for solubility, contact angle and roughness tests. Meanwhile, discs of 10 mm in diameter
and 2 mm in height were prepared to test the release kinetic of the polyphenols and to
perform surface ultra-morphology analysis via scanning electron microscopy. Finally,
cylindrical specimens (internal diameter 3 mm and height 3.8 mm) were prepared for
evaluation of their compressive strength, porosity, cytotoxicity and antioxidant properties.
All specimens were stored in the dark in a container at 37 ◦C for 48 h in order to achieve a
proper setting time.

2.3. Antimicrobial Activity
2.3.1. Bacterial Strain

Enterococcus faecalis (E. faecalis, ATCC 29212) was cultured in Brain Heart Infusion
medium (BHI) (Darmstadt, Germany). In all tests, the turbidity of BHI containing E. faecalis
was adjusted to OD600 (nm) = 0.3.

2.3.2. Agar Diffusion Tests (ADT)

The ADT tests were performed as described in previous studies [3]. In brief, six agar-
filled petri dishes each containing 25 mL of BHI agar were used to evaluate antibacterial
activity of the experimental materials OB@RS and/or OB@PY at different concentrations
of PY and RS (0.5 wt%, 1 wt% and 5 wt%). A precise amount of the bacterial medium
(100 µL) was spread homogeneously onto the petri dishes. Four wells in each petri dish,
3.0 mm in diameter and 3.0 mm in depth, were made with an adapted whack (3 mm, PFM
medical, Köln, Germany) by removing the agar. The first three wells were filled with 0.5, 1
and 5 wt% of OB@PY or OB@RS, while the fourth well was filled with the control group
(OB). All the agar petri dishes were incubated at 37 ◦C for 24 h. The inhibition zone in each
group was assessed after 24 h of incubation [3].
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2.3.3. Direct Contact Tests (DCT)

Immediately after mixing, for each tested group (in triplicate), each composite was
placed (0.06 g per well) in the center of each well (24-well culture plates) (Trefflab, Degersheim,
Switzerland). A specific amount of E. faecalis (1 mL) was added to each well and incubated
for 24 h anaerobically at 37 ◦C under constant stirring (450 rpm). Positive control was
set as E. faecalis culture without material. At each time step, the E. faecalis concentration
was measured by manual counting. Briefly, 10-fold serial dilutions up to 105 in BHI
were performed on each specimen of E. faecalis solution. Onto a BHI agar plate was
homogeneously spread 100 µL of each dilution, and then incubated at 37 ◦C. After 24 h
of incubation, colonies on the plate were counted and their CFU/mL (colony forming
units/mL) were determined from the dilution plate.

2.4. Cytotoxicity Test

NIH3T3 cell line (mouse fibroblast ATCC CRL-1658) was cultivated in high-glucose
content Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum and 1%
of penicillin-streptomycin (Dominique Dutscher, Bernolsheim, France). Activated media
were prepared by incubating OB, OB@5%RS and OB@5%PY specimens (in triplicate) in
500 µL of complete medium for 24 h at 37 ◦C. Prior to the experiment, NIH3T3 were
seeded in a 96-well plate at a concentration of 8000 cells per well, in complete medium
and incubated overnight. After the incubation period, the cell medium was removed and
replaced with 100 µL of activated medium and incubated for a further 24 h at 37 ◦C, 5%
CO2. The medium was then removed and 100 µL of complete medium containing 3–(4,5-
dimethylthiazol-2-yl)–2,5-diphenyltetrazolium bromide (MTT) at 0.5 mg/mL was added to
each well. Cells were incubated for 2 h at 37 ◦C. The medium was carefully discarded and
100 µL of dimethyl sulfoxide (DMSO) was added per well. The plate was then incubated
at room temperature for 15 min under gentle stirring in order to dissolve MTT crystals.
The absorbance of the solution was measured at 570 nm using a spectrophotometer (Safas,
Monaco, Monaco). Cell viability was then calculated from a standard curve, generated
under the same conditions, with control medium (w/o material) as 100%.

2.5. Antioxidant Activity

One specimen from each group (OB, OB@5%RS and OB@5%PY) was immersed in
10 mL of 2,2-diphenyl-1-picrylhydrazyl (DPPH) (10−4 mol/L in 70% ethanol). After 30 min
and 2 h, 0.5 mL of each supernatant solution above the specimens was taken (after vigorous
shaking) using a calibrated pipette. The absorption spectrum of each solution was measured
at a wavelength range between 300 and 600 nm. The solution that was in contact with OB
was used in the reference cell. Digital pictures of all DPPH solutions above the specimens
were also captured after 5 min and 2 h of contact.

2.6. Release Kinetics of RS and of PY in Water and pH Measurement

Stock solutions of RS (0.1 mg/mL) and PY (0.1 mg/mL) were prepared and diluted
gradually between 2 and 100 times with distilled water. Absorption spectra from each
group were acquired using a double beam mc2 spectrophotometer (SAFAS, 98000 Monaco,
Monaco) in order to establish a calibration curve allowing for the quantification of RS and
PY release from the OB@RS and OB@PY sealers. The measurement cuvette was filled with
a solution containing RS or PY, whereas the reference cuvette was filled with distilled water.
One specimen from each material (OB, OB@RS and OB@PY) (containing 250 mg of each
composite) was immersed in 15 mL of distilled water using a glass bottle. After 1, 3, 6,
24, 48 and 72 h, 0.5 mL of each supernatant solution was taken (after vigorous shaking).
Subsequently, the absorption spectrum was measured (wavelength range between 200
and 700 nm). An absorption peak was observed at λ = 306 nm for the RS solutions and
at λ = 267 nm for the PY solutions. The solution in contact with OB (control group) was
used as reference. After each measurement, 0.5 mL of distilled water was added into each
glass bottle in order to maintain a constant volume. pH measurements were performed at
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24 ± 2 ◦C after incubation of the specimens in distilled water, under the same conditions
as for the release experiment (3 h, 24 h and 72 h).

2.7. Solubility Evaluation

Three specimens from each tested material were prepared as reported in a previous
study [3] and analyzed in accordance with the ISO standards 6876:2001. The specimens
were weighed three times using a digital system (accuracy ± 0.0001 g) before different
aging immersion periods (24 h and 7 days). After two immersion periods in 50 mL of
distilled water at 37 ◦C, the specimens were removed from distilled water, gently washed
with distilled water and dried at 37 ◦C for 24 h. Subsequently, the weight of each specimen
was assessed three times and averaged to obtain the final weight. The solubility percentage
of each tested material was determined from the difference in mass between the initial
weight (before the immersion period in water) and the final weight [3].

2.8. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) Analysis

Three specimens from each material group (OB, OB@5%RS and OB@5%PY) were
created as described in Section 2.2 and immersed in phosphate-buffered saline (PBS10×,
Dominique Dutscher, Bernolsheim, France) at 37 ◦C for 72 h and 7 days. After storage, all
specimens were sputter-coated with gold-palladium (20/80) using a Hummer JR sputtering
device (Technics, California, USA) and analyzed at a magnification of ×5000 for their chem-
ical, mineral and morphological changes using an SEM-EDX (Quanta 250 FEG scanning
electron microscope “FEI Company, Eindhoven, The Netherlands”; 10 kV acceleration
voltage of the electrons). The weight percentages of the chemical elements were acquired
from the outer surfaces of the specimens.

2.9. Water Sorption Tests, Roughness and Porosity Measurements

Five measurements were performed for each of the tested materials (OB, OB@5%PY
and OB@5%RS), which were prepared as described in Section 2.2. A contact angle measure-
ment device (Attention Theta, Biolin Scientific, Götenborg, Sweden) was used to measure
the time of adsorption of an 8-microliter droplet of distilled water onto the surface of the
tested materials. A video was recorded (10 frames per second) by a digital camera in order
to track the profile of the water droplet and to calculate the contact angle of the water
droplet at interval times.

The internal structures of OB, OB@5%RS and OB@5%PY were inspected in 3D by
means of micro-computed X-ray tomography (µCT) (EasyTom 160 from RX Solutions,
Chavanod, France). Imaging was conducted at a voltage of 45 kV and a current of 160 mA,
using a micro-focused tube equipped with a tungsten filament. The source-to-detector
distance (SDD) and the source-to-object distance (SOD) were adjusted in such ways to
obtain a voxel size of around 2.3 µm. Volume reconstruction was performed with the
software Xact64 (RX Solutions) after applying treatments such as geometrical corrections
and ring artefact attenuation. Image treatment was performed with the Avizo software
(ThermoFisher, Waltham, MA, USA) that enabled us to (i) de-noise the images with a
median filter; (ii) segmentate the image intensity to reveal the objects of interest (here the
pores); (iii) remove insignificant small objects (below a size of 10 pixels from the segmented
3D data); and (iv) determine the 3D geometrical aspects of the objects of interest (volume
and equivalent diameter).

Atomic force microscopy (AFM) imaging was carried out in contact mode using the
Bioscope Catalyst (Bruker Inc., Santa Barbara, CA, USA) equipped with MLCT cantilevers
(0.7 N/m) (Bruker Inc., Santa Barbara, CA, USA). Images were obtained at a specific
resolution (256 × 256 pixels) with a scan rate of 1 Hz (field of view of 10 × 10 µm). The
roughness (Ra) was measured on three different representative regions of interest using the
shareware software GWYDION.
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2.10. Compressive Strength

Sixteen specimens were prepared from each test material and observed with an optical
microscope at 10× magnification (Zumax medical, Suzhou New District, China) for the
presence of voids or fractures. All specimens that presented such defects were discarded
from the mechanical analysis. Half of the specimens were kept dry, while the other half
were stored in water for 72 h. After storage, the specimens were tested using the uni-axial
compression test in order to determine the stiffness of the cement and the maximum load
before rupture. Such tests were performed using a universal electromechanical tensile
Instron 3345 (Norwood, MA, USA) device instrumented with a 1 kN cell force (Class 0.5
following ISO 7500-1) and with a displacement sensor. The tests were performed at a
constant crosshead speed of 0.5 mm/min. The compressive strength was calculated in
megapascals (MPa) according to the following formula:

σc = 4P/πD2

where P is the recorded load during the test and D is the initial sample diameter.

2.11. Statistical Analysis

Statistical analysis was performed using SigmaPlot (release 11.2, Systat Software,
Inc., San Jose, CA, USA). The Shapiro–Wilk test was used to verify the normality of the
data in all groups. Analysis of the Variance (ANOVA) including a multiple comparison
procedure (Holm-Sidak method) were used in order to determine whether significant
differences existed in the compressive strength values, antibacterial activity, water sorption
tests, roughness measurements and solubility evaluations between the different composites.
In all tests, a statistical significance level of α = 0.05 was adopted.

3. Results
3.1. Antibacterial Activity

Generally speaking, the incorporation of PY into the sealer materials increased an-
tibacterial activity against Enterococcus faecalis, whilst RS caused bacterial growth similar to
the positive control.

3.1.1. Agar Diffusion Tests

The OB sealer (control group) produced no inhibition zone on agar plates (Figure 1a,b).
Conversely, OB@5%PY presented a large inhibition zone (5± 1 mm) (Figure 1b). OB@1%RS
and OB@5%RS created only very small inhibition zones (1–1.5 mm). Note that the inhibition
zones as well as part of the gel appeared brown in the presence of OB@5%PY as a result of
the release of PY from the specimens (Figure 1b).
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3.1.2. Direct Contact Tests

The sealer (OB) caused significantly less bacterial growth than the control group
(bacterial medium) (p < 0.05). The experimental OB@5%PY killed about 94% of E. faecalis
bacteria after 24 h compared to the bacterial medium (Figure 2). In addition, OB@5%PY
presented greater antibacterial activity than OB (<0.05). However, no differences were
found between OB and OB@0.5%RS/PY, OB@1%RS/PY and OB@5%RS at 24 h; they all
killed between 70% and 78% of the bacteria (Figure 2). However, it was evident that 5%PY
was by far much more efficient than 5%RS against E. faecalis.
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Figure 2. Number of colony forming units/mL of E. faecalis in the presence of sealer (OB) and sealer
+ different concentrations of RS/PY after 24 h of culture. C represents the control CFU experiment,
without any material in each case. * p < 0.05.

3.2. Antioxidant Activity

As expected, the control group (OB) had no effect on the color of the DPPH solution,
hence there was no antioxidant activity (Figure 3). However, incorporation of either
PY or RS provided this additional property to the experimental sealers tested in this
study (Figure 3). After 5 min and 2 h of contact between the DPPH solution and tested
materials, the solution in contact with the PY group appeared much clearer than the
solution in contact with the RS group (Figure 3, Table 2). Using an extinction coefficient of
1.09 × 104 L·mol−1·cm−1 for DPPH at λ = 525 nm [22], we calculate from the absorbance
decrease values provided in Table 2 that 53% and 43% of DPPH are quenched after 30 min
of contact with OB@5%PY and with OB@5%RS, respectively. One PY and one RS molecule
are equivalent to three TROLOX molecules from an antioxidant point of view [22].

Table 2. Antioxidant activity, as measured by a reduction in absorbance at 525 nm corresponding to a
discoloration of 2,2-diphenyl-1-picrylhydrazyl (DPPH) solutions in contact with OB, OB@5%RS and
OB@5%PY composites.

30 min 2 h

PY (525 nm) −0.58 ± 0.02 −0.54 ± 0.01
RS (525 nm) −0.47 ± 0.01 −0.45 ± 0.004
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contact with the different composites.

3.3. Cytotoxicity

Cytotoxicities of leachable components from OB, OB@5%RS and OB@5%PY were
evaluated at 24 h and it was observed that OB and OB@5%RS have good cell viabilities,
(92.79 ± 6.18)% and (87.93 ± 4.89)%, respectively. In contrast, at 24 h it was observed that
activated media from OB@5%PY showed acute toxicity with 0% cell viability.

3.4. Release Kinetics of RS and of PY in Water and pH Measurement of Water in Contact with
the Composites

A maximum of 22.5% of the initial PY was released after 72 h (Figure 4) for OB@5%PY.
In contrast, the maximum release of OB@RS was 0.2%, which was reached in the case of the
addition of 5% RS (Figure 4a). These results showed that the higher the PY concentration,
the higher the concentration of PY released in water (Figure 4). The release of PY and RS
induced a slight decrease in the pH of water in contact with the different materials. After
72 h, such a reduction in pH was more pronounced in the case of OB@5%PY compared to
the other tested materials (Figure 4b).

3.5. Solubility Evaluation

The results of solubility percentages (wt.%) of the tested composites after 1 and 7 days
are presented in Figure 5. None of the solubility percentages exceeded 1.1% after 7 days.
OB@5%PY demonstrated significantly higher solubility percentages for both testing periods
compared to all the other tested materials (p < 0.05).
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Figure 4. (a) Percentages of RS and PY released from the different composites versus time with
respect to different initial mass fractions in the composites; (b) percentages of RS released from the
different composites versus time with respect to the different initial mass fractions in the composites;
(c) pH changes with time of water put in contact with sealer sample (control) and sealer modified
with different concentrations of PY and/or RS as shown in the inset.
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Figure 5. Solubility percentages (wt.%) (n = 3) of OB and OB modified with different concentrations
of RS and PY in distilled water at 37 ◦C after 1 and 7 days. * p < 0.05.

3.6. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) Analysis

The results of the tested materials’ surfaces after immersion in PBS are depicted in
Figure 6 and Table 3. Larger crystallites were observed on OB@PY/RS surfaces after 7 d
compared to those on the OB surface. The chemical analyses of these surfaces determined
by EDX analysis showed a remarkable decrease in the carbon content of the large crystallites
in the RS and PY specimens after 7 d. The different chemical compositions are provided in
Table 3.
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Table 3. Relative compositions of the experimental sealers as measured by means of EDX at T0 and
after 7 days of immersion in PBS.

Elements T0 T7 Days

Obturys (OB)

C (%) 70 ± 2 66 ± 4.5
O (%) 19 ± 1 17 ± 1.6
Zr (%) 7.5 ± 2 5 ± 2.3
Si (%) 1.5 ± 0.2 1 ± 0.4
Cl (%) 1 ± 0.1 6 ± 2
Na (%) 0 5 ± 1.8

OB@5%RS

C (%) 63 ± 1.5 53 ± 4
O (%) 18 ± 0.8 15 ± 2
Zr (%) 14 ± 1 11 ± 2
Si (%) 2.2 ± 0.3 1.6 ± 0.4
Cl (%) 1.6 ± 0.8 10 ± 4
Na (%) 0 8.5 ± 3.6

OB@5%PY

C (%) 62 ± 2.5 48 ± 11
O (%) 20 ± 0.2 12 ± 2.2
Zr (%) 13 ± 3 7 ± 3
Si (%) 2.5 ± 0.4 1 ± 0.5
Cl (%) 1.7 ± 0.8 17 ± 7
Na (%) 0 14 ± 5

3.7. Water Sorption Tests and Roughness

A further significant influence of the addition of PY (5%) into the epoxy-resin struc-
ture was a resulting increase in its hydrophilicity (Figure 7). Contact angles of (58 ± 1)◦

and (46 ± 2)◦ for OB@5%PY were detected after 20 s and 100 s, respectively. These were
significantly lower than the respective contact angles observed in OB (74 ± 4◦, 66 ± 5◦)
and OB@5%RS (68 ± 5◦, 62 ± 5◦), p < 0.05. No significant differences were found be-
tween OB and OB@5%RS (p > 0.05). All tested materials analyzed using AFM displayed
rough surfaces (Figure 7a–c). However, a rougher surface was observed in OB@5%PY
(69.45 ± 17.3 nm) compared to OB control (11.11 ± 5.9 nm, p < 0.001) and OB@5%RS
(30.27 ± 10.27 nm, p = 0.003).
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3.8. Compressive Strength and Porosity

In Figure 8 it is possible to compare the compressive strength values of the tested
materials. There were significant differences between OB (18.78 ± 2.91 MPa) and both
OB@5%RS (34.30 ± 5.71 MPa) and OB@5%PY (33.34 ± 2.98) in dry conditions (p < 0.05).
However, all compressive strength values decreased after 72 h of storage in water at 37 ◦C
(Figure 8). No significant differences were found among the compression values of all
tested composites in wet conditions (p > 0.05).

1 
 

 
Figure 8. Evolution of maximal stress under compression for OB, OB@5%RS and OB@5%PY in dry
conditions; and after immersion in water for 72 h. * p < 0.05 bold arrow.

The pore average equivalent diameters and volume percentages were evaluated for the
different materials using µCT. No notable differences were found between the unmodified
sealer when compared to the sealer doped with RS or PY (Figure 9, Table 4). Therefore, the
three cases exhibited quite similar pore characteristics.
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Figure 9. Micro-computed X-ray tomography analysis (scale bar of 400 µm). Volume rendering of
the segmented pores in (a) OB (unmodified sealer); (b) OB@5%PY (sealer doped with 5%PY); and (c)
OB@5%RS (sealer doped with 5%RS).
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Table 4. Pore characteristics of OB, OB@5%RS and OB@5%PY as calculated from µCT imaging.

Group Pore Average
Equivalent Diameter (µm) Pore Volume Density (%)

OB 15.1 1.2 × 10−3

OB@5%PY 14.0 5.1 × 10−3

OB@5%RS 19.0 2.6 × 10−2

4. Discussion

To the best of our knowledge, this is the first study to incorporate pyrogallol and/or
resveratrol into an epoxy-resin endodontic sealer in order to modify its biological, mechani-
cal and physicochemical properties. Indeed, the general hypothesis of this study was that
the addition of such polyphenols into epoxy resin-based sealers would have provided an
enhancement to some biological and mechanical qualities. In the current study, incorpo-
ration of the tested polyphenols was performed into the base part (Table 1) of the epoxy
resin-based sealer. We believe that since the catalyst part of the epoxy resin contains amines,
oxidation of PY could have activated the polymerization and/or reduced beneficial effects
of the phenolic compounds via formation of covalent bonds with the amines [23]. One of
the first outcomes obtained in this study was that the control (free of polyphenols) sealer
had some antibacterial effects against E. faecalis after 24 h. Ruiz- Linares et al. [24] analyzed
an epoxy resin-based sealer (AH-Plus, Dentsply Sirona, Konstanz, Germany) against E.
faecalis and they showed that such material could induce some antibacterial effects as a
result of the release of formaldehyde and/or other toxic non-polymerized components,
such as amines or epoxy monomers.

However, the incorporation of 5 wt%PY into the epoxy-resin sealer promoted greater
antibacterial effects against E. faecalis compared to other experimental sealers doped with
different percentages of RS. Both antibacterial tests (DCT and ADT) showed great antibac-
terial efficacy for the sealer doped with 5%PY as well as a peculiar brown-colored zone in
the agar (Figure 1b). The brown color observed during the study with the experimental ma-
terial was probably induced by oxidation of the pyrogallol in the bacterial medium [16,21].
In accordance with such a hypothesis, increased and more rapid antioxidant activity were
observed for the OB@5%PY sealer when compared to specimens in the OB@5%RS group.
Our hypothesis is that such findings may be principally associated with a relatively sig-
nificant release of PY from the experimental materials, in comparison to release of RS
(Figure 4a). Moreover, the significant release of PY may be a consequence of its smaller
molecular weight compared to that of RS. From a chemical point of view, PY has three
hydroxyl groups on the benzene ring, whilst the RS molecule has two benzene rings with
three hydroxyl groups. It is possible that the different positions of the hydroxyl groups
may have affected antibacterial activity of the experimental materials, exactly the same
as that described by Cueva et al. [25]. Indeed, those authors reported that the numbers
and positions of substitutions in the benzene rings of the phenolic acids, along with the
saturated side-chain lengths, influenced antimicrobial properties of the phenolic acids
against different microorganisms. The antibacterial effects of PY incorporated into dental
adhesive (adhesive-resin with acidic function monomers) against Streptococcus mutans and
its effects against Staphylococcus aureus when incorporated into plaster of Paris were
previously reported [16,21]. Moreover, the antibacterial properties of resveratrol against
various bacteria, including E. faecalis, were also reported in a previous study [26].

The antioxidant activity of OB doped with the tested polyphenols was evaluated
using the DPPH discoloration method [16]. OB@5%PY presented increased and more rapid
antioxidant activity than OB@5%RS. As stated before, these findings could be related also
to the greater release of PY from the tested materials. Atalayin et al. [13], reported that RS
reduced DNA damage and reactive oxygen species (ROS) produced by different dental
resin-adhesive systems. Platzer et al. [27] reported significant antioxidant activity of PY
associated with its structure and number of OH groups. Our study showed that resveratrol
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has good biocompatibility when it is incorporated into an epoxy-resin endodontic sealer,
whilst PY can exert a cytotoxic effect on fibroblasts (NIH3T3). However, the protective
effects of RS against ROS production and the decrease in cell viability were previously
reported [13]. In contrast, the significant PY release from tested materials induced a
negative effect on cell viability (Figure 3). This is in accordance with the observations of
Park [28], who reported that PY was relatively toxic for human pulmonary fibroblasts (HPF),
and induced cell death and a dose-dependent decrease in cell growth. Our study has also
shown that the liberation of PY in water induced a slight decrease in pH (Figure 4b). Similar
observations were reported in previous studies [16,21]. Subsequent to the evaluation of
the biological properties of the experimental epoxy-resin sealer doped with PY or RS,
their solubilities were also analyzed in accordance with the ISO standards 6876:2012; the
solubility of dental sealer should not exceed 3% mass after 24 h in water [3]. It is known
that high solubility may create pathways for microorganism infiltration into the root
canal system [3]. The epoxy resin doped with 5%PY demonstrated the highest solubility
compared to other tested materials. However, this solubility did not exceed 3% mass after
24 h and 7 d. Such findings may be correlated to the significant release of PY from the
experimental sealers tested in this study. SEM was used to observe morphological changes
induced by the incorporation of PY or RS into the experimental sealers. Larger crystallites
were observed on the surfaces of OB@5%PY and of OB@5%RS rather than OB (unmodified
epoxy-resin) after an immersion period of 7 days in PBS (at 37 ◦C).

Different polyphenols have been used in dental applications in order to evoke mineral
precipitation and remineralization [10]. For instance, grape seed extracts were used in order
to induce mineral precipitation in dentin [29]. Liu et al. [30] demonstrated that resveratrol
could reduce tooth movement and root resorption during orthodontic therapy. Further-
more, gallic acid facilitated the participation of hydroxyapatite crystallites with specific
particle size [31]. The sorption test applied with the different experimental materials was
performed using a contact angle method. The profile of an 8-microliter droplet of distilled
water on each composite surface was analyzed and the OB@5%PY sealer demonstrated
greater wettability (lower contact angle) compared to OB and OB@5%RS. These findings
suggest that OB@5%PY may have a greater surface energy [32,33]. Moreover, OB@5%PY
presented a rougher surface during AFM analysis compared to OB and OB@5%RS. The
greater surface roughness may in part explain the wettability results obtained with some
specific experimental materials tested in this study. Indeed, one of the main factors that
may assign the contact angle measurements and wettability evaluations is the surface
roughness [33]. In accordance with Wenzel or Cassie-Baxter [33], chemical composition
of the surface can also play an important role in contact angle measurements. Therefore,
we can affirm that the OB@5%PY sealer had both a rougher and more hydrophilic surface
than other composites. Zuo et al. [34] reported that PY could be applied in polymer mate-
rials in order to fabricate hydrophilic coatings. The mechanical properties of endodontic
sealers are very important to strengthen treated root canals as well as to increase resis-
tance to displacement of the gutta-percha cone during and after its placement [3,35]. The
results of this study showed that the addition of both polyphenols in an epoxy-resin sealer
significantly increased its compression stress values in dry conditions compared to the
unmodified control sealer. However, no notable differences were observed for the pore
size/volume between different materials tested in this study. The higher compressive
strength of OB@PY/RS compared to the control group may be explained by the hypothesis
that these polyphenols play the role as a sort of bonding agent between sealer elements.
Moreover, it has been demonstrated that the presence of a polyphenol, TA, in mineral
trioxide aggregate could increase a sealer’s compressive strength [4]. Such an outcome may
be related to the ability of such molecules to adsorb on all kinds of surfaces [36] and to
ultimately favor interparticular interactions. After immersion in water, both experimental
materials showed lower compressive strength values compared to the same materials tested
in dry conditions. It is hypothesized that such outcomes may be a result of the liberation of
polyphenols in water; this may have degraded bonding links that were probably present in
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dry conditions. However, no statistical differences were found between the unmodified
sealers in dry or wet conditions when compared to OB@PY/RS in wet conditions. Therefore,
the compressive strengths of sealers modified with the tested polyphenol, after immersion
in water, yielded similar results to the unmodified sealer. In accordance, Kharouf et al. [4]
reported an increase in compressive strength of mineral trioxide aggregate (MTA) doped
with tannic acid in dry conditions. However, they also found that MTA doped with tannic
acid presented weaker mechanical properties in wet conditions. The current study showed
both positive and negative outcomes when pyrogallol or resveratrol were incorporated
into epoxy-resin sealers. For instance, mechanical properties and antioxidant activity of
the epoxy-resin dental sealer were enhanced by incorporating RS and PY into its compo-
sitions. The material doped with pyrogallol was more efficient in terms of antibacterial
activity against E. faecalis than the experimental sealer doped with resveratrol or the control
unmodified resin. However, pyrogallol displayed high toxicity towards fibroblasts, and
such cytotoxicity marred other favorable qualities (antibacterial and mechanical properties)
produced from pyrogallol incorporation into endodontic sealers. In contrast, resveratrol
presented better biocompatibility despite its limited antibacterial activity when compared
to the pyrogallol group. For this reason, resveratrol may be considered as a suitable choice
for incorporation into endodontic sealers with its important mechanical and antioxidant
effects compared to unmodified sealers. Antioxidant activity introduced into an endodontic
sealer could be useful in preventing harmful effects of oxidative stress and in stabilizing
free radicals, thereby protecting cells from damage [37]. As mentioned in Section 2.2, the
addition of both polyphenols was limited to 5% (wt.%) to avoid inhomogeneity within the
materials resulting from phase separation. Therefore, our future studies will be focused
on alternative strategies to incorporate more RS into an epoxy-resin sealer in order to
enhance its antibacterial properties without affecting its cellular viability rate. However,
the concentration of microorganisms found in root canal systems may be lower compared
to those used in our DCT test. Hence, lower concentrations of PY or RS than those used
in this in vitro study may be also suitable for real clinical scenarios. In addition, further
investigations are required to analyze chemical interactions between the epoxy-resin sealer
and polyphenols, and their effects on bond strength to root canal dentin.

5. Conclusions

Within the limitations of the present study, the addition of pyrogallol and resveratrol
to an epoxy-resin dental sealer improved mechanical and biological properties. However,
pyrogallol seems to have greater antibacterial and antioxidant activities than resveratrol,
whereas the latter has fewer cytotoxic effects.
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Abstract: The aim of this case series is to contribute to the better knowledge and management
of the complex anatomical configurations of maxillary premolars with four canals. The paper
explains the endodontic treatment of five maxillary premolars with four canals, with three buccal
and one palatal orifices, in different patients. The cases report several approaches in the treatment of
four-canal maxillary premolars including a conservative canal preparation with a hybrid shaping
technique, endodontic microsurgery and the application of biomaterials. The use of an operating
dental microscope, different operating strategies and the critical evaluation of radiographs are all
necessary steps for the correct and safe endodontic management of these teeth.

Keywords: root; maxillary premolars; upper premolars; canal; root canal anomalies; anatomical
variations; root morphology; coneless; MEA technique

1. Introduction

Understanding the anatomy of the root canal system is a key factor for success in
endodontics [1–3]. For this reason, clinicians must know all the possible anatomical vari-
ations and assess the root and canal configuration prior to, during, and after endodontic
treatment. Although the vast majority of maxillary premolars have two root canals, the
presence of three distinct root canals has been reported in 1–6% of cases [4–9]. Previous
case reports have shown several canal and root configurations in three-canal maxillary
premolars: three canals in a single root, two canals in the buccal root and one in the palatal
root, three separate roots and canals [10–12]. Only two studies have described four separate
canals in a three-rooted premolar [13,14].

2. Materials and Methods

Five patients were found with a rare anatomical variant of a four-canal upper premolar
(three first premolars and two s premolar). Each patient agreed to participate and signed a
consent form. Assessment of the presence of the number of canals was documented via
X-ray examination and clinical photographic evidence.
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2.1. CASE 1

A 55-year-old male patient diagnosed with pulpitis with no swelling or fistulae. The
pre-operative X-ray suggested tooth 14 had an unusual three-rooted anatomy, (Figure 1).
After anesthesia and isolation, the whole endodontic procedure was carried out under
microscope magnification (PROergo, Carl Zeiss Meditec AG, Munich, Germany) using
ultrasonic instrumentation to access cavity refining (no. 3 Start-X, Maillefer Instruments
Holding, Ballaigues, Switzerland). A lot of time and dedication was needed in order to
identify and negotiate the two buccal canals, due to the closeness of the orifices and their
deep location. An intra-operative X-ray was taken to evaluate the root canal system. A
three-rooted system was confirmed. Canals were shaped using ProTaper Gold™ (Maillefer
Instruments Holding Sàrl, Ballaigues, Switzerland) following the manufacturer’s recom-
mendations. Buccal canals were shaped up to the F1 instrument, while the palatal canal was
shaped up to the F2 instrument. Passive ultrasonic irrigation was performed using 5.25%
sodium hypochlorite, and a final 10% ethylene-diaminetetracetic acid rinse was carried out
at the end. The canals were dried with sterile paper points, and obturated by injection of
thermoplastic of gutta-percha using the Obtura III Max (Obtura Spartan Endodontics, Algo-
nquin, IL, USA) in association with an endodontic sealant (Essenseal, Produits Dentaires Sa,
Vevey, Switzerland). Upon closer examination, the final X-ray revealed an additional mesial
root. After carefully re-examining the pulp chamber, another small orifice, was found very
close to the others. This mesial canal was treated in the same session, following the same
instrumentation (up to ProTaper Gold, F1), irrigation and obturation protocol used for the
other canals. The obturation of the endodontic space was performed by a modification of
the injection molding thermoplasticized gutta-percha by Yee [15]. The authors called this
kind of obturation Coneless®. A final X-ray was taken, and the complete anatomy of this
complex endodontic system is clearly shown in Figure 1. The access cavity was filled with a
provisional filling material (3M ESPE™ CAVIT™, 3M Italia srl, Pioltello, Italy), and another
appointment was scheduled one week later for the definitive restoration. The complete
case is illustrated in Figure 1.
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Figure 1. (a) Pre-operative X-ray showing the complex anatomy, (b) intra-operative X-ray after
obturation of three canals, (c) intra-operative X-ray after obturation of the 4th canal, (d) intra-operative
view of the three vestibular canals, (e) X-ray of 6-month follow-up.

2.2. CASE 2

A 47-year-old female patient presented to the practice because of swelling in the upper
premolar area. Upon intra-oral radiographic examination, a periapical radiolucent area
was found at tooth 14, so the patient was scheduled for an endodontic re-treatment. After
anesthesia and isolation with a rubber dam, the pulp chamber was accessed, and three
canal orifices (one buccal, two palatal) appeared immediately, so as to confirm the suspicion
aroused by examination by the pre-operative X-ray. Considering the thickness of the roots,
it was useful to prepare the untreated and treated roots of the 14 tooth with the “MEA
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and inverse taper technique” to keep the dentinal wall removal during the shaping phases
under control [16]. The mixed endodontic alloy (MEA) inverse taper® is a hybrid shaping
technique comprising the combination of different heat-treated instruments with austenitic
files (i.e., Mtwo #10.04 and #15.05, Sweden Martina, Italy) employed in the initial phase of
shaping followed by martensitic (i.e., Plex V #20.04 and 25.04, Orodeka, Shandong Province,
China) in the second. The first instruments guarantee effective debris removal by means of
the more rigid alloy and design; the second ensures improvement in the center ability with
respect to the original anatomy. Moreover, the hybrid sequence, constituting the #10.04 and
#15.05 files was followed by the #20.04, produced the first taper inversion at 5 mm from
the apex while the second phase of #25.04 inverted the taper at 10 mm. It was impossible
to completely dry the endodontic system on the first session, so calcium hydroxide was
used as an intermediate medication, and the patient was prescribed antibiotic therapy with
amoxicillin and clavulanic acid. On the second session, a fourth orifice was identified on the
pulp chamber floor in the buccal–mesial root. The fourth canal was itself impossible to dry,
so another calcium hydroxide dressing was carried out and the patient was scheduled for a
third session, 30 days later, on which more difficulties were met because of the wetting of
the apical third of all roots, so an apicoectomy was scheduled. The retrograde preparation
was performed with an ultrasonic tip R1D (Piezomed, W&H, Bürmoos, Austria) [16] deep
into the canal and obturated with Biodentine as the root-end filling. Seven days after the
apicoectomy the patient was recalled for removing the suture and completing the root
filling with a single cone and biomaterial (BioRoot™ RCS, Septodont, Saint-Maur-des-
Fossés Cedex, France). Several follow-ups were scheduled at different months until the
complete healing was obtained and visible by X-ray. The complete case is reported in
Figures 2 and 3.
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Figure 2. (a) Pre-operative X-rays showing the complex anatomy, (b) intra-operative X-ray with
endodontic instruments to better understand the anatomy, (c) post-operative view of the endodontic
surgery, (d) orthograde filling with gutta-percha, (e) 1-year follow-up.
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ultrasonic  tip R1D  (Piezomed, W&H, Bürmoos, Austria)  [16] deep  into  the  canal  and 

obturated with Biodentine as the root‐end filling. Seven days after the apicoectomy the 

patient was recalled for removing the suture and completing the root filling with a single 

cone and biomaterial (BioRoot™ RCS, Septodont, Saint‐Maur‐des‐Fossés Cedex, France). 

Several  follow‐ups were scheduled at different months until  the complete healing was 

obtained and visible by X‐ray. The complete case is reported in Figures 2 and 3. 

 

Figure 2.  (a) Pre‐operative X‐rays showing  the complex anatomy,  (b)  intra‐operative X‐ray with 

endodontic instruments to better understand the anatomy, (c) post‐operative view of the endodontic 

surgery, (d) orthograde filling with gutta‐percha, (e) 1‐year follow‐up. 

 

Figure 3.  (a) Pre‐operative view of  the premolar,  (b)  flap design,  (c)  intra‐operative view of  the 

lesion, (d) ultrasonic tip in action, (e) intra‐operative view of the retrograde obturation. 

   

Figure 3. (a) Pre-operative view of the premolar, (b) flap design, (c) intra-operative view of the lesion,
(d) ultrasonic tip in action, (e) intra-operative view of the retrograde obturation.
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2.3. CASE 3

A 40-year-old male patient presented with pain and swelling located in the maxillary
projection of tooth 24. An X-ray showed a previous inadequate endodontic treatment
and a screw post. Analysis of the pre-operative X-ray suggested a missed canal. After
administration with local anesthesia (articaine with 1:100,000 epinephrine) the field was
isolated with a rubber dam. All the phases of the procedure, starting from the disassemble of
the existing build-up, were performed under the magnification of an operative microscope
(PROergo, Carl Zeiss Meditec AG, Germany). The screw post was removed from the
palatal canal by means of ultrasound instrumentation (no. 3 Start-X, Maillefer Instruments
Holding, Ballaigues, Switzerland).

Removal of the old canal filling began using M-Two Retreatment 25 (Sweden and
Martina, Padova, Italy). Working length was determined by an apex locator (Apit Osada,
Osada Electric co. Ltd., Tokyo, Japan) and the shaping was finished by Reciproc Blue
25 (Dentsply Sirona, Baden, Switzerland). Irrigation was performed with NaOCl 5.25%
(NiClor, Ogna, Bologna, Italy) and activated using the Eddy VDW sonic tip (Dentsply
Sirona, Switzerland).

As soon as the chamber and canals were clean, two additional canal orifices in-between
were suspected and were easily identified with an endodontic probe DG 16 (Hu-Friedy,
Chicago, IL, USA). The initial shaping was performed with M-two Retreatment 15 (Sweden
e Martina, Italy) to enlarge the first 5–6 mm. After negotiation and measuring the working
length with a manual k-file 10, the M-two 15 0.5 (Sweden e Martina, Padova, Italy) was
used to shape up to the working length. All four canals were finished in terms of shaping
with an M-two 35 0.4 (Sweden e Martina, Italy). Obturation of the canals was performed
using a Bioceramic Cement TotalFill® BC SealerTM (Padova, La Chaux-de-Fonds, FKG
Dentaire-Switzerland) with the single cone technique. After the treatment, a post-operative
X-ray was taken, and the patient was scheduled for restorative treatment. The complete
case is illustrated in Figure 4.
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2.4. CASE 4

A 54-year-old male patient presented with a spontaneous crown fracture of tooth 25.
The intra-oral examination revealed no swelling or sinus tracts, the tooth was vital. The
tooth presented an old MOD amalgam restoration and an extended complicated crown frac-
ture involving the palatal half of the crown. The pre-operative X-ray revealed an anatomy
of a three-rooted premolar. The whole endodontic procedure was carried out under 4X
loupes magnification and dedicated illumination (Carl Zeiss Meditec AG, Germany). After
local anesthesia (2% lidocaine with 1:100,000 epinephrine), and rubber dam isolation, a
conservative endodontic access cavity was performed using a long-shaft-rounded diamond
bur, and dedicated endodontic ultrasonic tips Start X 3 (Maillefer Dentsply, Ballaigues,
Switzerland). A careful inspection of the pulp chamber floor revealed an extremely unusual
anatomy for a second maxillary premolar, four separate canal orifices were identified. After
straight-line access preparation was obtained, root canals were negotiated with pre-curved
stainless-steel K-files, sized 0.8 and 10 ISO (Maillefer-Dentsply, Ballaigues, Switzerland),
and the WL was established with an apex locator (Root ZX Morita, Tokyo, Japan). A mixed
shaping technique was adopted. Pre-flaring and glide path were performed to WL with
a NiTi 10.04 and a 15.05 (Sweden e Martina, Padova, Italy) rotary file at 180 rpm and
torque 2. All canals were finished with ProTaper Next X2 (Maillefer-Dentsply, Ballaigues,
Switzerland). All shaping steps were carried out under 5.25% heated NaOCl irrigation
(NiClor, Ogna, Bologna, Italy). After instrumentation, the root canals were irrigated with
17% EDTA solution Tubuliclean (Ogna, Bologna, Italy) for 3 min followed again by sev-
eral 1-minute rinses with heated 5.25% sodium hypochlorite solution. A carrier-based
obturation was performed using dedicated obturators Thermafil for ProTaper NEXT, X2,
(Maillefer-Dentsply, Ballaigues, Switzerland) and a zinc oxide-based endodontic sealer. The
intra-operative X-ray confirmed all four canals were independent throughout their entire
length. A temporary restoration was performed using zinc oxide-based cement placed on
the pulp chamber floor covered by a layer of glass ionomer cement (GCem, GC Co Tokyo,
Japan). Follow-up after 1 year showed clinical and radiographic signs of healthy conditions.
Figure 5 illustrates the complete case.
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2.5. CASE 5

A 54-year-old male patient was referred for treatment before prosthetic rehabilitation.
The pre-operative X-ray revealed the presence of an accessory and an untreated canal of
tooth 15, which presented an apical lesion. The whole treatment was conducted under
magnification (Leica 525M, Leica Microsystems, Wetzlar, Germany). During disassemble of
the cavity, access was refined by ultrasonic instrumentation (Start X no. 2 and 3, Maillefer,
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Ballaigues, Switzerland) with the aim of locating the missed canal. The treated canals were
shaped with a Komet EndoRestart 25/05 (Komet, Besigheim, Germany) and finished with
a Protaper Next X2 (Maillefer-Dentsply, Ballaigues, Switzerland). Only the palatal canal
was finished with the F3 instrument. The missed canal was then negotiated manually
using a k-file 10/02 up to the working length and was then prepared mechanically with
the following instrument sequence: M-two 10/04, (Sweden e Martina, Italy), Proglider and
Protaper Next X1-X2 (Maillefer-Dentsply, Ballaigues, Switzerland). Warm vertical gutta-
percha condensation with a Pulp Canal Sealer EWT (Kerr Dental, Orange, CA, USA) was
used for canal obturation. The final X-ray showed unusual anatomy with four independent
canals. The complete case is reported in Figure 6.
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3. Discussion

These cases are rare findings of maxillary premolars with four canals. Endodontic
management in these complex anatomical configurations is challenging and depends on
individual clinical skills as well as the procedural techniques applied [17].

Accurate radiographic examination using horizontal angle variation provides notable
support for the endodontist to distinguish the roots and root canals and formulate a correct
diagnosis, also in challenging anatomical configurations, as previously reported [12–14].
Furthermore, the detection of the pulp chamber anatomy during coronal access and ade-
quate intracanal dentin removal contribute to the correct clinical location of the root canal
orifices [12]. Cone beam-computed tomography (CBCT) is also a diagnostic imaging modal-
ity recommended for approaching the complex root canal anatomy [18,19]. Despite CBCT
providing high-quality, accurate, three-dimensional (3D) representations of the anatomical
dental structures, the presence of metallic restorations (e.g., amalgam restorations, metal
posts and/or crowns) or even gutta-percha can determine significant radiographic artefacts
which can impact the visualization of the root canal anatomy and pathological conditions,
such as root resorption and root fractures [20]. Considering that cone beam-computed
tomography implies an additional X-ray dose for the patient, the final decision to perform
or not to perform a second-level radiologic exam should be based on the clinical and
radiographic interpretation of each case. Within this context, the use of a CBCT exam was
not considered pivotal for the management of the clinical cases described.
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The microscopy is another essential tool in complex endodontic cases. It favors the
localization of anatomical landmarks in the pulp chamber floor and thus the identification
of eventual supplementary root canals or root canal aberrations [21]. In some selected cases,
the operating microscope can help the clinician in identifying the point where the principal
canal bi- or trifurcates and the orientation of the canal orifices [17].

Moreover, in such complex anatomical configurations the use of ultrasonic devices [22],
dedicated file for re-treatment [23], and modified preparation techniques [16] could be
useful in improving the procedural steps of endodontic treatment.

The mixed endodontic alloy (MEA) inverse taper® is a hybrid shaping technique
proposed for the preparation of challenging anatomical configurations, such as double
or abrupt curvatures and narrow canals. Inverting the taper during the treatment of a
narrow, curved or double canal allows the treatment to be extremely safe. The 0.05% final
taper ensures root cleaning until the apex maintaining open the eventual lateral canals.
At the same time, the 0.05% taper allows for adequate final shaping for the filling phase.
The hybrid sequence comprising the #10.04 and #15.05 austenitic files, followed by the
martensitic #20.04 produce the first taper inversion at 5 mm from the apex, while the
second phase of #25.04 invert the taper at 10 mm. Thus, the instrument does not engage
the dentinal walls at D5 and D10 for #20.04 and #25.04, respectively, avoiding excessive file
torsional stress and maintaining as much residual dentin as possible [16].

Finally, the use of straightforward and fast obturation techniques, such as the single
cone technique combined with biosealers, which promote hydroxyapatite formation, are
particularly useful in challenging root canal configurations [24,25].

These case series provide useful clinical information for performing root canal treat-
ments in complex cases, while creating awareness about anatomical variations of maxillary
premolars [26–28]. Of note, different clinical outcomes such as orthodontic movement
and implant success depend on several factors [29,30], including root canal morphol-
ogy [31,32]. Hence, a detailed knowledge of root canal morphology is useful in different
clinical contexts.

4. Conclusions

The above clinical cases describe several approaches in the treatment of four-canal
maxillary premolars, including a conservative canal preparation with a hybrid shaping
technique, endodontic microsurgery and the application of biomaterials. The use of an
operating dental microscope, different operating strategies and the critical evaluation of
radiographs are all pivotal steps for the correct and predictable endodontic management of
these teeth.
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Abstract: The study investigated allogenic pulp transplantation as an innovative method of regener-
ative endodontic therapy. Three patients were selected for the endodontic treatment of single-root
teeth, who also had a son/daughter with deciduous teeth or third molars scheduled for extraction.
Receptor teeth were endodontically instrumented and irrigated using a tri-antibiotic solution. During
the transplant procedures, the teeth from the son/daughter were extracted, sectioned, and the pulp
was carefully removed. The harvested pulp from the donor was inserted into the root canal of
the host tooth (father/mother), followed by direct pulp capping and resin composite restoration.
The teeth were followed-up with for 2 years and were surveyed with computed tomography, the
electric pulp vitality test, and Doppler ultrasound examination. At the 6-month follow-up, positive
pulp vitality and the formation of periapical lesions were verified in cases 1 and 2. Case 3 showed
remarkable periapical radiolucency before transplantation, but after 1 year, such lesions disappeared
and there was positive vitality. All teeth were revascularized as determined by Doppler imaging after
2 years with no signs of endodontic/periodontal radiolucency. In conclusion, although this was a
case series with only three patients and four teeth treated, it is possible to suppose that this allogenic
pulp transplantation protocol could represent a potential strategy for pulp revitalization in specific
endodontic cases.

Keywords: pulp; regeneration; revitalization; transplant

1. Introduction

The pulp–dentin complex may be repaired, and dental caries can be arrested by highly
organized, vascularized, and cell-loaded pulpal tissue. Any injuries to such tissue may
trigger an inflammatory response or necrosis, overturning its repair capacity. Such cir-
cumstances often require pulp removal, disinfection, instrumentation, and endodontic
obturation with inert materials such as gutta-percha [1]. Regenerative endodontics are
rapidly evolving thanks to the advent of innovative tissue-engineering protocols, treat-
ments, and technologies [2]. Most of the strategies used to regenerate pulp tissue are based
on the use of stem cells from periodontal ligament, bone, or dental pulp. These cells are
usually seeded in scaffolds and later transferred into the in-root canal, where they can
differentiate in specialized cells towards the formation of vessels, fibroblasts, odontoblasts,
and further cells found in pulp [3].

The role of growth factors is also essential for cell differentiation and signaling to
the accessibility of other cells. Nevertheless, most of the improvements in regenerative
endodontics are found in in vitro or animal model studies [2–5]. In this regard, the uses
of platelet-rich fibrin (PRF) and platelet-rich plasma (PRP) have demonstrated optimal
potential to treat open apex situations, improving the revascularization procedure [6–9].

35



Bioengineering 2022, 9, 699

However, the actual formation of new pulp tissue is limited when using platelet concen-
trates. Only recently, the transplantation of all the pulp tissue [10] generated an optimal
“scaffold” for regeneration. The auto-transplantation of dental pulp collected from a third
molar requiring extraction to a host tooth in the same patient was demonstrated to be a
clinically feasible procedure for true pulp regeneration without risks for body rejection
and severe inflammation [11–13]. Nevertheless, to the best of our knowledge, dental pulp
transplantation between two different people has never been investigated so far. Indeed,
allogenic transplantation could be the next step to assess the clinical success of such a
clinical procedure.

Therefore, this investigation aimed at describing the clinical procedures for dental
pulp allogenic transplantation and conducted a clinical follow-up for at least 24 months for
three patients treated with such a regenerative endodontic treatment.

2. Materials and Methods

Three patients requiring root canal treatment in single-root premolars with their
sons/daughters in need of an extraction of deciduous teeth or the third molar were re-
cruited in this study (Dental Clinics of School of Dentistry). The protocol and the treatment
plan were evaluated and approved by the Local Ethics Committee of Paulo Picanço School
of Dentistry (protocol 3585776), and all patients signed an informed consent form with
the details of the aim of the study and potential complications and accepted the clini-
cal/radiographic follow-up for a period of 1, 3, 6, 12, 18, and 24 months. The inclusion
criteria were the following: patients were 18–60 years old with no gender predilection,
undergoing irreversible pulpitis (case 2) or pulp necrosis (cases 1 and 3) signs with sponta-
neous pain (case 2) or periapical radiolucency (cases 1 and 3) in single-root teeth, thereby re-
quiring root canal treatment, with a periodontal pocket depth < 3 mm. The presence of tooth
discoloration was not an exclusion criterion. Furthermore, the patients’ sons/daughters
(donors) were aged between 9 and 21 years old and needed to have a deciduous tooth
without root resorption or a third molar scheduled for extraction for reasons not related to
this investigation. These donator teeth were tested for vitality with an electric pulp vitality
test (Pulp Tester Digital, Odous de Deus, Belo Horizonte, Brazil).

First, panoramic radiography was performed on all patients in the three cases
(Figures 1–3), as well as computed tomography (CT) scanning with a 0.25 mm voxel size
in order to confirm the periapical status of each tooth requiring endodontic treatment.
The extraction of teeth from the patients’ children was performed without tooth sec-
tioning and with extreme caution in order to avoid damaging the tooth and the apical
structures. The extraction was carried out with local anesthesia using 1.8 mL of 2%
lidocaine (1:80,000 epinephrine) through a nerve block technique. The extracted teeth
were stored in a sterilized saline solution. At the same time and in the same dental
office, the single-root teeth requiring root canal treatment were also anesthetized as
aforementioned, isolated with a rubber dam, and pulp chamber access was executed
with diamond burs with a high-speed handpiece under continuous and copious water
irrigation. The canal instrumentation was performed using rotary files (Wave One Gold,
Dentsply, Rio de Janeiro, Brazil) in combination with irrigation using a tri-antibiotic
solution (ciprofloxacin, minocycline, and metronidazole at 500 µg/mL each) [14,15].
Prior to the rotary files, one #10 manual K-file (Dentsply) was used to perform the
patency. No apical bleeding was performed because it was a different protocol than the
revascularization strategy [15,16].
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Figure 1. Panoramic radiographs of initial visit of the two patients from case 1. Black circle indicates 
the tooth requiring root canal treatment (receptor tooth) in the mother whilst the asterisks point to 
the primary canines in the son with planning for extraction (pulp donator tooth). The pulps from 
both canines were transplanted to the buccal and palatal canals from the first premolar of the 
mother. 

 
Figure 2. Panoramic radiographs of initial visit of the two patients in case 2. Black circle indicates 
the tooth requiring root canal treatment (receptor tooth) in the father whilst the asterisk points to 
the primary canine of the patient’s daughter planned for extraction (pulp donator tooth). 

Figure 1. Panoramic radiographs of initial visit of the two patients from case 1. Black circle indicates
the tooth requiring root canal treatment (receptor tooth) in the mother whilst the asterisks point to
the primary canines in the son with planning for extraction (pulp donator tooth). The pulps from
both canines were transplanted to the buccal and palatal canals from the first premolar of the mother.
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Figure 2. Panoramic radiographs of initial visit of the two patients in case 2. Black circle indicates the
tooth requiring root canal treatment (receptor tooth) in the father whilst the asterisk points to the
primary canine of the patient’s daughter planned for extraction (pulp donator tooth).
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Figure 3. Panoramic radiographs of initial visit of the further two patients. Black circle indicates the 
teeth requiring root canal treatment (receptor teeth: lateral incisor and canine) in the mother whilst 
the asterisk highlights the third molar from the daughter demanding extraction (pulp donator 
tooth). The pulp from the donator tooth was sliced to obtain a mesial portion, which was trans-
planted to the lateral incisor of the mother; meanwhile, the distal part of the pulp was inserted into 
the mother’s canine. 

Sterile saline solution was used to remove the residues of the irrigating solution, 
while EDTA at 17% concentration was employed for 5 min for dentin conditioning and 
smear layer removal [17]. EDTA was rinsed twice using the saline solution, and the root 
canal was gently dried with an absorbent paper cone. The extracted teeth from the pa-
tients’ children were first cut with a small diamond saw with a slow-speed handpiece [10] 
under a running sterilized saline solution. This first cut penetrated only 1–2 mm around 
the entire mesial and distal surfaces and 3–4 mm along the occlusal surface. This was per-
formed to create a notch without touching the pulp tissue. The notch was pressed with a 
straight sharp syndesmotome to separate the tooth into two halves, which allowed for 
more careful pulp removal using small tweezers [10]. Pulp tissue (from the donator tooth) 
was inserted into the root canal of the receptor tooth (mother or father) with the aid of 
disinfected gutta-percha cones [10] to avoid damaging the pulp tissue. 

Direct pulp capping was performed by means of Biodentine (Septodont, Paris, 
France) calcium silicate cement, which was manipulated according to the manufacturer’s 
instructions and applied 2 mm below the bottom of the pulp chamber. After 10 min from 
the setting of the Biodentine, resin-modified glass ionomer cement (Riva Light-Cure, SDI, 
Bayswater, Australia) was applied as a liner and light-cured for 20 s with an LED Valo 
unit (1200 mW/cm², Ultradent, South Jordan, UT, USA) in order to avoid a negative reac-
tion between the Biodentine and adhesive restoration [18]. A two-step self-etch adhesive 
(Clearfil SE Bond, Kuraray Medical, Kurashiki, Japan) was applied in the selective enamel 
etching mode by using 37% phosphoric acid gel only at enamel borders for 15 s, which 
was rinsed with distilled water for 30 s, and both the dentin and enamel were completely 
air-dried for 30 s prior to the application of the adhesive primer for 20 s. A slight air-blast 
was performed to evaporate the solvent, followed by an immediate application of the ad-
hesive for 20 s. The adhesive system was light-cured for 40 s using a Valo LED unit, as 

Figure 3. Panoramic radiographs of initial visit of the further two patients. Black circle indicates
the teeth requiring root canal treatment (receptor teeth: lateral incisor and canine) in the mother
whilst the asterisk highlights the third molar from the daughter demanding extraction (pulp donator
tooth). The pulp from the donator tooth was sliced to obtain a mesial portion, which was transplanted
to the lateral incisor of the mother; meanwhile, the distal part of the pulp was inserted into the
mother’s canine.

Sterile saline solution was used to remove the residues of the irrigating solution, while
EDTA at 17% concentration was employed for 5 min for dentin conditioning and smear
layer removal [17]. EDTA was rinsed twice using the saline solution, and the root canal
was gently dried with an absorbent paper cone. The extracted teeth from the patients’
children were first cut with a small diamond saw with a slow-speed handpiece [10] under a
running sterilized saline solution. This first cut penetrated only 1–2 mm around the entire
mesial and distal surfaces and 3–4 mm along the occlusal surface. This was performed to
create a notch without touching the pulp tissue. The notch was pressed with a straight
sharp syndesmotome to separate the tooth into two halves, which allowed for more careful
pulp removal using small tweezers [10]. Pulp tissue (from the donator tooth) was inserted
into the root canal of the receptor tooth (mother or father) with the aid of disinfected
gutta-percha cones [10] to avoid damaging the pulp tissue.

Direct pulp capping was performed by means of Biodentine (Septodont, Paris, France)
calcium silicate cement, which was manipulated according to the manufacturer’s instruc-
tions and applied 2 mm below the bottom of the pulp chamber. After 10 min from the
setting of the Biodentine, resin-modified glass ionomer cement (Riva Light-Cure, SDI,
Bayswater, Australia) was applied as a liner and light-cured for 20 s with an LED Valo
unit (1200 mW/cm2, Ultradent, South Jordan, UT, USA) in order to avoid a negative reac-
tion between the Biodentine and adhesive restoration [18]. A two-step self-etch adhesive
(Clearfil SE Bond, Kuraray Medical, Kurashiki, Japan) was applied in the selective enamel
etching mode by using 37% phosphoric acid gel only at enamel borders for 15 s, which
was rinsed with distilled water for 30 s, and both the dentin and enamel were completely
air-dried for 30 s prior to the application of the adhesive primer for 20 s. A slight air-blast
was performed to evaporate the solvent, followed by an immediate application of the
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adhesive for 20 s. The adhesive system was light-cured for 40 s using a Valo LED unit, as
previously described. Resin composite build-up was incrementally performed using 2 mm
thick increments (Opallis, FGM, Joinville, Brazil), which were individually light-cured for
20 s. After occlusal check/adjustments, the patient was sent home with pharmacological
support based on 600 mg of ibuprofen every 8 h for 3 days. No antibiotics were prescribed
for any patient.

The receptor teeth were imaged by computed tomography in this first clinical visit
(Figure 4(A1,B1,C1,C2)). Patients were scheduled for follow-up visits after 1 month and at
every 3 months after the allogenic transplantation clinical procedure. At each recall visit,
the treated teeth were evaluated via computed tomography (at 6, 12, and 24 months) and
periapical radiography (at 3, 9, 15, and 18 months). Moreover, an electric pulp vitality test
(Pulp Tester Digital, Odous de Deus, Belo Horizonte, Brazil) was performed on treated
and further intact teeth from the same patient for control purposes, followed by occlusal
check/adjustments of restorations and Doppler ultrasonic imaging at the 2-year follow-up.
The device used was a Phillips HD11 ultrasonic device with color and spectral Doppler
with a 1 cm/s rate by using a linear tip with 12–15 MHz frequency.

Bioengineering 2022, 9, x FOR PEER REVIEW 5 of 10 
 

previously described. Resin composite build-up was incrementally performed using 2 
mm thick increments (Opallis, FGM, Joinville, Brazil), which were individually light-
cured for 20 s. After occlusal check/adjustments, the patient was sent home with pharma-
cological support based on 600 mg of ibuprofen every 8 h for 3 days. No antibiotics were 
prescribed for any patient.  

The receptor teeth were imaged by computed tomography in this first clinical visit 
(Figure 4(A1,B1,C1,C2)). Patients were scheduled for follow-up visits after 1 month and 
at every 3 months after the allogenic transplantation clinical procedure. At each recall 
visit, the treated teeth were evaluated via computed tomography (at 6, 12, and 24 months) 
and periapical radiography (at 3, 9, 15, and 18 months). Moreover, an electric pulp vitality 
test (Pulp Tester Digital, Odous de Deus, Belo Horizonte, Brazil) was performed on 
treated and further intact teeth from the same patient for control purposes, followed by 
occlusal check/adjustments of restorations and Doppler ultrasonic imaging at the 2-year 
follow-up. The device used was a Phillips HD11 ultrasonic device with color and spectral 
Doppler with a 1 cm/s rate by using a linear tip with 12–15 MHz frequency. 

 
Figure 4. Computed tomography images of teeth receiving pulp allogenic transplantation. (A1–A3) 
are related to the patient’s premolar in case 1, which showed small initial periapical radiolucency 
Figure 4. Computed tomography images of teeth receiving pulp allogenic transplantation. (A1–A3) are
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slightly increased in further follow-ups (A2,A3) but was entirely reduced at the 2-year follow-up (A4).
The same trend occurred in the patient from case 2 (B1,B2) with a complete reduction of the periapical
lesions at the 1-year follow-up (B3). This was confirmed by tomography at the 2-year stage (B4). In
case 3, two teeth received allogenic pulp transplantation: the lateral incisor and mandibular canine.
However, different tomographic slices were selected to show the treatment progression; (C1,C3,C5)
depict lesion regression at the 1- and 2-year follow-ups. The same occurred with the lateral incisor,
with a complete reduction of periapical radiolucency after 2 years. All four teeth from the 3 cases
showed positive pulpal vitality with the electric test after 6–12 months. (D1–D4) depicts the Doppler
ultrasonic assessment of the periapical revascularization in teeth from all three cases subjected to
pulp allogenic transplantation. (D1) demonstrates high blood flux at the tooth receptor of the pulp of
the patient from case 1. The blood flux of the teeth from case 2 (D2) was intense and similar to that of
both teeth in case 3 (D3). The pulse intensity was normal in all four teeth (D4).

3. Results

During the 3-month follow-up, all patients reported slight pain at the periapical
region of the receptor tooth, which started after 40 days and continued up to 2–3 months
after the procedure. No response to the electrical pulp vitality test was detected until the
3-month follow-up. The patients in cases 1 and 2 showed a slight increase in periapical
radiolucency as highlighted in the computed tomography at the 6-month follow-up period
(Figure 4(A2,B2)) and at 1 year in case 1 (Figure 4(A3)). The details of patients from each
case are presented in Table 1.

Table 1. Spreading of age and gender of donors and receptors in each case along with the teeth related.

Age Relationship Teeth

Donor 1 11 Son 73
Receptor 1 25 Mother 24

Donor 2 10 Daughter 73
Receptor 2 49 Father 25

Donor 3 20 Daughter 38
Receptor 3 48 Mother 42 and 43

After one year from the allogenic transplantation, a complete regression of periapical
lesions was verified for the patient in case 2 (Figure 4(B3)), and a remarkable reduction was
verified for the patient in case 3 (Figure 4(C3,C4)). No signs of endodontic/periodontal
complications/radiolucencies were observed for any patients at the 24-month follow-up
stage (Figure 4(A4,B4,C5,C6)). Positive pulp vitality was confirmed, and revascularization
was further proved for the three patients by Doppler imaging (Figure 4(D1–D4)) at the
periapical region of each tooth.

4. Discussion

In modern dentistry, the auto-transplantation of teeth is a well-known and established
procedure for the replacement of destroyed molars demanding immediate extraction. More
recently, 3D-printing technology facilitated such a procedure by allowing the training of
operators in a simulated clinical scenario [19]. Even the allogenic tooth transplantation of
an entire tooth from the daughter to the mother was successfully demonstrated with the
support of 3D-printing technology in order to achieve an optimal clinical outcome [20].
Such clinical procedures prompted the concept and idea of the present investigation, which
was based on the use of the pulp tissue from an extracted primary tooth to replace the
defective tissue in a different area of the oral environment in a third patient.

Several advantages are expected when performing a pulp tissue allogenic transplan-
tation, such as the reduction of transplant rejection, similar DNA and RNA in all cells,
completely mature connective tissue, formed neuronal network, as well as a properly
formed vascularization network. Nevertheless, small inflammation would be expected at
the initial time until the macrophages and lymphocytes recognize similar DNA fragments
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diminishing immunological reactions, thereby avoiding complete tissue rejection and the
unsuccess of transplants [20]. Indeed, these factors may enhance the success of pulp re-
generation treatments as in the strategy demonstrated by Liang et al. [13], which used
minced pulp as a source of mesenchymal stem cells (MSCs) in order to provide odontogenic
differentiation with high potential for protein and alkaline phosphatase expression. Fur-
thermore, the in vivo clinical regeneration of pulp tissue would be faster than when using
only conventional scaffolds, MSCs, and growth factors, especially once all the conjunctive
tissue, blood vessels, and nerves are already constructed.

In a successful clinical procedure for pulp allogenic transplantation, the extraction
of primary teeth or third molars from a relative, such as sons or daughters, must be
performed with minimal damage of the tooth, avoiding tooth sectioning during extraction
and excluding carious teeth or resorbed roots.

Indeed, when pulp tissue was removed from the donator teeth with tweezers, several
odontoblasts were heavily damaged but were suitably replaced by stem cells after trans-
plantation in order to achieve clinical success. Nevertheless, such a procedure is critical, as
many cells could be damaged or killed, depending on how careful the pulp removal from
the pulp chamber in the donor teeth was. A harsh procedure may inevitably cut the cellular
processes from the odontoblast cell body, thereby increasing the failure rate of the entire
transplantation procedure. In a therapeutic role, alkaline phosphatase may act as recovery
mechanisms to heal the damaged tissue with odontoblast-like cells or with localized pulp
mineralization [13].

Herein, the primary teeth extracted (asterisks in Figures 1 and 2) were scheduled to
be extracted with minimal injury as they were vertically inclined, and permanent teeth
were already formed/erupted in cases 1 and 2. Furthermore, the tooth must be stored
as soon as possible in a sterilized saline solution; the complete disinfection prior to pulp
removal and transplantation is mandatory [21]. The sectioning of the extracted tooth must
be performed using a sterilized handpiece and diamond disks only after the root canal
instrumentation of the receptor tooth [10]. Pulp should also be removed with sterilized
tweezers (Figure 4B) and inserted into the roots of the acceptor teeth using disinfected
gutta-percha cones. Indeed, all these procedures may promote minimal contamination
during the clinical treatment, thereby increasing the probability to perform bacterial-free
endodontic regeneration.

Moreover, root canal instrumentation and irrigation were performed by using rotary
files and a tri-antibiotic solution [22], respectively. Although a recent report [23] suggested
that clindamycin can replace minocycline to offer better angiogenic potential, we in the
present case series employed the traditional solution used for revascularization proce-
dures. A further feasible drug to replace minocycline would be doxycycline [24], which
is approved by the US FDA and does not induce oxidative tooth staining over time [25].
However, doxycycline has been little investigated in pulp regeneration studies and the
tri-antibiotic solution was used only as an irrigant, thereby diminishing the possibility of
tooth staining. This is in contrast with the conventional procedure of revascularization
performed by endodontic specialists, which requires keeping the tri-antibiotic solution
for several days inside the root canals and pulp chamber. A further traditional procedure
commonly performed in such a scenario is a final irrigation with 17% EDTA [17] prior to
tissue transplantation [10]. It has been proposed that by opening dentinal tubules and
conditioning the outer dentin, it would be possible to release several growth factors such
as brain-derived neurotrophic factors and growth-differentiation factor 15 [8]. Particularly,
these neuronal growth factors play an important role in the regeneration process of the
transplanted pulp and obtain a faster recovery of the tooth vitality [26]. Furthermore,
the intense blood flow in the bone surrounding the periapical apex may deliver vascu-
lar endothelial growth factors (VEGF) into root canals, likely reaching the two receptors
(VEGFR-1 and VEGFR-2) in cells from mature blood vessels [26] within the transplanted
pulp tissue. With entire vessels formed inside and outside the root canal in the apical
region, a small vascular formation would restore blood to the transplanted pulp. All apexes
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from receptor teeth were kept without a high increase in diameter, but an open apex could
help in revascularization and clinical success.

Concerning the few clinical studies available in the literature about pulp regeneration,
the majority of them are focused on teeth diagnosed with irreversible pulpitis [8,9,12] with
an absence of initial periapical radiolucency; this provides optimal vascularization and a
lack of inflammatory mediators in the bone of the periapical region, which may facilitate the
revascularization and reinnervation of transplanted tissue/cells. Conversely, in the current
clinical cases, all patients presented periapical radiolucency either before or a few months
after the allogenic transplantation. Such a feature may be a consequence of lower blood
irrigation along with some inflammatory mediators due to the presence of allogenic cells,
which may interfere with the success of the treatment. Nevertheless, successful outcomes
were attained in the current study, along with a clear reduction of the periapical lesions in
the treated teeth (Figure 4). Herein, we did not use prefabricated fibrin or collagen to avoid
the contact of stem cells with different tissues, which could impair their differentiation and
the success rate of transplantation. Stem cells replicate and differentiate more when in their
natural tissue; this is the reason we did not use such materials.

Several protocols have been proposed for pulp transplantation to the root canal via en-
dodontic regeneration, such as minced pulp [13], extracted/expanded DPSCs [12], platelet-
rich fibrin [8], and leukocyte-platelet-rich fibrin [9]. Unfortunately, all these treatments
require the support from a laboratory procedure to obtain platelet concentrates or stem cell
expansion/replication [21]. In the present investigation, no laboratory intervention was
demanded for pulp allogenic transplantation, which may represent a significant advance
in comparison to previous clinical strategies. In fact, pulp allogenic transplantation as
highlighted in the present report is entirely performed in a clinical dental office without the
need for further external support.

In the clinical steps of the present case series, pulp capping after the allogenic trans-
plantation was performed by using a gold standard procedure based on the use of calcium
silicate cement (Biodentine, Septodont). This usually attains an optimal pulpal response,
yielding a release of odontogenic growth factors, alkaline phosphatase release, and dentin
bridge formation [9,27]. Afterwards, resin-modified glass ionomer cement was applied,
followed by the application of [28] a two-step self-etch adhesive Clearfil SE Bond, which
was employed in the selective enamel etching technique [29] in order to obtain the opti-
mal sealing of the margins of the restored cavity. We believe that such pulp capping and
restorative procedures may play an important role in the clinical long-term outcome of
auto-transplanted pulps.

To confirm the apical revascularization, the three patients received a Doppler ultrasonic
evaluation (Figure 4) of the four teeth that were treated for a pulp allogenic transplantation.
This technique confirmed blood perfusion with characteristic pulse images (Figure 4(D4)),
thereby demonstrating revascularization. Although such a method is not usual for the
assessment of pulp vitality and periapical vascularization, an experienced M.D. radiologist
trained with an obstetric ultrasound/Doppler device using his own teeth until it was
calibrated prior to surveying the patients. Furthermore, electric pulp testing may vary
from one device to another concerning the level of electric current and the tips employed,
thereby jeopardizing the repeatability and reliability of the experiment.

This report is the very first attempt to demonstrate that the transplantation of pulp
may be possible between close relatives such as parents and children, and perhaps be-
tween further family members. Indeed, future trends should focus on possible blood
tests to survey the suitability for pulp transplants among distant family members and
non-family-related donors/receptors. However, there are several limitations to the present
treatment protocol related to the treatment of cases characterized by teeth presenting ab-
scesses, purulency, or even when third molars are not well-positioned, which need to be
extracted employing odonto-section procedures with a high risk for pulp damage and/or
contamination. Furthermore, more improvements for the clinical procedure should focus
on more suitable irrigation protocols and antibiotics, optimal root canal instrumentation,
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and the digitalization of the process in order to facilitate the current positioning of the pulp
tissue into root canals with different shapes and sizes. Future trends may continue with the
investigation of the health status of transplanted tissue by histochemical staining or cell
culture studies, as well as the possible assessment of pulp transplantation between people
from different families and a future feasible test to confirm gene compatibility tailored to
such a novel sort of transplantation procedure.

5. Conclusions

Within the limitations of the present clinical report, the procedure of allogenic pulp
transplantation may be feasible and provide revascularization, vitality restoration, and
the reduction of periapical radiolucency. Further randomized clinical trials should be
employed to study the actual success rate of such an innovative clinical treatment.
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Abstract: Dental trauma may have a severe impact on the social and psychological wellbeing of a
patient. Most cases of dental injuries involve anterior teeth, especially the maxillary upper incisors.
Crown fractures, with or without pulp exposure, are the most common trauma in permanent dentition.
There are many methods of management, in which the initial state of the pulp, the time since the
injury, and the presence of an accompanying injury play a key role. This case report aimed at showing
a possible conservative treatment after complicated tooth fracture that consisted of partial pulpotomy
followed by adhesive reattachment of the tooth fragment using a technique based on heated resin
composite. Such a specific procedure represents a conservative approach to traumatic coronal lesions,
providing a suitable opportunity to maintain the tooth vitality, aesthetics, and function. Indeed,
reattachment of tooth fragment using a composite/adhesive is a simple technique to achieve excellent
results in terms of aesthetic and function.

Keywords: traumatic dental injury; tooth fracture; adhesive reattachment

1. Introduction

Traumatic dental injuries (TDIs) concern mostly children and young adults [1]. TDIs
may have a severe impact on the social and psychological wellbeing of a patient. Dental
fractures are classified according to the fractured tissue and pulp involvement, and include
enamel infractions, uncomplicated crown fractures (enamel fractures and enamel–dentin
fractures), complicated crown fractures (enamel–dentin fractures with pulp exposure), and
crown–root and root fractures [2]. Most of the cases of dental injuries involve anterior teeth,
especially the maxillary upper incisors [3,4]. Conversely, lower central incisors and upper
lateral incisors are less commonly involved [5,6]. Crown fractures, with or without pulp
exposure, are the most common type of trauma in permanent dentition [3,7]. Complicated
crown fractures involve enamel and dentin with pulp exposure; the occurrence of such
trauma ranges between 2% and 13%, and the most common causes are falls, traffic accidents,
domestic violence, fights, and sports [3,7].

The treatment of complicated crown fractures according to the International Associa-
tion of Dental Traumatology (IADT, 2020) [1] includes conservative treatment of the pulp,
such as partial pulpotomy, in both mature and immature roots. It is worth emphasizing
that the condition of the pulp before starting treatment should be determined [1]. However,
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in the case of tooth injuries, it is possible to obtain false negative results, meaning no
response despite vital pulp. After the trauma, the nervous response is temporarily lost, so
the sensibility test (cold test and electric pulp test) may be negative [8]. Nevertheless, it is
recommended that pulp vitality testing is performed after injury, as well as at follow-up
visits, to assess any possible change over time [1,9]. In addition, tests for the evaluation of
blood flow in the pulp, such as laser Doppler flowmetry (LDF), should be used [1].

During diagnosis, it is strongly recommended to take a parallel periapical radiograph.
Additional radiographs are required if there are signs and symptoms of other potential
injuries. For soft tissue injuries, X-rays of the lip and/or cheek are needed to look for tooth
fragments or external debris. In the event of suspicion of other injuries, especially root
fractures, crown–root fractures, or lateral luxations, the clinician should consider using
cone beam computerized tomography (CBCT). This examination enables the determination
of the location, extent, and direction of the injury [10]. The decision on additional patient
exposure to radiation should be based on the fact that the obtained results will change the
route of injury management.

When a tooth fragment is available, it should be reattached; if it is not available, it is
recommended to cover the dentin with a glass-ionomer or a bonding agent and composite
resin [1]. If a post is required to retain a crown in a mature tooth with complete root
formation, root canal treatment is the preferred method.

The favorable outcomes include asymptomatic teeth with positive response to pulp
sensibility testing, good quality restoration, and continued root development in immature
teeth. Treatment outcome depends on the severity of the injury, quality, and timeliness of
initial care, and recall protocol (after 14 days, 6–8 weeks, 3 and 6 months, and one year
after the injury) [1]. The latter was performed via radiographic assessment and cold/hot
vitality test. The present case report aimed at showing a possible conservative treatment
after complicated tooth fracture that consisted of partial pulpotomy followed by adhesive
reattachment of the tooth fragment.

2. Presentation of Cases
2.1. Diagnosis

A 15 year old male patient (case #1) experienced a blunt trauma during basketball game.
The patient suffered from a complicated fracture of the crowns of 11 and 21 (Figure 1A,B).
The fragments were recovered and kept immersed in milk until the appointment two days
after the trauma.
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In case #2, a 21 year old male patient reported to dental office immediately after a
complicated crown fracture of the crowns of 11 during a tennis game (Figure 1C,D). The
dental fragment was immediately stored in Hank’s balanced saline solution.

In both cases, teeth were vital with thermal and electrical stimulus; no mobility
and symptoms of other trauma were detected during clinical and X-ray examination
(Figure 2A,B). The tooth fragments were not damaged, fit the tooth crowns, and did not
interfere with the occlusion (Figure 3A,B).
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Figure 3. Fragments of teeth (A) 11 and 21, (B) 11. 

2.2. Pulp Treatment Option 
In case of complicated crown fractures, vital pulp therapy (VPT) interventions in-

clude direct pulp capping (DPC), partial pulpotomy (PP), and complete pulpotomy (CP) 
(Table 1). 

Table 1. Treatment options of crown fractures with pulpal exposure. 

Vital Pulp Therapy (VPT) Intervention Description of the Method Indication 

Direct pulp capping (DPC) 
(1) Placement of protective pulp 

capping material directly over the 
exposure 

A recent and pinpoint-sized exposed vi-
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2.2. Pulp Treatment Option

In case of complicated crown fractures, vital pulp therapy (VPT) interventions include
direct pulp capping (DPC), partial pulpotomy (PP), and complete pulpotomy (CP) (Table 1).

Table 1. Treatment options of crown fractures with pulpal exposure.

Vital Pulp Therapy (VPT) Intervention Description of the Method Indication

Direct pulp capping (DPC) (1) Placement of protective pulp capping
material directly over the exposure

A recent and pinpoint-sized exposed
vital pulp

Partial pulpotomy (PP)
(1) Partial removal of the coronal pulp;

(2) Hemostasis;
(3) Placement of a pulp capping material.

Pulp exposure treated within 14 days
after trauma, caries-free, open apex or

thin dentinal walls, and vital and
asymptomatic pulp

Full (complete) pulpotomy (CP)

(1) Removal of the entire coronal pulp to
the level of canal orifices;

(2) Hemostasis;
(3) Placement of a pulp capping material.

More than 2 week lapse between trauma
and treatment, extensive pulp exposure

Based on the analysis of the clinical conditions and additional tests, it was decided
to perform PP with adhesive/composite reattachment in case #1, as well as in case #2,
maintaining the vitality of the treated teeth. PP was chosen as the treatment method
following the admission of patients within 14 days after injury, no caries, and vital and
asymptomatic pulp.

In general, VPT has a high success rate. However, clinical factors such as the vitality
of the pulp, the time from exposure to intervention, age of the patient, other coexisting
injuries, the cause of exposure, and the extent of exposure may influence the favorable
outcome [11]. Additionally, PP has the advantage of preserving the cell-rich coronal pulp,
which may provide greater healing potential, and so maintain the possibility of having
physiological dentin deposition [12].

The diagnosis of injured tissue plays a key role, which can often be difficult in the case
of trauma. Additionally, the tests used for sensitivity assessment (electric and/or thermal
stimulation), which are dependent on neural response, may not be reliable in the first
days after trauma [13]. In the case of difficulties, tests based on the measurement of actual
blood flow, such as LDF or pulse oximetry, are recommended [13]. The increasing time
between injury and intervention contributes to lower treatment success [11,14]. The age of
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the patient, and, thus, root development, does not influence the treatment prognosis [11]. It
was believed that the pulp of the elderly contains more fibrous than cellular elements, which
means that it has less repair capacity. Currently, it is thought that more important factor
for treatment success is the complete removal of infected tissue, and, therefore, biological
methods can be successfully applied to elderly individuals [15]. However, the presence
of a further injury (e.g., luxation) associated with the crown fracture may adversely affect
the outcome of the treatment [16]. The pulp exposed due to trauma, compared to carious
exposure, has a greater chance of healing [11,17]. The extent of pulp exposure does not
affect treatment prognosis, provided that it remains vital [11].

It is important to consider that the success of VPT is also influenced by factors such as
proper infection control (rubber dam isolation), bleeding control, selection of the capping
material providing a tight seal, and a final restoration.

2.3. Preparation of Operatory Field

In the presented cases, after administrating the anesthesia of 2% lidocaine with 1:
80,000 adrenalines not alkalinized (Dentsply, Konstanz, Germany), and performing a total
rubber dam isolation to avoid cross-contamination, the partial pulpotomy was executed
through high-speed bur under continuous saline irrigation.

Various local anesthetics and different vasoconstrictors concentration are used in VPT
after trauma. Based on the available literature, the active substance and its concentration
demonstrated no effect on the treatment results [18]. On the other hand, the vasoconstrictors
may affect hemostasis, thus, making it difficult to assess the initial state of the pulp [18].
However, there are no clear guidelines for vasoconstrictor application in vital therapy.

The ability to control bleeding is an important factor determining the success of treat-
ment, as prolonged bleeding is supposed to be a sign of an irreversible inflammatory
process. The time needed to stop bleeding varies from 2 to 25 min, with no effect on the
prognosis of pulpotomy [18]. Moreover, achieving hemostasis at the site of exposure does
not provide an accurate assessment of pulp inflammation at the level of canal orifice [19].
Interestingly, immediate hemostasis does not determine the success of VPT [20]. Addition-
ally, high blood flow may indicate good blood supply to the pulp, and high level of ability
to repair and maintain vitality [20,21].

For bleeding control, the hemostatic agents are recommended. True hemostatic agents
such as ferric sulphate or hydrogen peroxide are not recommended, due to the risk of
masking the inflammation of the radicular pulp [21]. Several hemostatic products are
available i.e., sodium hypochlorite, chlorhexidine, lidocaine with a vasoconstrictor, or
saline, that show no adverse reaction to a pulp [22]. According to the guidelines (2021) of
the American Association of Endodontists (AAE), the use of sodium hypochlorite is recom-
mended, due to its bactericidal properties, and the ability to remove fibrin, clot, biofilm,
and discolorations [23]. The sodium hypochlorite can be used safely in direct contact with
pulp tissue (passive irrigation or soaked cotton pellet) at various concentrations, without
adverse effect to the pulp and treatment prognosis [23]. Thereby, to control bleeding, cotton
pellets soaked with 1% sodium hypochlorite were applied and the hemostasis was obtained
after 2 min in both cases.

2.4. Choice of Materials

An ideal pulpotomy material should be biocompatible, non-toxic, induce hard tissue
formation, and exhibit a disinfecting properties [24]. The materials used in pulpotomy are
calcium hydroxide (CH) and calcium silicate materials (CSMs) [24,25].

CH exhibits bactericidal properties, high pH, and, therefore, it is characterized by the
ability to neutralize acids and lipopolysaccharides [26]. These preparations contribute to
the dentin bridge formation and healing of the pulp [25]. The most recommended form is
an aqueous suspension of CH, which is applied to cover both the exposed pulp and the
adjacent dentin. Aqueous solutions cause fewer hydroxyl ions to be released, and are less
toxic due to the low content of additives [25]. However, the light-cured materials based
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on CH are not recommended, due to the cytotoxicity of the monomer [27]. The major
disadvantage of CH products is instability and resorption over time. Numerous studies
show that the formed dentin bridge is heterogeneous, with the presence of pores (tunnel
defects) that can be the entry points for microorganisms. In addition, the high pH of CH
has a negative effect on the pulp, which may contribute to its extensive necrosis [28–30].

Most CSMs, such as mineral trioxide aggregate (MTA), are based on Portland cement,
consist mainly of dicalcium or tricalcium silicates, and are mixed with water [31,32]. They
are called “hydraulic” because they can set in contact with water. MTA stimulates the pulp
cells to produce a dentine deposition (e.g., dentin bridge) [33]. During setting, calcium
hydroxide is released, providing the antimicrobial properties. MTA, compared with CH,
exhibits a higher mechanical strength, is less toxic, and causes less pulpal inflammation [34].
The disadvantages of MTA include the difficulty of application, long setting time, and teeth
discoloration [35].

One of the major aesthetic complications after pulpotomy with white and grey MTA
can be the discoloration of the tooth [36,37]. It is caused mainly by the oxidation of
heavy metal oxides (bismuth or iron), and by the interaction between erythrocytes and
the unset cement in case of inadequate hemostasis [38–40]. To prevent the discoloration,
different approaches are suggested, such as using cements with alternative radiopacifying
agents such as zirconium oxide, sealing the surrounding dentinal tubules with dentin
bonding agents before MTA application, or adding zinc oxide or aluminium fluoride
to the powder [41–44]. Unfortunately, there is no consensus regarding that matter and,
consequently, no guidelines for the prevention of discoloration were issued.

The powder of MTA is mixed with distilled water (3:1 ratio) to obtain a wet, gel-like
consistency [45]. For mixing, a metal or plastic spatula and a glass plate or paper can be
used. The working time with the material is about 5 min, and the setting time is long,
from 3 to 4 h. Some substances may affect the setting time, causing it to shorten (sodium
hypochlorite) or elongate (saline, lignocaine) [45]. However, the results for chlorhexidine
are contradictory; some studies show no effect [46], while others show an alteration in the
setting of the MTA [47]. The excavator, a retrograde amalgam that carries, can be used
for the delivery of the prepared MTA, and paper points, pluggers, or ultrasounds for the
condensation. The material should not be condensed with excessive force, due to the risk of
reducing its strength and surface hardness [48]. The material should be applied excessively
to cover pulp and all walls without the risk of creating voids. For the final condensation, it
is recommended to use a cotton pellet moistened with sterile water to initiate the setting
reaction and clean the excess of the material. Appropriate material thickness in the case of
pulpotomy amounts up to 3–4 mm. The thickness and compaction of the MTA layer can be
assessed with X-ray [49]. The coronal excess of material should be removed with use of
cotton pellet or mechanically with burs. In the presented cases, MTA (ENDOPASS, DEI
-Italia, Varese, Italy) was mixed with bi-distilled water using a plastic spatula on a glass
pad, and condensed with paper points and moist cotton pellet (Figure 4A–D); the excess of
material was removed with cotton pellet.

Many systematic review papers and meta-analyses report that there is no significant
differences between MTA and CH regarding the survival rate of pulp, both for permanent
immature teeth and teeth with closed apices [12,50–52]. On the other hand, some studies
indicate the superiority of MTA-based materials due to lower solubility when compared
with CH, greater biocompatibility, and the quicker formation of thicker and more homoge-
nous dentin bridge, which may be a greater barrier to bacterial leakage [53,54]. Therefore,
in the presented cases, MTA was applied.
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The calcific metamorphosis is an adverse effect of the MTA and CH application [51,52].
It is associated with the induction of odontoblasts to form hard tissues and can only take
place when the pulp is vital. The incidence of pulp obliteration after dental trauma amounts
from 4 up to 24% [55]. The calcification is not considered a criterion of success or failure
of treatment, and only the obliteration of the pulp chamber may increase the difficulty of
endodontic treatment in the future, and may favor perforation when trying to locate the
canal orifice.
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2.5. Restorative Procedure

When a well-hydrated intact tooth fragment is available, which fits to the remaining
crown without interfering with the patient’s occlusion, the first-choice treatment should be
adhesive reattachment of the fragment. It does not always have to be stored in a humid
environment; a study shows that a dehydrated fragment was attached to the tooth with the
use of additional retention elements, and after a 15 month follow-up, the tooth retained
its vitality, functionality, and natural aesthetics [56]. However, the dehydration of the
broken fragment may cause color disharmony with the tooth remnant, but such an issue
disappears after about 12 months, due to the absorption of water by the fragment [57,58].

Compared to conventional restorative techniques, the reattachment of tooth fragments
exhibits several advantages: the original shape, color, brightness, and texture of the enamel
surface [59]. The incisal edges of reattached fragments tend to wear at a similar rate to
adjacent natural teeth. This technique is less time-consuming, minimally invasive, and
simple to perform [60]. The type of injury causing the crown fracture or the storage
medium prior to reattachment can exert no effect on the survival, color, and bond strength
of the treated teeth after reattaching the fragment [57]. It is very important to perform the
reattachment procedure under a rubber dam to avoid contamination and deterioration of
the adhesive layer [9].

Many different types of adhesive systems (total-etch, self-etch) and different interme-
diate materials e.g., paste and flowable composite materials, adhesives, or glass ionomer
cements, can be applied [61–65]. There is no consensus in the literature regarding the ideal
technique and material for reattachment of a tooth fragment [64].

Some authors recommend pre-reattachment/initial modification of remaining frag-
ments, e.g., dentine grooves, over-contouring, chamfering, or beveling, to expand the
enamel surface, increasing adhesion and ensuring higher fracture resistance of such restora-
tions [66,67]. These additional retention elements should be considered if the broken
fragment involves more than 50% of the clinical crown [68]. However, the most recent
systemic review recommends simple reattachment without any modification to reduce the
technical sensitivity of the procedure and the length of the clinical phase [64]. In addition,
achieving imperceptible anterior restoration depends on operator clinical experience and
knowledge of dental anatomy, rather than any previous preparation [69].

The bond strength between adhesive systems and calcium-silicate-based materials
is also an important aspect. The in vitro results indicate that the bond strength of the
resin-based materials to the MTA is favorable for the total-etch technique [70–72]. On the
other hand, in the case of Biodentine, the bond strength when using self-etch or total-etch
systems achieves similar results [73–76]. Due to the lack of evidence regarding the chemical
interaction of self-etching materials with bioceramics, pre-treatment with phosphoric acid
prior to the bonding procedure may be recommended [75].

In the present cases, no modification was carried out before the reattachment proce-
dure. In both cases, the selective enamel etching both on the tooth and the fragment was
performed using a 36% phosphoric acid gel (DeTrey Conditioner 36, Dentsply Sirona GmbH,
Bensheim, Germany) under rubber dam isolation. Then, a self-etching two-component
adhesive system (Clearfil™ Se Bond, Kuraray Noritake Dental Inc., Tokyo, Japan, CSE)
was applied as per manufacturer’s instruction, and air-dried with a strong stream of air for
5 s to completely remove the excess adhesive. This was finally light-cured for 20 s (Radii
Xpert, Voco GmbH, Cuxhaven, Germany). Subsequently, a thin layer of enamel (Shade
A2) mass composite (Asteria Tokuyama NE, Tokuyama Dental Corporation, Taitouku
Tokyo, Japan) was applied directly on the tooth as an intermediate material to reattach
the fragment to the tooth. The composite was heated up to 54 ◦C in a warming device
(AdDent Calset™ Composite Warmer, AdDent Inc., Danbury, CT, USA) to increase the
degree of polymerization, a better adaptation of the fragment on the tooth and to provide
easier management of the excess removal [77]. Next, photopolymerization was carried out
for 10 s. To avoid undesirable inhibition layer due to photopolymerization, the area was
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protected by covering the tooth with an oxygen inhibitor gel (Oxyguard II, Kuraray Europe
GmbH, Frankfurt, Germany) and polymerized for 40 s. (Figure 5A–G).
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2.6. Occlusion Adjustment

Occlusal adjustment involves the development of an acceptable central relation contact
position for the patient, ensuring acceptable lateral and protrusion guidance. This is
necessary to eliminate premature contacts and bad guidance, which could contribute to
excessive forces concentrating within the reattached fragment, thus, causing it to detach.
Therefore, the presented cases were performed using a diamond bur (#3118F—KG Sorensen,
Cotia, SP, Brazil). Due to the perfect fit of tooth fragments and prior excess removal, minimal
occlusion adjustment was needed.

2.7. Finishing and Polishing

Polishing provides a smooth surface of the teeth, thus, reducing the accumulation of
dental plaque. While it is important, polishing removes the fluorine-rich enamel layer and
should, therefore, be carried out selectively [78].

The restored teeth were first finished using fine and extra-fine diamond burs (2135F
and 2135FF, respectively (KG, Sorensen, Cotia, SP, Brazil)), and finally polished using either
a Soflex discs coarse, medium, fine, and super-fine grit Sof-Lex disk (3M ESPE, St. Paul,
MN, USA) in a slow-speed hand piece for 30 s each.

2.8. Follow-Up Visits and Prognosis

The follow-up visits after trauma injury are of paramount importance and, therefore,
mandatory. The control should consist of an interview, radiological examination, and pulp
sensitivity tests. It enables the early detection and implementation of appropriate treatment
to avoid long-term complications. The most common post-traumatic problems include
pulp infection and necrosis, pulp canal obliteration (PCO) or root resorptions.

In the case of the complicated crown fractures, the recommended follow-up visits are
as follows: after 14 days, 6–8 weeks, 3 and 6 months, and one year after the injury. In the
case of the presented cases, the check-ups were carried out in accordance with the recom-
mended scheme, and the positive results obtained after one year by interview, radiological
examination, and pulp sensitivity cold/hot test indicate the success of the treatment.

3. Prognosis and Future Perspectives

If the pulp is exposed, biological treatment procedures should be performed. It is
of paramount importance in the case of patients with open apices, as the preservation
of the vital pulp ensures further physiological root formation. The prognosis of direct
pulp capping with use of CH shows a success rate of 54–90% [25,79]. In addition, partial
pulpotomy with that material may present a greater success rate (86–100%) [14,79,80]. The
use of hydraulic calcium-silicate-based cements might contribute to the better prognosis of
VPT than application of CH [81]. Moreover, total pulpotomy using CSMs has a success rate
of 74–100% after 1 to 5 years follow-up [25,82,83]. Currently, there are reports presenting
the possibility of including irreversibly damaged pulp in the indications for VPT [84,85].

The reported success rate of partial pulpotomy in permanent dentition with compli-
cated crown fractures ranges from 87.5% to 100% [12,53]. The initial condition of the pulp,
the absence of its damage, or the presence of any other trauma, which may affect blood
supply, play a key role in the long-term treatment success [53].

The employment of adhesive techniques increases the success rate of the reattachment
procedure by up to 84–93% [57,59]. Cases of successful treatment after 5 or even 9 year
follow-ups are reported [86,87]. The pulp treatment is not a factor that impaired the stability
of the reattached fragments. When using the conventional etch and rinse technique,
the bonding performance of the restoration mainly depends on the micromechanical
retention between the composite resin and the etched enamel, as well as the hybrid layer.
Therefore, the success rate is not affected by the pulp treatment [68]. Thus, the reattachment
technique can be used both in uncomplicated and complicated crown fractures. Adhesive
reattachment combined with vital pulp therapy procedures is a good first-choice treatment
option in cases of complicated crown fractures.
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Moreover, the use of toothpaste containing biomimetic hydroxyapatite for home
management after reconstruction can reduce discoloration and hypersensitivity more
effectively than conventional fluoride toothpaste [88,89].
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38. Możyńska, J.; Metlerski, M.; Lipski, M.; Nowicka, A. Tooth Discoloration Induced by Different Calcium Silicate-Based Cements:
A Systematic Review of In Vitro Studies. J. Endod. 2017, 43, 1593–1601. [CrossRef]

39. Camilleri, J. Color Stability of White Mineral Trioxide Aggregate in Contact with Hypochlorite Solution. J. Endod. 2014, 40,
436–440. [CrossRef]

40. Jang, J.-H.; Kang, M.; Ahn, S.; Kim, S.; Kim, W.; Kim, Y.; Kim, E. Tooth Discoloration after the Use of New Pozzolan Cement
(Endocem) and Mineral Trioxide Aggregate and the Effects of Internal Bleaching. J. Endod. 2013, 39, 1598–1602. [CrossRef]

41. Marciano, M.A.; Camilleri, J.; Lucateli, R.L.; Costa, R.M.; Matsumoto, M.A.; Duarte, M.A.H. Physical, Chemical, and Biological
Properties of White MTA with Additions of AlF(3). Clin. Oral Investig. 2019, 23, 33–41. [CrossRef] [PubMed]

42. Marciano, M.A.; Camilleri, J.; Costa, R.M.; Matsumoto, M.A.; Guimarães, B.M.; Duarte, M.A.H. Zinc Oxide Inhibits Dental
Discoloration Caused by White Mineral Trioxide Aggregate Angelus. J. Endod. 2017, 43, 1001–1007. [CrossRef] [PubMed]

43. Meraji, N.; Bolhari, B.; Sefideh, M.; Niavarzi, S. Prevention of Tooth Discoloration Due to Calcium-Silicate Cements: A Review.
Dent. Hypotheses 2019, 10, 4–8. [CrossRef]

44. Choi, Y.L.; Jang, Y.E.; Kim, B.S.; Kim, J.W.; Kim, Y. Pre-Application of Dentin Bonding Agent Prevents Discoloration Caused by
Mineral Trioxide Aggregate. BMC Oral Health 2020, 20, 163. [CrossRef]

45. Kadali, N.; Alla, R.K.; Guduri, V.; AV, R.; MC, S.S.; Raju, R.V. Mineral Trioxide Aggregate: An Overview of Composition,
Properties and Clinical Applications. Int. J. Dent. Mater. 2020, 02, 11–18. [CrossRef]

56



Bioengineering 2022, 9, 481

46. Arruda, R.A.A.; Cunha, R.S.; Miguita, K.B.; Silveira, C.F.M.; De Martin, A.S.; Pinheiro, S.L.; Rocha, D.G.P.; Bueno, C.E.S. Sealing
Ability of Mineral Trioxide Aggregate (MTA) Combined with Distilled Water, Chlorhexidine, and Doxycycline. J. Oral Sci. 2012,
54, 233–239. [CrossRef]

47. Jacinto, R.C.; Linhares-Farina, G.; da Sposito, O.S.; Zanchi, C.H.; Cenci, M.S. Influence of 2% Chlorhexidine on PH, Calcium
Release and Setting Time of a Resinous MTA-Based Root-End Filling Material. Braz. Oral Res. 2015, 29, 1–6. [CrossRef]

48. Nekoofar, M.H.; Adusei, G.; Sheykhrezae, M.S.; Hayes, S.J.; Bryant, S.T.; Dummer, P.M.H. The Effect of Condensation Pressure on
Selected Physical Properties of Mineral Trioxide Aggregate. Int. Endod. J. 2007, 40, 453–461. [CrossRef]

49. Musale, P.K.; Kothare, S.S.; Soni, A.S. Mineral Trioxide Aggregate Pulpotomy: Patient Selection and Perspectives. Clin. Cosmet.
Investig. Dent. 2018, 10, 37–43. [CrossRef]

50. Alqaderi, H.; Lee, C.-T.; Borzangy, S.; Pagonis, T.C. Coronal Pulpotomy for Cariously Exposed Permanent Posterior Teeth with
Closed Apices: A Systematic Review and Meta-Analysis. J. Dent. 2016, 44, 1–7. [CrossRef]

51. El-Meligy, O.A.S.; Avery, D.R. Comparison of Mineral Trioxide Aggregate and Calcium Hydroxide as Pulpotomy Agents in
Young Permanent Teeth (Apexogenesis). Pediatr. Dent. 2006, 28, 399–404. [PubMed]

52. Özgür, B.; Uysal, S.; Güngör, H.C. Partial Pulpotomy in Immature Permanent Molars After Carious Exposures Using Different
Hemorrhage Control and Capping Materials. Pediatr. Dent. 2017, 39, 364–370. [PubMed]

53. Witherspoon, D.E. Vital Pulp Therapy with New Materials: New Directions and Treatment Perspectives—Permanent Teeth.
J. Endod. 2008, 34, S25–S28. [CrossRef] [PubMed]

54. Qudeimat, M.A.; Barrieshi-Nusair, K.M.; Owais, A.I. Calcium Hydroxide vs Mineral Trioxide Aggregates for Partial Pulpotomy
of Permanent Molars with Deep Caries. Eur. Arch. Paediatr. Dent. Off. J. Eur. Acad. Paediatr. Dent. 2007, 8, 99–104. [CrossRef]

55. Siddiqui, S.H.; Mohamed, A.N. Calcific Metamorphosis: A Review. Int. J. Health Sci. 2016, 10, 437–442. [CrossRef]
56. AlQhtani, F.A. Reattachment of a Dehydrated Tooth Fragment Using Retentive Holes. Cureus 2020, 12, e6640. [CrossRef]

[PubMed]
57. Yilmaz, Y.; Guler, C.; Sahin, H.; Eyuboglu, O. Evaluation of Tooth-Fragment Reattachment: A Clinical and Laboratory Study.

Dent. Traumatol. 2010, 26, 308–314. [CrossRef] [PubMed]
58. Toshihiro, K.; Rintaro, T. Rehydration of Crown Fragment 1 Year after Reattachment: A Case Report. Dent. Traumatol. Off. Publ.

Int. Assoc. Dent. Traumatol. 2005, 21, 297–300. [CrossRef] [PubMed]
59. Bissinger, R.; Müller, D.D.; Hickel, R.; Kühnisch, J. Survival Analysis of Adhesive Reattachments in Permanent Teeth with Crown

Fractures after Dental Trauma. Dent. Traumatol. 2021, 37, 208–214. [CrossRef]
60. Madhubala, A.; Tewari, N.; Mathur, V.P.; Bansal, K. Comparative Evaluation of Fracture Resistance Using Two Rehydration

Protocols for Fragment Reattachment in Uncomplicated Crown Fractures. Dent. Traumatol. 2019, 35, 199–203. [CrossRef]
61. Reis, A.; Kraul, A.; Francci, C.; de Assis, T.G.R.; Crivelli, D.D.; Oda, M.; Loguercio, A.D. Re-Attachment of Anterior Fractured

Teeth: Fracture Strength Using Different Materials. Oper. Dent. 2002, 27, 621–627. [PubMed]
62. Demarco, F.F.; Fay, R.-M.; Pinzon, L.M.; Powers, J.M. Fracture Resistance of Re-Attached Coronal Fragments—Influence of

Different Adhesive Materials and Bevel Preparation. Dent. Traumatol. 2004, 20, 157–163. [CrossRef]
63. Poubel, D.L.N.; Almeida, J.C.F.; Dias Ribeiro, A.P.; Maia, G.B.; Martinez, J.M.G.; Garcia, F.C.P. Effect of Dehydration and

Rehydration Intervals on Fracture Resistance of Reattached Tooth Fragments Using a Multimode Adhesive. Dent. Traumatol.
2017, 33, 451–457. [CrossRef] [PubMed]

64. Garcia, F.C.P.; Poubel, D.L.N.; Almeida, J.C.F.; Toledo, I.P.; Poi, W.R.; Guerra, E.N.S.; Rezende, L.V.M.L. Tooth Fragment
Reattachment Techniques—A Systematic Review. Dent. Traumatol. 2018, 34, 135–143. [CrossRef] [PubMed]

65. Bruschi-Alonso, R.C.; Alonso, R.C.B.; Correr, G.M.; Alves, M.C.; Lewgoy, H.R.; Sinhoreti, M.A.C.; Puppin-Rontani, R.M.; Correr-
Sobrinho, L. Reattachment of Anterior Fractured Teeth: Effect of Materials and Techniques on Impact Strength. Dent. Traumatol.
2010, 26, 315–322. [CrossRef]

66. Chazine, M.; Sedda, M.; Ounsi, H.F.; Paragliola, R.; Ferrari, M.; Grandini, S. Evaluation of the Fracture Resistance of Reattached
Incisal Fragments Using Different Materials and Techniques. Dent. Traumatol. 2011, 27, 15–18. [CrossRef] [PubMed]

67. Reis, A.; Francci, C.; Loguercio, A.D.; Carrilho, M.R.; Rodriques Filho, L.E. Re-Attachment of Anterior Fractured Teeth: Fracture
Strength Using Different Techniques. Oper. Dent. 2001, 26, 287–294.

68. Kang, H.; Chae, Y.; Lee, K.; Lee, H.; Choi, S.; Nam, O. Long-Term Outcome of Reattached Tooth Fragment in Permanent Anterior
Teeth of Children and Adolescents. J. Korean Acad Pediatr. Dent. 2021, 48, 42–49. [CrossRef]

69. Patni, P.; Jain, D.; Goel, G. A Holistic Approach to Management of Fractured Teeth Fragments: A Case Report. Oral Surg. Oral
Med. Oral Pathol. Oral Radiol. Endod. 2010, 109, e70–e74. [CrossRef]
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Abstract: The main goal of root canal treatment (RCT) is to eradicate or essentially diminish the
microbial population within the root canal system and to prevent reinfection by a proper chemo-
mechanical preparation and hermetic final obturation of the root canal space. The aim of this study
was to assess the quality of the root canal filling and the number of visits needed for completing
RCT by operators with different experience, including dentistry students (4th and 5th year), general
dental practitioners (GDPs), and endodontists. Data from medical records of 798 patients were
analyzed, obtaining 900 teeth and 1773 obturated canals according to the inclusion and exclusion
criteria. A similar number of teeth was assessed in each group in terms of density and length of root
canal filling and number of visits. The larger number of visits and the lower quality of treatment
was observed for 4th year students than for other groups (p < 0.05); in contrast, the endodontists
needed the lowest number of visits to complete RCT and more often overfilled teeth than other
operator groups (p < 0.05). Interestingly, no statistical difference in quality of root canal filling was
noted between 5th year students, GPDs and endodontists. The treatment of lower teeth demanded
statistically more visits than that of upper teeth (p < 0.05). The results of the study emphasize that
most of the root canal filling performed by operators was considered adequate, regardless of tooth
type, files used and number of visits.

Keywords: endodontists; general practicing dentists; root canal treatment; quality; undergraduate
students

1. Introduction

The purpose of root canal treatment (RCT) is to maintain the function of a tooth, cure
disorders of the pulp, prevent and treat the diseases of periapical tissue. Apical periodontitis
is mainly caused by the colonization of microorganisms due to dental caries, dental trauma,
or iatrogenic exposure of the pulp tissue to various oral microbiota [1]. Therefore, the main
goal of RCT is to eradicate or essentially diminish the microbial population within the root
canal system and to prevent reinfection by a proper chemo-mechanical preparation and
hermetic final obturation of the root canal space [2,3].

The results of endodontic treatment are evaluated with the use of clinical and radio-
logical examination [4]. The clinical findings should define whether signs and symptoms
of infection are present. The radiological examination allows assessing the quality of filling
of the canal system and periapical tissue.
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The success of RCT amounts up to 68–95% [5–8]. According to Schilder [2], it depends
not only on the cleaning of the canal and its cone-shaped preparation but also on the
proper filling of the entire canal system. The standards of RCT were described in the
recommendations for endodontic treatment: consensus report of the European Society of
Endodontology (ESE) [9]. On the other hand, the scope of knowledge and skills that an
European dentist should demonstrate upon graduation was published by De Moor in the
Undergraduate Curriculum Guidelines [10]. According to both documents, the correct
filling of the canal should be homogeneous, without any voids within the canal filling
(internal voids), but also between the filling and the walls of the root canal (external voids).
Moreover, the root canal filling should end at the length of 0.5 to 2.0 mm from the apex of
the tooth root [9]. On the postoperative radiograph, the light of the root canal between the
end of the filling and the radiological apex should not be visible [9].

There are different models of teaching across the globe. Endodontics at the Medical
University of Lodz is taught in the third (6th semester—15 h of theory and 30 h of practical
training), fourth (7th and 8th semester—34 h of theory and 96h of practical training) and
fifth year (9th semester—24 h of theory and 49 h of practical training) of the five-year
course of dentistry. In clinical classes (4th and 5th year), the assistant—student ratio
amounts up to 1:6. In German-speaking countries, endodontic education at dental schools
is differentiated. Theory classes range from 1 to 70 h (15 h mean), and practical classes
range from 3 to 78 h (39 h mean) [11]. The staff–student ratio varies between 1:4 and 1:38
(mean—1:15). In the UK and Spain, students spend 20 h on preclinical training and 50 h on
clinical training [12,13]. In Spanish dental schools, the staff–student ratio during preclinical
endodontic training ranges from 1:6 to 1:20 and from 1:6 to 1:10 during clinical practice [12].
In UK dental schools, the staff–student ratio in preclinical training ranges from 1:5 to 1:20,
and supervising staff mainly consists of general dental practitioners (GDPs) with/without
a special interest and training in endodontics. During clinical training, the ratio is from
1:4 to 1:6, and students are supervised by GDPs with a special interest and training in
endodontics and endodontists [13].

According to the ESE, postgraduate specialty training programs in endodontology
within Europe should last 3 years [14]. In Poland, endodontics along with conservative
dentistry is recognized as a specialty after 3 years of training. In Spain, endodontics is not
recognized as a dental specialty, and the postgraduate program in endodontics lasts 2 or
3 years [12]. The duration of the full-time course in endodontics takes usually 2 (University
of Glasgow, University of Birmingham) or 3 years (University of London, University of
Plymouth, The University of Manchester, King’s College London, Queen Mary University
of London) in the UK. The average duration of the Advanced Dental Education Program
in Endodontics in USA lasts two (University of Illinois, University of Pennsylvania) or
three years (Indiana University School of Dentistry, New York University). The three-year
program of endodontics takes place in The University of Hong Kong, British Columbia
(Canada), Queensland in Australia and Amrita University Coimbatore in India.

The quality of primary RCT may differ among dentistry students, GDPs, and endodon-
tists. These discrepancies are associated with different levels of knowledge, experiences,
and dexterity. To our best knowledge, there is no study comparing the quality of primary
RCT performed by operators with differentiated experience in Poland.

The aim of this study was to compare the quality of the final filling and number of
visits needed for completing primary root treatment performed by operators with different
experience. The null hypothesis is that there are no differences in the quality of the filling
and number of visits after treatment in evaluated groups.

2. Materials and Methods
2.1. Study Group

The study was approved by the Bioethics Committee of the Medical University of
Lodz (RNN/04/18/KE). All patient’s data remain confidential and have been used for
research purposes only. Information on the performed treatment was introduced to a
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clinical patient card entered an electronic database with a restricted access code. Before the
analysis, the data were anonymized. Patients were admitted from October 2017 to February
2019. RCT was carried out with the patients’ informed consent to participate in the study.

Sample size estimation revealed 377 patients needed for the survey. Calculations
were completed with a margin of error of 5% and confidence level of 95%. The inclusion
criteria consisted of single- or multi-rooted teeth demanding primary root treatment. Teeth
with complex anatomy, roots with severe apical resorption, external or internal resorption,
open apex and calcifications were excluded from the study. X-rays of low quality or
with additional artifacts were not included in the study. According to inclusion and
exclusion criteria, the final sample group included data from medical records of 798 patients,
including 900 teeth and 1773 obturated canals.

All treated patients were admitted by dentistry students (Medical University of Lodz),
GPDs at the Endodontics Department, and by endodontists at the Endodontics Clinic of
Clinical Hospital in Lodz. Both institutions have the same location and equipment in terms
of the dental materials used during endodontic treatment.

2.2. Root Canal Treatment Protocol

Only primary RCT was included in the study. All treatment procedures were carried
out following the standards of the ESE [9]. After the examination, and preoperative X-ray
in two angulations was made to confirm diagnosis. Next, RCT protocol was initiated.
All procedures were performed under local anesthesia and isolation with the use of a
rubber dam (Rubber-Dam, size medium, Cerkamed, Stalowa Wola, Polska). The choice
of anesthetic depended on the patient’s health condition; articaine with a vasoconstrictor
(Ubistesin 4%, Molteni, 3M, St. Paul, MN, USA) was used for healthy individuals, and when
this anesthetic was contraindicated, mepivacaine was applied (Mepivastesin 3% Molteni,
3M, St. Paul, MN, USA). When trepanation of pulp cavity was accomplished, the chamber
was prepared, and the canals were found. Loupes (2.5×) and microscope (8×) were applied
when orifices could not be localized. The canal orifices were prepared to assure a straight
line access to the canals; then, the working length (WL) was determined with sodium
hypochlorite (NaOCl) in root canal and a C-PILOT file (VDW, Munich, Germany) using a
Raypex 5 apex locator (VDW, Munich, Germany).

All root canals were shaped by the students with the step-back technique using RT
files (Mani, Tochigi, Japan), and the Master Apical File (MAF) was #30–35 for all canals
(determined after evaluation of the initial size of the physiological foramen). GDPs and
endodontists used nickel–titanium (NiTi) rotary files. Depending on the anatomical charac-
teristics of the teeth and clinicians’ preferences rotary NiTi files: ProTaper Next (Dentsply
Maillefer, Ballaigues, Switzerland), Mtwo (VDW, Munich, Germany), E3 Azure (Poldent,
Warszawa, Poland) and DC-taper 2H (SS White, Lakewood, NJ, USA) according to the man-
ufacturer’s instructions were used. The canals were shaped with the X-smart Endodontic
Motor (Dentsply Sirona Endodontics, Ballaigues, Switzerland) using continuous clockwise
rotation at 300 rpm and 2.5 Ncm. In all rotary systems, the final instruments used for canal
preparation correspond to a tip size of 30.

All groups followed the same rising protocol using 5 mL disposable plastic syringes
with 27-gauge needles that were close-ended and had rounded tips with side holes
(Endo—Top, Cerkamed, Stalowa Wola, Poland). For each canal, after each instrument,
1 mL of 5.25% NaOCl (CHLORAXiD 5.25%, NaOCl, Cerkamed, Stalowa Wola, Poland)
was applied, and as final irrigation, canals were flushed with 5 mL 17% ethylenediaminete-
traacetic acid (EDTA), 2.5 mL physiological saline, 5 mL 5.25% NaOCl followed by a final
rinse with 2.5 mL of physiological saline. The solutions were manually activated with the
use of a gutta-percha (GP) cone reaching 1 mm shorter than the established WL.

In the case of multi-visit treatment, if necessary, calcium hydroxide (Calcipast, Cerkamed,
Stalowa Wola, Poland) was used as an intracanal dressing. In the absence of symptoms of
infection and pain, canals were rinsed with protocol described for a single visit appointment.
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After drying canals with paper points, the final root canal obturation was performed
with GP and AH plus (Dentsply Maillefer, Ballaigues, Switzerland) as a sealant using the
cold lateral compaction technique. Next, the GP was cut off with a heated plugger, and the
cavity was cleaned with isopropyl alcohol. The cavity was temporarily restored with a Fuji
IX glass ionomer (GC, Tokyo, Japan) between the visits.

2.3. Assessment of the Root Canal Filling

A retrospective randomized double-blind comparison study was conducted to assess
the quality of the RCT. An X-ray with an X-ray positioning holder was performed before
the final restoration of the tooth. X-ray images were taken with GENDEX Expert DC (KaVo,
Biberach/Riss, Germany). The images were evaluated using the VixWin Platinum software
(KaVo, Biberach/Riss, Germany). The distance between the end of the canal filling and
the radiographic apex of the tooth root was measured. All data were coded and blindly
assessed by two endodontists (K.P., M.R.). The two examining operators were calibrated
before the examination. The calibration was performed on 30 cases. The quality of the
filling on the X-ray was assessed according to ESE standards [9]. The assessment method
of radiographs was a modified version of the technique introduced by Balto et al. [15].
The quality of root filling was evaluated according to two parameters: length and density
(Table 1, Figure 1). A root canal filling was identified as acceptable when both parameters
were satisfactory.

Table 1. Evaluation of parameters of root canal filling.

Parameter of Root Canal Filling Criteria Definition

Length
Adequate Root filling ≤2 mm from radiographic apex

Overfilling Root filling beyond the radiographic apex (gutta-percha cones or/and sealer)
Short-filling Root filling >2 mm from radiographic apex

Density Adequate Voids absent, homogeneous root filling
Inadequate Voids present, heterogeneous root filling
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2.4. Statistical Analysis

All statistical analyses were performed with the statistical software package Statis-
tica v. 13.1 (StatSoft, Inc., Tulsa, OK, USA). The normality test was performed using a
Shapiro–Wilk test. The analysis of distribution of teeth and diagnoses between groups
and differences in number of visits were conducted with use of a Kruskal–Wallis test. The
statistical analysis of length and homogeneity of root canal filling was performed using the
chi-squared test. The comparison between two groups (maxilla/mandible) without normal
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distribution and the gender and age of patients included in the study was analyzed with
the Mann–Whitney U test. In all cases, statistical significance was considered at p < 0.05.

3. Results
3.1. Quality of Root Canal Filling
3.1.1. Length

A total of 1733 obturated canals of 900 treated teeth were evaluated. The overfilling was
observed most frequently in the palatal canal of first maxillary molars, while short-filling
was observed in the mesio-buccal canal of first mandibular molars. Moreover, the material
was extended beyond the apex more often in the case of diagnosis of periapical tissue
inflammation. The number of adequate obturated canals was statistically significantly
higher than the short- and overfilled (p < 0.05) (Table 2). The analysis of the discrepancy
between the observed and expected numbers showed that in the case of endodontists, the
material was overfilled more often than in the case of other groups. In the group of 4th year
students, short-filling of the canals was observed significantly more often than in other
groups (p < 0.05).

Table 2. The distribution of root canal filling length in each group.

Number of Root Canals

Group/Diagnoses Adequate Overfilling Short-Filling Total

4th year students 286 (81.71%) 40 (11.4%) 24 (6.86%) 350

5th year students 325 (86.67%) 41 (10.9%) 9 (2.40%) 375

GPDs 367 (85.75%) 43 (10.0%) 18 (4.21%) 428

Endodontists 432 (74.48%) 129 (22.2%) 19 (3.28%) 580

Total 1410 (81.36%) 253 (14.60%) 70 (4.04%) 1733

3.1.2. Homogeneity

The analysis showed a statistically significant relationship between the inadequate
filling of the canal in the studied groups (p < 0.0001). In the group of 4th year students,
non-homogeneous filling of the treated canals was observed significantly more often than
in other groups. The distribution of density in individual groups is shown in Figure 2.
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Moreover, no statistical relationship was determined between the homogeneity and
the length of the root canal filling in all evaluated groups.

3.2. Number of Visits

The mean value of visit is presented in Figure 3. The Mann–Whitney U test re-
vealed that endodontists needed statistically significant fewer visits than other groups
(p < 0.001). Moreover, GPDs needed statistically significant fewer visits than 4th year
students (p < 0.001). The mean number of visits was significantly higher in the mandible
(2.12 visits per tooth) than in the maxilla (2.01 visits per tooth) (p < 0.05). One-visit treatment
was carried out in 12.04% of cases treated by 4th year students, in 26.15%—by 5th year
students, in 32.06%—by GPDs, and in 51.36%—by endodontists.
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Figure 3. The mean value of number of visits in evaluated groups.

The highest average number of visits for all teeth groups was recorded for 4th year
students: 2.00 visits per incisor, 1.93 visits per canine, 2.34 visits per premolar, and 3.93 visits
per molar. On the other hand, the lowest number of visits was noted for endodontists:
1.27 visits per incisor, 1.25 visits per canine, 1.35 visits per premolar, and 1.79 visits per
molar. The treatment of incisors performed by 4th year students demanded statistically
significantly the most visits when compared with other groups (p < 0.001). Next, the mean
number of visits to treat canines by 4th year students was statistically greater in comparison
to GPDs and endodontists (p < 0.05). In addition, the number of visits to treat canines
was statistically larger for 5th year students when compared to endodontists (p < 0.05).
However, the number of visits to treat premolars was significantly lower for endodontists
than for the other study groups (p < 0.001). Moreover, the treatment of premolars by 4th
year students demanded statistically larger numbers of visits than by GPDs (p < 0.01). Next,
the mean number of visits to treat molars by students (4th and 5th year) was statistically
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greater in comparison to GPDs and endodontists (p < 0.001). The treatment of molars by
GPDs demanded a statistically larger number of visits than by endodontists (p < 0.001).
Moreover, no statistical relationship was determined between the number of visits and the
homogeneity/the length of the root canal filling in all evaluated groups.

3.3. Type of Instruments

In total, 434 of the 900 teeth were prepared with hand files, and 466 were prepared
using rotary instruments. The rotary systems were used only in the group of GPDs and
endodontists. The distribution of rotary systems used is presented in Table 3. The ProTaper
Next files were statistically more often used than other rotary instruments (p < 0.05).

Table 3. The rotary systems used during RCT.

Group/Rotary System ProTaper Next (Dentsply Maillefer) Mtwo (VDW) E3 Azure (Poldent) DC-Taper 2H (SS White)

Number of Teeth

GPDs 184 6 1 18

Endodontists 208 48 1 0

3.4. Distribution of Teeth and Diagnoses

The age of the patients ranged from 6 to 86 years (mean amounted up to 47.61),
with a gender distribution of 42.36% male and 57.64% female. Gender and age were not
statistically significant (p > 0.05).

During the assessed period (2017–2019), a total of 900 primary RCTs were performed. The
distribution of tooth groups and diagnoses in each group are presented in Tables 4 and 5, respec-
tively. No significant statistical differences were found between study groups regarding
the distribution of teeth and diagnoses (p > 0.05).

Table 4. The distribution of teeth in each group.

Group/Teeth Incisors Canines Premolars Molars Total

4th year students 64 (29.63%) 43 (19.91%) 63 (29.17%) 46 (21.30%) 216

5th year students 67 (30.73%) 41 (18.81%) 44 (20.18%) 66 (30.28%) 218

GPDs 41 (19.62%) 25 (11.96%) 53 (25.36%) 90 (43.06%) 209

Endodontists 52 (20.23%) 16 (6.23%) 73 (28.40%) 116 (45.14%) 257

Total 224 (24.89%) 125 (13.89%) 233 (25.89%) 318 (35.33%) 900

Table 5. The distribution of diagnoses in each group.

Group/Diagnoses Pulp Periapical Endo-Perio Total

Number of teeth

4th year students 133 (61.57%) 83 (38.43%) 0 216

5th year students 113 (51.83%) 105 (48.17%) 0 218

GPDs 107 (51.20%) 97 (46.41%) 5 (2.39%) 209

Endodontists 149 (57.98%) 108 (42.02%) 0 257

Total 502 (55.78%) 393 (43.67%) 5 (0.56%) 900

4. Discussion

The present study compared the quality of the final root canal filling after primary
root treatment performed by 4th and 5th year dentistry students, GPDs and endodontists.
The quality of the final obturation on the X-ray was estimated according to the guidelines
of the ESE [12]. The study evaluated length and density. Additionally, the number of visits,
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type of instruments used, and demographic data (distribution of teeth and diagnoses)
were assessed.

4.1. Quality of Root Canal Filling

The quality assessment of the endodontic treatment carried out by dentistry students
as well as GPDs and endodontists was evaluated in the literature [12,16–41].

Electronic and radiographic methods are recommended to determine the WL. Ac-
cording to the ESE, the WL should normally be confirmed with radiographs [9]. In the
present study, the WL was confirmed both radiographically and with apex locators. The
accuracy of modern apex locators measurement is undisputable [42,43]. Additionally, WL
measurements with an apex locator showed higher accuracy than conventional periapical
radiographs [43,44]. However, periapical lesions seemed to influence the measurements
with apex locators [45]. According to another study, the precision of electronic measure-
ment depends on the generation of apex locator and the type of irrigation used during RCT
and is not affected by the status of the pulp tissue [46]. In the present study, the working
length was confirmed using an apex locator with 5.25% NaOCl in root canal, similarly as in
other studies [13,16].

The main criteria used in assessing the quality of RCT are the length and density of final
obturation [9,10]. In the current study, the overall quality of RCT amounted up to 81.36%—
for length and 97.69%—for density. In total, 14.60% and 4.04% of cases were overfilled and
short-filled, respectively. In this investigation, not only the extrusion of gutta-percha cones
but also any amount of sealer beyond apex was considered as overfilling. Various studies
have investigated the radiographic quality of root canal fillings performed by clinical dental
students [17,37–41]. In this research, the adequate length and density of RCT performed
by 4th-year students were found in 81.71% and 92.86%, respectively. These results are in
contrast with others showing higher [18,19] or lower percentages [20,39]. In the mentioned
studies, the RCT of maxillary and mandibular teeth was performed [18–20,39], root canal
shaping was carried out with the step-back technique [19,20] and root canal obturation
was accomplished with the lateral condensation technique of gutta-percha [18–20,39] or
with a single-cone technique [18]. In the current study, for 5th year students, the adequate
dentistry and homogeneity were observed in 86.67% and 97.60%, respectively. Unlike
in other research, the percentage of acceptable length and density performed by senior
dental students was lower (59.48% vs. 50.76%) [21]. However, for incisors and molars, the
proper length (81.71–86.67%) and density (92.86–97.60%) in the present and other studies
were similar [22–24]. The observed discrepancies in outcomes may be only explained by
the different types of endodontically treated teeth and the assistant–student ratio because
endodontic procedures (canal preparation, MAF, WL measurement, rinsing solutions) were
the same as in the present survey. Another study contradicts these results, where the lower
percentage of adequate length (69%) and homogeneity (42.7%) was reported [34]. The lower
results of that study [34] could be influenced by the type of treated teeth (mainly premolars
and molars) and the combination of endodontic procedures with restorative treatment car-
ried out in a multidisciplinary clinic (including prosthodontics). Therefore, all procedures
performed during RCTs might not have been directly supervised by trained endodontists.

In the current study, the adequate length and density were noted in 85.75% and 99.53%
for GPDs, respectively. The lower percentage (70.1%) of the adequate length of root canal
filling was found for students of the postgraduate program in endodontics [16]. This
difference could be associated with the different instrumentation and obturation techniques
used in RCT in both studies. The inferior results of the mentioned survey could result from
the lower number of treated molars in the present study (43.06% vs. 56.2%). In another
research study where molars were treated in a group of GPDs, the adequate length and
density were noted in 31.3% and 62.7%, respectively [27]. Interestingly, another study
reported 90.3% cases with adequate obturation in the GDPs group [25]. However, in the
present study, the results were similar to those reported by others (length—84.3% and
dentistry—98%), where RCT was performed by postgraduate students [23,39]. These data
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are in contrast with the results reported in a retrospective study assessing the obturation
quality of primary RCTs of molar teeth performed by GPD, where an acceptable quality of
root filling was only found in 31.3% [27]. In contrast, in Saudi Arabia, GPDs performed
RCT with adequate length and density in 46.4% and 75.8%, respectively.

In this investigation, the adequate length for endodontists was noted in 74.48%,
which is in agreement with other research [26], but it is in contrast with others showing
higher (86–93.55%) [28,29] or lower percentages (41.2–62.5%) [27,47]. Similarly to these
results, the adequate quality of root fillings (length and density) performed by Australian
endodontists was found in 77.4–91.0% [30]. These discrepancies can be related to different
NiTi rotary systems, obturation methods (lateral condensation of cold gutta-percha vs.
single cone technique) and number of operators who performed RCT (one vs. more). In the
present study, the short-filling of root canals among endodontists was reported in 3.28% of
cases, similarly to others [26,28]. However, it is in contrast with the studies where mainly
posterior teeth were treated (short-filling in 17.7–18.8%) [27,47]. The short-filling may
occur due to the anatomical complexity of mandibular molars, underestimation of working
length, inconsistent reading of the apex locator in a canal with lateral canals and deltas,
instrumentation mishaps (ledges, blocking, failure to maintain apical patency), inadequate
chemo-mechanical preparation and an incorrectly matched master apical cone [27]. In
this study, overfilled canals were found in 22.2%, similarly to other research [26,47]. More
favorable results (overfilled canals in 6.45%) were found in the study where only one
specialist performed the RCT (2000 RCTs) [29]. However, the lower percentage of overfilled
canals was reported by others (4.4%) [27]. Further analysis of teeth groups in the above-
mentioned study [27] indicated that overfilling was observed more often in maxillary molar
teeth, whereas short-filling was observed in mandibular molar teeth, which is supported
by the current study. The overfilling can be observed due to the overestimation of working
length, the apex locator may give false results in roots with apical resorption, overpreparing
of the canal, incorrectly matched master apical cones, and excessive pressure on the spreader
during the lateral condensation technique, especially after rotary instrumentation [27].
Additionally, the final obturation of the root canals beyond the apex may occur more
often in the case of periapical tissue inflammation [48]. It should be emphasized that the
small extrusion of a sealer is generally well-tolerated by the periapical tissues [49–51].
However, some authors found a higher risk of non-healing lesions in cases with sealer
extrusion [52,53].

According to the literature, inadequate root canal filling with voids was the most
affected by bacterial leakage [1]. Residual microorganisms inducing the root canal infection
were associated with apical periodontitis [54]. In the present study, the adequate density
for endodontists was found in 99.31%. However, poorer results were reported in previous
studies (49.6–81.3%) [27,28,47]. Interestingly, 97% of cases with adequate obturation (no
voids and proper length) were treated by endodontists [25], while in this study, a lower
percentage was (76.26%) observed. This might be related to the different generation of
NiTi rotary systems used, where all operators (six endodontists) used rotary NiTi instru-
ments [30] and had different experience (4–26 years). However, the retrospective study
assessing the obturation quality of primary RCTs of molar teeth performed by endodontists
reported an acceptable quality of root filling in 50.4% [27]. These unfavorable results might
be attributed to the filling method (single cone technique) and subsequent misfit between
cone and master file size and taper causing voids [27].

4.2. Number of Visits

In the current study, the 4th and 5th year students conducted multi-visit treatments
in 87.96% and 73.85%, respectively. Comparable results of multi-visit treatments (86.3%)
carried out by the undergraduate students were reported [55]. However, another study
noted a 1:1 ratio between single-visit and multi-visit treatment performed by undergraduate
students [20]. In the present study, the treatment of lower teeth demanded more visits than
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that of upper teeth. This might be attributable to the anatomical difficulties and difficulties
related with an ineffective inferior alveolar nerve block of mandibular molars with pulpitis.

The multi-visit treatment was also mainly performed by GDPs (67.94%), which was in
contrast with other studies (92.2–96.2%) [32,56]. In the present study, the one-visit treatment
was carried out by endodontists in 51.36%. However, a significantly lower percentage
was reported in the literature (4.7–37.15%) [29,30,32,56]. In the present study, most of the
one-visit treatment was performed by endodontists, while other operators preferred the
multi-visit treatment. The rotary systems used in the group of GPDs and endodontists
might have shortened the number of visits in this study.

The issue of one- and multi-visit endodontic treatment has been under dispute for
a long time. There is still no consensus regarding this matter [57–59]. However, with
the introduction of new heat-treated files and techniques, it seemed that the single-visit
procedure has become a good treatment option [58,60,61]. According to the literature, both
procedures had similar success rates of RCT regardless of the diagnosis (pulp vs. periapical
tissue) [61–63]. During multiple-visit RCT, usually, an antiseptic medication (calcium
hydroxide) is placed in the root canal system for further disinfection of the canals between
treatment appointments [64,65]. In contrast, in single-visit RCT, the root canal system is
obturated directly after shaping and cleaning without any antibacterial medication. The
higher concentration (5.25%) of NaOCl presents faster and greater capacity in dissolving the
organic matter, lubrication, and bactericidal effect. In addition, the number of visits might
also depend on the dexterity and skills of the operator [32,66]. It is a well-known the fact
that experience and specialty training strongly influenced the decision making during RCT
provided by GDPs and endodontists [67,68]; the data also showed that root morphology
was significant [69]. Other common reasons why GDPs and endodontists choose multiple-
visit treatment were the healing effect of inter-appointment medications, lessening the
symptoms of apical periodontitis and the shorter duration of the appointment [32].

4.3. Type of Instruments

According to ESE general guidelines [9], the root canal after preparation should be
tapered, microorganisms should be eliminated, and debris should be removed [2]. The
crucial goal of RCT is the reduction in intracanal infection. It could be accomplished by
means of a proper chemo-mechanical preparation with irrigation, hand files or rotary sys-
tems [2,70]. The rotary canal instrumentation exhibited a similar clinical and radiographic
success rate, diminished procedural errors, more predictable canal shape and an increased
pace of work when compared to the manual instrumentation technique [71–73].

It was suggested that the RCT performed by undergraduate students as unexperienced
operators should be performed only in cases with minimal complexity at the beginning of
clinical practice [13,27,74–76]. Similarly, in the present study, students performed manual
instrumentation with the step back technique [40,74,77,78]. In contrast, according to other
studies, undergraduate students utilized NiTi rotary instruments and the crown-down
technique [12,13,33,35].

In the present study, 48.22% of endodontically treated teeth were prepared with hand
files, while 51.78% were prepared with rotary instruments. The rotary systems were used
only by GPDs and endodontists. However, in a previous study [16], postgraduate students
of program in endodontics performed RCT with manual and rotary instrumentation in
20.2% and 79.8%, respectively. The technique used by the endodontists and the GDPs
for chemo-mechanical preparation in the current study was the crown-down or single
length technique, which is in accordance with other research [27,28,79]. However, another
study reported that all canals were prepared with stainless steel files and the step-back
technique [29]. However, the current literature indicates that endodontists conducted only
difficult cases of RCT using rotary instruments [28,30,80].
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4.4. Distribution of Teeth

In the present study, the 4th year students treated more often incisors (29.63%) and
premolars (29.17%), while the 5th year students treated more often incisors (30.73%) and
molars (30.28%). A very similar distribution was presented by other scientists [24,36,81].
According to other studies, two-thirds of treated teeth by 4th and 5th year students were
premolars and molars [23,37], while one study presented a uniform distribution of teeth
treated by students [38]. According to the ESE undergraduate curriculum guidelines for
endodontology [10], students should gain adequate experience in the treatment of anterior,
premolar, and uncomplicated molar teeth. The quality of RCT performed by students
depended on the number of endodontic procedures performed during pre- and clinical
training, the treatment protocol used, and the assistant–student ratio [10,12,13]. Moreover,
the teaching staff should be specialists or have a special interest in endodontology [10].
It was claimed that dentistry students should perform only RCT with minimal complex-
ity [13,27,74–76]. However, upon graduation, dentists should demonstrate both in-depth
theoretical knowledge and appropriate clinical skills acquired during preclinical and clinical
classes in the field of endodontics.

In this study, premolars and molars were the most frequently treated teeth by GDPs
and endodontists; similar data were presented by previous authors [30,36,47,80,82]. How-
ever, other researchers indicated that GDP more often conducted RCT of anterior teeth [77],
and endodontists treated only posterior teeth [25]. Moreover, simple cases of RCT were
more often performed by GDP than by endodontists [31,82–84]. Interestingly, another
study claimed that anterior teeth were treated endodontically by a specialist in 52.1% [30].
According the ESE report, a dental practitioner is expected to treat effectively pulpal and
periapical diseases and have a basic knowledge of endodontology [10]. In contrast, a
specialist should possess highly developed technical and clinical skills to perform complex
primary root canal treatment, re-treatment or endodontic surgery [14].

4.5. Distribution of Diagnoses

The most common diagnosis prior to primary RCT in the current study was pulpi-
tis (55.78%), less often was periapical tissue disease (43.67%) and the least frequent was
endo-perio lesion (0.56%). These data coincided with the available literature [29,38,39].
Various studies reported that primary RCT was performed by postgraduate students of
the program in endodontics, and additionally, pulpitis was diagnosed more often than
non-vital pulp [16,80]. However, other studies did not support these findings [38,78]. In-
terestingly, it was claimed that one-third of endodontically treated teeth were diagnosed
as irreversible pulpitis, while half were diagnosed as pulp necrosis associated with pe-
riapical radiolucency [38,40], and endodontic–periodontic lesions were diagnosed rarely
(2%) [38]. According to the undergraduate curriculum guidelines for endodontology [10],
GDPs should be familiar with the management of pulp and periradicular disease and be
able to perform RCT of uncomplicated anterior and posterior teeth. An endodontist is
a clinically competent practitioner who performs primary and secondary RCT of teeth
with complicated anatomy, infected root canal systems, and periapical infection, with the
use of magnification (dental operating microscope) [35] and modern endodontic tools
and devices.

Moreover, the limitations of the present study should be acknowledged. The dis-
tribution of teeth in the study groups should be more consistent. Premolars and molars
were the most frequently treated teeth by GDP and endodontists; meanwhile, anterior
teeth were the most frequently treated teeth by the undergraduate students. Another
limitation is the skill of the operator and the analysis of the RCT quality in two-dimensional
images. Conventional radiographs compress three-dimensional anatomical structures into
a two-dimensional image, greatly limiting diagnostic performance. Additionally, root
canals are visualized in the mesio-distal plane only, and the bucco-lingual plane may not
be completely appreciated [85]. Furthermore, anatomical noise, geometrical malformation,
and two-dimensional imaging may cause impaired diagnosis [86]. Another limitation
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of the present study is the differentiated instrumentation technique. RCT performed by
undergraduate students was conducted with manual instrumentation, while by GPDs and
endodontists, it was conducted with rotary instrumentation techniques. Moreover, further
studies comparing other evaluation methods, instruments, canal shaping and obturation
techniques should be carried out. Next, corresponding research, investigating the quality
of endodontic retreatment, and respective comparisons should be performed.

5. Conclusions

Within limitations of the study, the following can be stated:

1. The larger number of visits and the lower quality of treatment was observed for
4th-year students than for other groups; in contrast, endodontists needed the lowest
number of visits to complete RCT and more often overfilled teeth than the other
operator groups.

2. Interestingly, no difference in quality (homogeneity and length) of root canal filling
between 5th-year students, GPDs, and endodontics was noted.

3. Endodontists and GDPs more often performed RCT of teeth with more complicated
anatomy (premolars and molars).

4. The overfilling was observed most frequently in the palatal canal of first maxillary
molars and in the case of periapical tissue inflammation, while short-filling was
observed most frequently in the mesio-buccal canal of first mandibular molars.

5. The treatment of lower teeth demanded more visits than that of upper teeth.
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Abstract: The aim of this study is to evaluate the wear volume of interim crowns fabricated using
digital light processing 3D printing according to the printing angle. A total of five patients undergoing
the placement of a single crown on the mandibular molar were included. Interim crowns were
fabricated directly in the oral cavity using the conventional method. A digital light processing 3D
printer was then used to fabricate crowns with build angles of 0, 45, and 90 degrees. Therefore, four
fabricated interim crowns were randomly delivered to the patients, and each was used for one week.
Before and after use, the intaglio surfaces of the interim crowns were scanned using a 3D scanner. The
volume changes before and after use were measured, and changes in the height of the occlusal surface
were evaluated using the root mean square value. Data normality was verified by statistical analysis,
and the wear volume in each group was evaluated using a one-way analysis of variance and Tukey’s
honestly significant difference test (α = 0.05). Compared with the RMS values of the conventional
method (11.88± 2.69 µm) and the 3D-printing method at 0 degrees (12.14± 2.38 µm), the RMS values
were significantly high at 90 degrees (16.46 ± 2.39 µm) (p < 0.05). Likewise, there was a significant
difference in the change in volume between the groups (p = 0.002), with a significantly higher volume
change value at 90 degrees (1.74 ± 0.41 mm3) than in the conventional method (0.70 ± 0.15 mm3)
(p < 0.05). A printing angle of 90 degrees is not recommended when interim crowns are fabricated
using digital light processing 3D printing.

Keywords: 3D printing; digital light processing; interim crown; in vivo study; wear

1. Introduction

Interim crowns are important for successful prosthetic restoration. Interim crowns
provide essential functional support, including proper maintenance of the occlusal rela-
tionship, prevention of tooth movement, and protection of the dental pulp and periodontal
tissue [1,2]. The appropriate wear resistance of interim crowns is required to maintain these
functions. If wear is excessive, there may be a change in the functionality of the masticatory
movement as the occlusal vertical dimension decreases. In addition, masticatory efficiency
may decrease, and premature contact may occur in the anterior teeth [3].

The conventional direct technique for an interim crown is a method of manufacturing
using a material in which resin polymerization occurs only by chemical catalysis without
heat or light, and 3D printing with photopolymerization technology is a method of acti-
vating a photo initiator through a light source [4]. In the conventional method, interim
crowns are directly manufactured in the oral cavity [5]. However, such interim crowns
may be affected by high rates of contraction and heat production and lack mechanical
characteristics, unlike crowns fabricated using the indirect method with computer-aided de-
sign and computer-aided manufacturing (CAD/CAM) technologies, known as the milling
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production method [6–8]. Crowns fabricated using the milling production method have su-
perior wear and flexure strength [9], short chair time placement, and superior marginal and
internal fit compared with those of crowns fabricated using the conventional method [8].
Recently, studies on the production of interim crowns using 3D printing have been con-
ducted. Among these methods, a stereolithography apparatus (SLA) and digital light
processing (DLP) are representative methods [10]. The main difference between an SLA
and DLP is the light source. An SLA applies a laser beam from point to point, while
DLP uses a digital micromirror to cure a complete resin layer-by-layer [11]. Unkovskiy
et al. [12] reported for accuracy that an SLA may produce an intaglio denture surface with a
better trueness than DLP. Li et al. [11] reported that the surface roughness was significantly
influenced by the build angle rather than by the AM method. However, DLP has a faster
printing speed because the entire layer of liquid resin is polymerized at once, and the DLP
method is more actively utilized in the dental field [13].

Various in vitro studies have been conducted on the wear of DLP-printed interim
crowns. Kessler et al. [14] investigated the three-body wear of different additively man-
ufactured temporary materials and concluded they had comparative wear resistance to
already-established materials. Myagmar et al. [15] measured the wear of DLP-printed and
CAD/CAM-milled interim resin materials using a mastication simulator and found these
3D-printing digital technologies exhibited less wear volume loss than the conventional
interim resin. These studies on the wear resistance of interim crowns have been conducted
in vitro using a mastication simulator because controlling various variables can be diffi-
cult [16]. Prause et al. [17] reviewed the wear resistance of 3D-printed materials and could
not find any in vivo studies.

A mastication simulator can reflect a variety of elements, such as force, sliding distance,
testing medium, pH cycling, and temperature cycling, to imitate the masticatory system
of the oral cavity. However, wear is not a simple material property but a system property
arising from complex interactions between various factors. The capacity of an in vitro
study to take all these factors into account is limited [18]. Indeed, Sari et al. [19] compared
in vitro and in vivo wear data of temporary crowns fabricated by a CAD/CAM milling
system and a cartridge system. Although the maximum wear differences between in vitro
and in vivo were not significant, the mean wear differences between in vitro and in vivo
were significant for CAD material. Thus, the clinical wear resistances of 3D-printed interim
crowns should be verified in the oral cavity in addition to a mastication simulator.

With the DLP method, the mechanical properties of restoration are affected by the
build angle [20]. The difference in physical properties according to the build angle is called
anisotropy. Various physical properties of anisotropy have been reported, such as marginal
and internal fit [8,21], surface roughness [22], and flexural strength [23]; thus, an optimum
printing angle according to each characteristic is recommended. However, few studies on
wear according to build angle have been conducted. Hanon et al. [24] studied the effect
of build angle on the wear resistance of 3D-printed polymers using a DLP method and
concluded no relationship between wear behavior and build angle in a cylinder-shaped
specimen. However, in an X-axis experiment, the output direction of the layer and the
actual sliding direction did not match. Therefore, to date, studies on the relationship
between wear and the build angle of interim crowns are still rare.

In summary, there is no in vivo study on the wear resistance of DLP-printed interim
crowns. In addition, there are few studies on wear resistance according to the build angle
of DLP-printed interim crowns. Therefore, the purpose of this study is to evaluate the
wear volume of DLP-printed interim crowns in vivo and to find the build angle with the
highest wear resistance among 0, 45, and 90 degrees. In addition, compared with the
existing traditional method, the clinical feasibility of DLP-printed interim crowns was
demonstrated. The null hypothesis is that the wear volume of DLP-printed interim crowns
does not differ according to the build angle.
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2. Materials and Methods

This clinical study was approved by the Kyungpook National University Dental
Hospital Institutional Review Board (Approval number: KNUDH-2021-11-02-01) (Figure 1).
Informed consent was obtained from all participants. Patients who visited the Department
of Prosthodontics at Kyungpook National University Dental Hospital for single-crown
treatment and consented to participate in the present study were recruited. The selection
criteria were as follows: patients who needed single-crown restoration treatment in the
mandibular molar teeth, who had no decay or periodontal abnormalities in the abutment
tooth, and who had no occlusal problems. Owing to a possible impact on wear or other
potential side effects, the following patients were excluded: (1) those requiring restoration
of the antagonist teeth, (2) those with a possible cracked tooth, and (3) those with bruxism
or clenching habits. Based on the results of a previous study [15], the sample size was
calculated to be a minimum of three participants per group (G*Power version 3.1.9.2;
Heinrich-Heine-Universität, Düsseldorf, Germany) (actual power = 99.98%; power = 99%;
α = 0.05). For the present study, the sample size was determined to be five participants.
Anticipating a 20% dropout rate, a total of six patients were recruited. The profiles of the
participants are listed in Table 1. To control the variables, each person was asked to use
all four types of interim crown so that the same person’s masticatory force was applied
to the interim crown for each angle. In addition, patients who need treatment on same
area were recruited, and the order of use of interim crown was randomly allocated for
each angle. One participant dropped out of the study owing to frequent fractures of the
temporary tooth.
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Table 1. The profiles of the participants.

No. Sex Age Abutment Antagonist Endo. Etc.

1 F 23 #46 #15, 16 O -
2 M 31 #36 #25, 26 O -
3 F 57 #37 #26, 27 O -
4 F 20 #47 #16, 17 O -
5 F 41 #36 #25, 26 O -

6 M 24 #37 #26, 27 O Dropped out owing to
frequent crown fracture.

At the first visit, mandibular molar teeth were prepared by a skilled technician using a
diamond bur (102R bur, Shofu, Kyoto, Japan). During tooth preparation, a supragingival
chamfer margin was formed, and 1.5 mm of the occlusal surface was reduced. A skilled
operator then obtained a virtual working cast of the abutment tooth, proximal teeth,
and antagonist teeth and performed an occlusal scan using an intraoral scanner (CS3600;
Carestream Dental, Rochester, NY, USA).

Immediately after tooth preparation, interim crowns were fabricated at the chairside
using self-cured resin (Unifast III; GC Corporation, Tokyo, Japan) by the direct conventional
method (Table 2). Occlusal adjustment and final polishing were performed by a skilled
clinician using the same process for all groups. The interim crowns were polished with
silicon carbide papers of 600- and 1200-grit grain on a rotary machine with water cooling.
A 21 µm thick check bit (Check-Film II—Red/Black; Caicedo Group Inc., Brooklyn, NY,
USA) and an 8 µm thick shimstock (ARI SHIMSTOCK; TAEKWANG, Seoul, Korea) were
used to determine whether the occlusal point and height were appropriate. After the final
polishing process and immediately before cementation, the interim crown surface was
scanned extraorally using an intraoral scanner (CS3600, Carestream Dental). The crowns
were temporarily cemented (Temp-bond NE, Kerr, Orange, CA, USA) for one week to avoid
sticky or hard foods that might cause falls or fractures of the interim crowns.

Table 2. Interim crown material.

Group Product Name Method Manufacturer LOT Number

Conventional group UNIFAST III Self-cured GC Corporation, Tokyo, Japan 2004171
3D-printing group RAYDENT C&B DLP 3D printing Ray Co., Ltd., Hwaseong-si, Korea RCB209082B

The acquired virtual working cast was exported in the standard tesselation language
(STL) format using an intraoral scanner. In addition, using CAD software (3Shape Dental
Designer; 3Shape A/S, Copenhagen, Denmark), interim crowns were designed in a 60 µm
cement space condition. After the CAD process, the virtual interim crowns were exported
in the STL format, and the build angles for printing were set to 0, 45, and 90 degrees using
3D printer software (Megagen, Daegu, Korea) (Figure 2). The 3D-printing support was set
to the software-recommended value. The crowns were printed using a 3D printer with
DLP technology (MEG-PRINTER 3D II; Megagen, Daegu, Korea) under the following
conditions: 50 µm XY resolution and 50 µm layer thickness (Table 2). Resin (Raydent C&B;
Ray Co., Ltd., Hwaseong-si, Korea) was selected as the 3D-printing material. The printed
interim crowns were washed using 83% ethanol, and all residual resin was removed for 60 s
using an ultrasonic cleaner (SAEHAN, Seoul, Republic of Korea). All moisture and ethanol
on the surface of the interim crown was dried. Finally, after the posttreatment process,
a photocuring process was performed for 300 s using a curing unit (CUREDEN; Kwang
Myung DAICOM, Seoul, Republic of Korea), and they were stored in distilled water at
37 ◦C until cementation.
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The patients revisited the hospital one week after the first interim crown was placed.
The existing interim crown was removed, and the surface was scanned extraorally using an
intraoral scanner (CS3600, Carestream Dental, Atlanta, GA, USA).

The patients were provided with a new interim crown, which was randomly selected
from the following printing angles: 0, 45, and 90 degrees. The patients underwent relining,
occlusal adjustment, and polishing of the oral cavity. For relining, self-cured resin (Unifast
III; GC Korea, Seoul, Korea) was used. The interim crown surface was scanned before
use. The patients had the new interim crown in place for one week. At the next hospital
visit, the existing interim crown surface was scanned, and one of the remaining interim
crowns was chosen at random and placed. This step was repeated for the placement of the
final crown.

The patients, thus, used four crowns in total (conventional method, n = 1; 3D-printing
method, n = 3) for one week each. The surfaces of the interim crowns were scanned before
and after use. Finally, the technician made a final impression and set the final prosthesis.

Using 3D inspection software (Geomagic Control X; 3D Systems, Cary, NC, USA),
STL file changes of the interim crowns before and after wear were imported (Figure 3).
The volume and height of the interim crowns were measured. The interim crowns before
wear were designated as the reference, and the best-fit alignment of those after wear was
determined based on the outer surface area of the interim crown, excluding the occlusal
surface area before wear (Figure 3). To verify the coincidence of the outer surface area in
which the interim crowns overlapped before and after wear, 3D inspection software was
used (Geomagic Control X; 3D Systems). The overlapping areas of the two models were
found to have a very high coincidence (3.60 ± 0.80 µm). The volume loss was calculated by
comparing the volume before and after wear. The root mean square (RMS) was used to
calculate the interval between the data points before and after wear (Figure 3) using the
following formula:

RMS =
1√
n
·
√

∑n
i=1(X1,i − X2,i)

2 (1)

where X1,i is the interim crown’s point cloud before wear, X2,i is the point cloud after wear
(which indicates the 3D position of the ith measurement point), and n is the number of all
point clouds evaluated.
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Figure 3. 3D analysis procedure. (A) Segmented virtual model of the interim crown before wear.
(B) Virtual model of the interim crown after wear. (C) Superimposition. (D) Evaluation of wear on
the segmented occlusal surface of (A).

The RMS value showed the difference in the deviation from zero between the two
datasets. Thus, a low RMS value indicated a high degree of 3D agreement with the
overlapped data. A 3D comparison is shown using a color difference map, and a range of
−100 µm and a tolerance range of −10 µm were designated (green).

The statistical analyses in this study were conducted using SPSS Statistics (IBM Co.,
Armonk, NY, USA). The normal data distribution was first investigated using the Shapiro–
Wilk test, and the data were found to be normally distributed. Each group’s wear volume
was compared using a one-way analysis of variance test, and an ex-post analysis was
conducted using Tukey’s honestly significant difference (HSD) test (α = 0.05).

3. Results

Significant differences in the RMS values between the groups were found (p = 0.002; Table 3,
Figure 4). Compared with the RMS values of the conventional method (11.88 ± 2.69 µm) and
the 3D-printing method at 0 degrees (12.14 ± 2.38 µm), the RMS values were significantly
higher at 90 degrees (16.46 ± 2.39 µm) (p < 0.05; Table 3, Figure 4). Likewise, there was
a significant difference in the change in volume between the groups (p = 0.002; Table 3,
Figure 4), with a significantly higher volume change value at 90 degrees (1.74 ± 0.41 mm3)
than in the conventional method (0.70 ± 0.15 mm3) (p < 0.05; Table 3, Figure 4). In
addition, the interim crowns fabricated using the conventional method showed significantly
lower RMS and volume change values than those fabricated using 3D printing (p < 0.05;
Tables 3 and 4, Figure 4).
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Table 3. Comparison of the wear of interim crowns fabricated according to build angle (RMS (µm)).

Build angle Mean SD
95% Confidence Interval

Minimum Maximum Comparison **
Lower Upper

Conventional method 11.88 2.69 8.53 15.22 7.70 14.80 A
0 degree 12.14 2.38 9.17 15.10 9.7 15.50 A

45 degrees 13.78 1.29 12.17 15.38 11.80 15.10 AB
90 degrees 16.46 2.39 13.49 19.42 13.20 18.90 B

F 4.363
p 0.02 *

RMS, root mean square; SD, standard deviation. * Significance was determined using one-way ANOVA; p < 0.05.
** The letters (A and B) were determined using Tukey’s HSD test; p < 0.05.
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Figure 4. Comparison of the root mean square and wear volume according to build angle: (A) root
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Table 4. Comparison of the wear of interim crowns fabricated according to build angle (volume (mm3)).

Build Angle Mean SD
95% Confidence Interval

Minimum Maximum Comparison **
Lower Upper

Conventional method 0.70 0.15 0.50 0.89 0.50 0.90 A
0 degree 1.22 0.63 0.43 2.00 0.20 1.70 AB

45 degrees 1.32 0.48 0.71 1.92 0.60 1.90 AB
90 degrees 1.74 0.41 1.22 2.25 1.30 2.4 B

F 4.367
p 0.020 *

RMS, root mean square; SD, standard deviation. * Significance was determined using one-way ANOVA; p < 0.05.
** The letters (A and B) were determined using Tukey’s HSD test; p < 0.05.

The color difference map according to the build angle showed relatively smaller areas
of wear with the conventional method, whereas, with the 3D-printing method, the areas
of wear tended to broaden from 0 to 90 degrees (Figure 5). The areas of wear in the color
difference map corresponded with the occlusal points found in the oral cavity.
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4. Discussion

The purpose of this study was to examine wear volume differences according to the
printing angle of interim crowns using a DLP 3D-printing method in vivo. We found a
significant difference in the RMS values but no significant differences in wear volumes for
the 3D-printed interim crowns according to the angle. Additionally, compared with those
of the conventional method, there were significantly higher RMS values and wear volumes
at 90 degrees (p < 0.05). Thus, the null hypothesis that the wear volume of the interim
crowns would not be significantly different according to the build angle was rejected.

In this study, a difference in the wear of the interim crowns between the conventional
and 3D-printing methods was found (p = 0.020). Loss in vertical height can be estimated
using the RMS value, while the absolute wear volume can be measured using the volume
loss value. The height and wear volume of the interim crowns printed at 0 degrees for the
two criteria were the smallest, while the height and wear volume of the interim crowns
printed at 90 degrees were the largest. In other words, the greater the printing angle, the
greater the wear.

If the volumetric variation is large due to wear, it may cause a loss in vertical dimension
and movement of the antagonist in cases of poor periodontal condition. In addition, in
cases of anterior restoration, changes in occlusal scheme, including frontal and lateral
guidance, may occur, and unnecessary interference may occur. Therefore, the properties of
an interim crown require adequate wear resistance.

Differing physical properties according to angle are called anisotropy. A previous
study found anisotropy in 3D-printed restorations using a DLP method [20]. However,
conflicting results have been reported. One study showed a potentially weak area of poly-
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merization owing to a shadow area between pixels [25]. Additionally, Monzon et al. [25]
reported that a resin bar printed at 90 degrees showed superior mechanical properties
in terms of flexural modulus and flexural stress compared to those printed at 0 degrees.
However, others have suggested that anisotropy is caused by the difference in bonding
strength between the inter- and intra-layers [13,26]. Park et al. [13] noted that a three-unit
interim bridge printed at 90 degrees had the lowest flexural strength. In addition, in a
study of bar-shaped interim material conducted by Kessler et al. [26], the interlayer was
found to be the weakest link, and a specimen printed at 90 degrees was more vulnerable to
fracture. Thus, our results are similar to those of both Park et al. [13] and Kessler et al. [26],
which together suggest that wear decreases as the printing angle decreases and the mechan-
ical properties become stronger. However, additional studies are needed to examine the
tendency of wear according to physical properties for more robust conclusions to be drawn.

In the previous study, Kessler et al. [14] reported that the mean wear depth of a DLP-
printed interim crown against a metal wheel was between 13 and 66 µm after 50,000 cycles
of chewing simulation. Ahn et al. [16] reported that steatite, similar to the surface hardness
of enamel, was used as an antagonist, and the wear volume loss of a DLP-printed interim
crown was 1.507 mm3 after 30,000 cycles of chewing simulation. Hanon et al. [24] reported
that the wear depth of non-colored, post-processed DLP cylinder against a steel counterpart
was measured between 9 µm and 12 µm among samples of each build angle. Sari. et al. [19]
studied an in vivo wear test of interim crowns by milling type and cartridge type on the
mandibular first molar for 14 days, and the mean wear data were 296.9 µm (milling type)
and 244.4 µm (Cartridge type). However, considering that the thickness of the check film
was 21 µm, it could be said that the number of Sari et al.’s experiments was large compared
to other articles. As such, the wear data so far have varied depending on the type of
opposing tooth, whether they are in vivo or in vitro, the shape of the specimen, and the
test period. The results of this experiment were also within the general variation range,
and it was possible to show the tendency of the difference in wear in accordance with the
build angle.

There are two types of wear: (1) two-body wear caused by direct friction between
the cusps and (2) three-body wear caused indirectly by food between the two cusps. In
this study, both types of wear were observed. Two-body wear can be observed through
the interim crown’s occlusal points, and the size and number were found to decrease after
use in the present study. This can be explained by a decrease in the area where the cusps
contacted each other as wear progressed, while the overall occlusal vertical dimension was
maintained. However, three-body wear may decrease or increase according to the debris,
and the wear volume may be either very small or may not always occur [27]. In fact, after
excluding the two-body wear points around the occlusal points, almost no wear could
be seen on the color map in the remaining areas (Figure 5), suggesting that the impact of
three-body wear was insignificant in this study. In addition, on the color map (Figure 5),
the wear areas tended to broaden from 0 to 90 degrees. This again indicated that the greater
the printing angle, the greater the wear.

In a study conducted by Beleidy et al. [28], no difference in the wear analysis between
3D scanning and optical digital profilometry (the conventional method) was reported. In
the present study, the coincidence of the overlapping outer surface areas of the interim
crowns before and after wear was 3.60 ± 0.80 µm, and the two models’ overlapping areas
showed very high coincidence.

If the experiment condition in the oral cavity is limited, wear can be evaluated virtually
using a finite element method. As a preclinical study, it can reduce the cost and the
discomfort of the patient from the clinical trial. For example, Jamari et al. [29] simulated the
contact pressure between the metal femoral head and the acetabular cup of an artificial hip
joint using a finite element method and proposed a design to reduce cumulative contact
pressure and wear in consideration of the physical characteristics of each metal material.
Tribst et al. [30] simulated the effect of filling materials and pulp chamber extension on the
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biomechanical response of an endocrown through a finite element method and proposed
an optimal divergence angle with preferred materials to seal the orifice.

To apply this method to interim crown design, it should be preceded by figuring out the
physical characteristics of the interim crown, in addition to the build angle and mastication
pattern of the jaws. Tian et al. [31] reviewed the factors affecting 3D-printed products as
build angle, layer thickness, post-curing, and material composition. Alshamrani et al. [32]
reported that a 100 µm layer thickness with a dry storage postprocessing group has the
highest flexural strength. Kessler et al. [14] reported that the filler content influenced
the wear behavior. As a result, it would be possible to make an optimal crown design
for each angle by reflecting the properties of the materials and printing process in a
computational simulation.

In the present study, there was no statistical difference in wear volume between the
interim crowns fabricated using the conventional method and those printed at 0 degrees
(p > 0.05). In general, interim crowns fabricated using a DLP method are printed at 0 degrees.
Previous studies have shown weaker wear resistance with the DLP method than with
conventional fabrication, milling, and SLA methods [33,34]. Nevertheless, other studies
have shown wear resistance to be the same [6,14] or better [15,16] with the DLP method
than with conventional fabrication, milling, and SLA methods. Even if the interim crowns
are fabricated using the same method, wear might differ according to the composition of
the resin material used. Kessler et al. [14] reported significant differences in wear among
various 3D-printed materials, and therefore, products with a high filler content were
recommended. Kessler et al. [26] also studied an evaluation of the flexural strength of three
products and noted that, among the various factors assessed, the product characteristics
were the most important. Thus, the results of the present study were limited by the products
used. Additional studies are needed to evaluate the wear associated with various products.

This study has several major limitations as an in vivo pilot study. First, the scan
data used to evaluate wear were acquired using an intraoral scanner. However, since the
volumes of crowns were measured outside the oral cavity rather than intraorally, it was
generally more accurate than the degree of suspension presented by an intraoral scanner. In
fact, Huang et al. [35] reported 8.66 ± 0.40 µm trueness and 5.44 ± 0.52 µm precision when
using the same scanner (CS3600) extraorally. Additionally, Ahn et al. [16] also measured the
wear volume of specimens using an intraoral scanner outside the oral cavity. Nevertheless,
if a lab scanner was used, it would have been possible to measure the amount of wear
more accurately. Second, the wear test was conducted for one week on each interim crown.
Previous in vitro studies have been variously tested at levels such as 10,000, 30,000, and
50,000 cycles, as well as up to 200,000 cycles for long term use. In general, 20,000 cycles of
a chewing simulator is equivalent to 1 month of use [14,15,36]. Thus, although the wear
volume loss for one week would be small, in actual clinical practice, the period of use of
an interim crown for a single crown is generally from one to two weeks. In addition, as
each participant had to test for each of the four groups in this experiment, the period of
use was limited to the shortest period as one week. Third, this experiment was for single-
crown restoration. As the overall occlusal vertical dimension was always maintained, it
was difficult for the two-body wear to occur continuously by the antagonist, even if the
period were further extended. Therefore, the actual measurable change in wear volume
was limited. Fourth, anatomical interim crowns were used in this study. While the actual
printing angle may have been 45 degrees, for instance, the actual contact angle between the
tooth and the temporary restoration could have been greater than or less than 45 degrees
considering the cusp shape and direction of jaw movement. In other words, the actual angle
may have been altered from the intended angle. Lastly, the masticatory force, dietary habits,
and oral habits were individually different. Koc et al. [37] reported that the maximum bite
force is higher in males than in females. In addition, although the correlation between age
and bite force seems to be significant, it might be assumed that the effect of age on bite
force is relatively small. It is practically impossible to avoid individual differences, but
to control the variables, each participant in this study was asked to use all four types of
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interim crown so that the same person’s masticatory force was applied to the interim crown
for each angle. In addition, patients who need a treatment on same area were recruited,
and the order of use of interim crown was randomly allocated for each angle.

It is recommended that further studies reflect the following. First, patients who need
a long-term restoration or a full-arch restoration with changeable vertical dimensions
should be recruited. Second, by increasing the number of samples, participants should
be divided into four groups, and interim crowns of one type of angle should be assigned.
Thereafter, the wear amount for each group could be compared. Alternatively, patients
could be recruited based on the same age and gender. Third, it is necessary to verify the
wear resistance by each restoration area. Compared to the posterior teeth, the anterior
teeth have a different contact angle on the lingual surface because more complex occlusal
contacts, such as lateral guidance, occur. Lastly, since the product content is different for
each commercial product, verification is required.

This study was the first in vivo study on the wear resistance of DLP-printed interim
crowns that investigated wear resistance in accordance with the build angle of the DLP-
printed interim crowns. The clinical feasibility of DLP-printed interim crowns was verified,
and a build angle for wear resistance was suggested. In the future, it could be used to man-
ufacture more complex prostheses, such as anterior restorations and full-arch restorations.

5. Conclusions

The interim crowns fabricated using the conventional method showed wear resistance
similar (at 0 degree) or superior to those fabricated using the DLP 3D-printing method.
The clinical feasibility of DLP-printed interim crowns was verified. To ensure high wear
resistance, a printing angle of 90 degrees is not recommended when an interim crown is
fabricated using DLP 3D printing; rather, a printing angle of 0 degrees is recommended.
Further experiments with longer periods of use, larger numbers of participants, more
complex and multi-positioned restorations, the use of precise scanners, and more diverse
product groups are needed.
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Abstract: The sealing and bonding characteristics of luting cements may be affected by the application
of desensitizers containing ingredients that induce chemical interaction with dentin organic matrix.
This study evaluated the effect of different desensitizers on the immediate and long-term shear bond
strength (SBS) of a self-adhesive resin cement (SARC) to dentin. Healthy bovine dentin specimens
were used for the study. Gluma® Desensitizer, Desensibilize Nano P®, and Soothe® desensitizer were
used in study groups, while the control group did not receive any treatment. Next, SARC (RelyXTM
U200) in cylindrical mold was applied to the sample surface. All specimens were stored at 37 ◦C
for 24 h or six months and tested for SBS. Additionally, water contact angle was measured using
an optical tensiometer. Results were analyzed by analysis of variance and Student-t tests (p < 0.05).
Application of the different types of desensitizers had no significant influence on immediate or
long-term SBS of SARC to dentin (p > 0.05). Differences for water contact angle were not statistically
significant among the tested groups (p = 0.450). Within the limitations of the present study, it can be
concluded that the application of the different types of desensitizers had no significant influence on
the SBS of a SARC to dentin.

Keywords: bond strength; contact angle; dentin; desensitizers; resin cements

1. Introduction

Dentin hypersensitivity following tooth preparation for crown reduction is a common
problem in dentistry, however very rarely documented [1]. Previous in vitro study revealed
that reducing the amount of water cooling or increasing the air pressure and load during
cavity preparation increases the temperature of the pulp chamber, which could result
in hypersensitivity or even pulp necrosis [2]. Other factors, such as aggressive tooth
grinding or preparation, preparation time, preparation thickness, method of manufacture
and adjustment of provisional, bacterial contamination, and dehydration of dentin, are also
implicated [3].
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Brannström’s hydrodynamic theory posits that dentinal hypersensitivity is promoted
by external stimuli, such as thermal, tactile, chemical, or osmotic pressure, that cause
movement of intratubular dentinal fluids in exposed dentin [4]. Such fluid movement is
capable of exciting the nerve fibers that induce hypersensitivity or pain [5].

The treatment of dentin sensitivity after tooth preparation is intended to offer immedi-
ate and permanent pain relief. However, many of these treatments may be unsatisfactory,
since most of the conventionally used desensitizers are related to the occlusion of the
dentinal tubules without considering the causal factors that have triggered the problem [6].
Therefore, the initial therapeutic strategies should aim to eliminate predisposing factors,
such as abrasion, erosive components, and abfraction, thus avoiding recurrence of symp-
toms [7]. The therapeutic procedures options for reducing dental hypersensitivity are based
on substances that depress transmission, such as potassium salts or potassium nitrate, sub-
stances that occlude the dentin tubules by stimulating mineral deposits, such as fluorides,
oxalates, varnishes, adhesive resins, Bioglass®, and Portland cement, while low power
(Helium-Neonium; He-Ne, Aluminum Gallium Arsenide; AsGaAl) and high power laser
treatments (Neodymium Yttrium Aluminum Granate; Nd:YAG, carbon dioxide;CO2) are
considered therapeutic treatments [8].

Clinical studies have evaluated the use of fluorides for the treatment of tooth sensitivity.
Kielbassa et al. [9] evaluated two types of a commercial fluoride lacquers, one that contained
6% sodium fluoride (NaF) and calcium fluoride (CaF2), and another one used as a control
that only consisted of 6% NaF. In their subsequent evaluations at six and 12 months, the
hypersensitivity scores decreased after treatment. There was a pain relief, however none of
the treatments completely eliminated the problem. Easily soluble NaF provides a rapid
release of fluoride ions, which are converted to CaF2 on the tooth surface to effectively assist
in remineralization. The CaF2 was slowly soluble in saliva, which would justify the transient
action of a chemical barrier that provides a lasting retention on the surface of the tooth.
This guarantees a long-lasting fluoridation. It was concluded that a lacquer containing
CaF2/NaF in treating dentin hypersensitivity is effective in the initial reduction of dentin
hypersensitivity. The combination of CaF2/NaF can be recommended for clinical use. On
the other hand, when comparing the desensitizing effects of a gallium–aluminum–arsenide
(GaAlAs) laser and NaF, an immediate reduction in the visual analog scale (VAS) score was
observed. However, the NaF group showed an increase in the VAS scale at three and six
months in comparison to one week and one month. The authors concluded that GaAlAs
laser irradiation was effective in treating tooth sensitivity and was considered a more
comfortable and faster procedure when compared to traditional treatment [10]. Nowadays,
these are the main mechanisms through which desensitizers adequately manage pain.

The clinical success of an indirect restorative procedure depends on several factors;
however, cementation technique is a crucial step for long-term clinical success, which
favors retention and prevents micro-leakage, secondary caries, and restoration loss [11].
Cementation could be performed using either conventional water-based cements or resin-
based cements; among the latter, self-adhesive resin-based cements have been introduced
into the market to facilitate the cementation of fixed restorations. These cements do not
require any pretreatment of the tooth surface, thus reducing the application time and the
technique sensitivity [12]. The self-adhesive resin cements (SARCs) are able to effectively
diffuse and decalcify the underlying dentin due to increasing viscosity occurring after paste-
to-paste mixing (owing to an acid-based reaction) [13]. Additionally, a greater contact with
dental tissues to react with hydroxyapatite is observed, possibly resulting in an enhanced
monomer dentinal interaction with the dental tissues [13]. Moreover, a high hydrophilicity
enhances wetting of the tooth surface and a low pH—etching of the tooth substrates [14].
As a consequence, dentin and enamel demineralization takes place. Next, the carboxylic
and phosphoric acid-groups of the modified methacrylate monomer present in the SARCs
interact with the calcium from the hydroxyapatite (enamel and dentin) [12,15]. As the
adhesion to the tooth structure has been established the acidity of the SARCs is being
neutralized (from 2.8 to 7.0 after 24 h) [13]. These materials are structurally similar to

90



Bioengineering 2022, 9, 372

compomers, the main difference being the concentration of acid monomer. Most of these
SARCs may contain somewhat lower filler particles compared to compomers. Therefore,
hydrated substrates more efficiently facilitate the ionization of acid monomers followed by
acid-base neutralization reactions involving the tooth and the basic filling. For this reason,
SARCs may demonstrate adhesion to dentin. In summary, due to the composition of SARCs
that do not contain water, the dentin surface treatment must not dry out excessively before
the application of this cement. However, over-wetting of the adherent dentin surface can
hinder polymerization and reduce the integrity of the bonding interface. For this reason,
the chemical interactions between the functional acid monomers of the SARCs and the
dental substrate (dentin and enamel) are important mechanisms for adhesion. In addition,
the ability of self-adhesive systems to release fluoride has been investigated, and they were
found not to provide postoperative sensitivity [16].

The sealing and bonding characteristics of these luting cements may be affected by the
application of desensitizers containing ingredients that induce chemical interaction with
dentin organic matrix. Nevertheless, few studies have evaluated the effect of desensitizers
on the shear bond strength (SBS) of the self-adhesive resin cement (SARC) to dentin.
Therefore, this study aimed to evaluate the effect of three different desensitizers on the
immediate and long-term SBS of SARC to dentin. The null hypothesis tested was that
the application of desensitizers will not affect the immediate or long-term SBS of a SARC
to dentin.

2. Materials and Methods
2.1. Experimental Design

In this work, the bond strength between a SARC (Rely X U200; 3M ESPE, St. Louis,
MI, USA) and bovine dentin was evaluated according to the following factors: (1) previous
application of a desensitizer agent at three levels (Gluma® Desensitizer, Nano P®, and
Soothe®); and (2) storing time at two levels (24 h and 6 months). These aging times
were chosen following the directions of the ISO/TS 11406 International Standard [17]. A
group without the application of a desensitizer agent was used as control. The chemical
composition and application protocols of the desensitizing agents used in this study are
described in Table 1.

Table 1. Chemical composition and application protocols of the materials used in this study.

Study Group Desensitizer Agent Chemical Composition * Application Protocol

Gluma
Gluma®

Desensitizer (Kulzer,
Hanau, Germany)

(2-hydroxyethyl) methacrylate
glutardialdehyde, purified water

Apply to the dentin for 60 s with a microbrush
and dry with dry air until it disappears

(observe a non-shiny surface) and then wash
with water

Nano P Nano P® (FGM, Joinville,
Brazil)

Potassium nitrate and sodium fluoride

Apply with microbrush on the dentin surface,
rub the product with a rubber cup for 10 s,

leave the product to rest for 5 min and finally
remove the excess with a cotton pad

Soothe Soothe® (SDI, Victoria,
Australia)

6% potassium nitrate and 0.1% fluoride gel Apply on the surface for 2 min

Cement used: Rely X U200

Base paste: Methacrylate monomers
containing phosphoric acid groups,

methacrylate monomers, silanated fillers,
initiator components, stabilizers,

rheological additives

Catalyst: Methacrylate monomers, Alkaline
(basic) fillers, Silanated fillers, Initiator

components, Stabilizers, Pigments,
Rheological additives

Mix base paste and catalyst paste into a
homogenous paste within 20 s. Spread cement

within the restoration and apply
moderate pressure

* Information according to the manufacturer’s datasheet.
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2.2. Specimen Preparation

Healthy bovine incisors were sectioned at the cemento-enamel junction using a low-
speed motor (MotorTurbo & E-ASP1, Eighteeth, Changzhou, China) with cooling. Crowns
were embedded in cylindrical plastic molds using cold-cure acrylic resin, which allowed
the buccal enamel surface to be exposed. Next, the buccal enamel was abraded with an
orthodontic grinder until a flat medium dentin surface was exposed. Then, samples were
standardized by polishing with 600 grit silicon carbide sandpaper for 1 min. Afterward,
each sample was examined under a light stereomicroscope at a magnification of 40× to
verify the exposed dentin.

The desensitizers were applied four times with one-week intervals on the surface
of samples according to manufacturer’s instructions. Between each surface treatment,
specimens were stored (for 7 days) in artificial saliva at the temperature of 37 ◦C, thereby
simulating clinical conditions. The control group did not receive any treatment was stored
in artificial saliva at 37 ◦C for four weeks.

Next, specimens were washed with distilled water and excess dentin moisture was re-
moved. Elastomer molds with two cylindrical opening (1.5 mm diameter, 0.5 mm thickness)
were placed at the center of the sample. The SARC Rely X U200 was applied (accord-
ing to manufacturer instructions) and polymerized for 40 s with Curing Pen (Eighteeth,
Changzhou, China) at 1000 mW/cm2.

The sample size (n = 10) was estimated based on the data of other study [18], con-
sidering a comparative study design of four independent groups, a minimum detectable
difference in SBS of 3.1, a standard deviation (SD) of 1.9, a power of 0.8, and α = 0.05.

2.3. Shear Bond Strength Test

Samples in each study group were tested after aging in distilled water at 37 ◦C for 24 h
and for 6 months. The plastic molds containing the specimens were fixed to a microshear
test device (Odeme Dental Research, Luzerna-SC, Brazil). Next, a thin steel wire (0.2 mm
diameter) was looped around the cylinder and aligned with the bonding interface. The
steel wire was then pushed upwards applying a tensile force (Figure 1). SBS test was
conducted at a crosshead speed of 0.5 mm/min until failure in a universal testing machine
(EMIC®, DL 500; São José dos Pinhais, Brazil). SBS (in MPa) was calculated by dividing the
maximum force achieved by the area (1.77 mm2) of the bonded specimen.
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Additionally, the bonding surface was analyzed with a stereomicroscope (50×) to
determine the failure mode: adhesive, cohesive in dentin, cohesive in resin, and mixed [19].
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2.4. Contact Angle

The water contact angle of the dentin after application of the desensitizing agents was
measured with an optical tensiometer (Theta Lite TL101, Biolin Scientific Inc; Stockholms
Lan, Finland) following a sessile drop method. For each study group, the dentin surface
was prepared as previously described. Standardized drops of the distilled water (5 µL)
were directly dispensed onto the dentin surface. Immediately after placing the drop onto
the dentin surface, a dynamic reading of the right and left contact angle was measured in
real time with One Attension software (Biolin Scientific Inc, Stockholms Lan, Sweden) using
20 frames per second for 20 s. The contact angle (◦) was estimated as the mean between the
right and left readings (n = 3).

2.5. Statistical Analysis

Data were analyzed using SigmaPlot 14.0 software at a statistical significance of α = 0.05.
Approximate normality of data distribution was determined by Kolmogorov–Smirnov and
Shapiro–Wilk tests. For each storage period, one-way analysis of variance, followed by
Tukey post-hoc test was used to detect significant differences between the desensitizer
groups. The effect of aging condition was analyzed by two-sample Student’s t-test.

3. Results
3.1. Shear Bond Strength and Failure Mode

Means and standard deviations of SBS values at 24 h and six months aging are shown
in Figure 2. At 24 h, the only statistically significant difference detected was for the
comparison between Gluma® Desensitizer and Soothe® SDI (p = 0.049). When compared to
the control, none of the desensitizers showed statistically significant differences (p > 0.05).
The highest value was observed for Gluma® Desensitizer (7.8 ± 0.99), while the lowest was
for Soothe® SDI (5.95 ± 1.26). At six months, the lowest SBS value was obtained for the
Nano P ® desensitizer group (3.23 ± 0.73 MPa) and the highest value was observed for
Gluma® Desensitizer (4.55 ± 0.62). However, the only statistically significant difference in
SBS at six months was found between Gluma® and Nano P® (p = 0.033). The comparisons
of the SBS values after 24 h and six months of aging by Student’s t-test showed statistically
significant differences in the SBS means between all the groups (p < 0.05) (Figure 3). The
failure mode in all study groups was adhesive (Figure 4).
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3.2. Contact Angle

Contact angle measurements are shown in Figure 5. Differences in water contact angle
were not statistically significant among the study groups (p = 0.450).
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Figure 5. Water contact angle [Mean ± (SD)] for dentin surfaces treated with the desensitizer agents.

4. Discussion

In this study, the immediate and long-term SBS of a SARC to bovine dentin after
application of different desensitizers was evaluated. The results suggest that the use of the
desensitizers had no influence on the SBS. Therefore, the hypothesis that the application of
desensitizers will not affect the immediate or long-term SBS of a SARC was not rejected.
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It has been previously reported that the SBS of resin cements depends on several
factors, such as the type of dentin (coronal, apical, caries-affected, and sclerotic), preparation
depth (superficial or close to the pulp), and tooth surface management [20–23]. For SARCs,
no conditioning of dentin with a bonding agent is needed. Therefore, the surface properties
of the tooth substrates play an important role in adequate adhesion. Actually, the adhesion
of SARC to dentin and several restorative materials are acceptable and comparable to
other multi-step resin cements, but the adhesion to enamel seems to be a weak link in
regard to their bonding properties. These cements are characterized by the presence of
hydrophilic acidic monomers that bind directly to the wet dentin surface [16]. Their ability
to adhere to dental structures mainly depends on the monomer infiltration into the tissues
and the formation of a resin-infiltrated layer [16], which also depends on the presence of
hydroxyapatite to adhere to the dental structures [12,14].

Considering that desensitizers can alter the characteristics of the dentin surface, it
could be hypothesized that they have also the potential to alter the SBS of SARCs. A limited
number of studies have evaluated the impact of the desensitizers on self-adhesive resin-
dentin interface, reporting contradictory results [24–28]. For example, Stawarczyk, et al. [25]
and Sailer et al. [24] reported that the application of Gluma Desensitizer had a positive
effect on the bond strength of SARCs to dentin. On the other hand, Külünk et al. re-
ported that desensitizing agents containing sodium and calcium fluoride reduced the bond
strength of an adhesive resin cement to dentin [18]. The results from the present study
showed that both immediate and long-term SBS of a SARC to dentin were unaffected by
the prior application of the desensitizers. These results can be explained in part by the
mechanism of action of the desensitizers used in this study. Desensitizers act through
dentinal tubules occlusion. While Gluma® depends on the protein precipitation on the
dentinal tubules [29–31], Soothe® SDI and Nano P® desensitizers act by forming fluoride
compounds precipitates, forming an impermeable film that prevents access to external
stimuli, sealing the exposed dentinal tubules [32]. In fact, these mechanisms are responsible
for the differences found between Gluma® and Soothe® SDI, as it has been proved that fluor
could decrease the bond strength of self-adhesive materials [33]. The present study reveals
that, irrespectively of the mechanism of action, the desensitizers could not compromise the
bond strength of a SARC to dentin [25]. It has been previously demonstrated that, apart
from the fact that SARCs demonstrate limited decalcification/diffusion into dentin [12],
the cements thixotropic properties (when applied under pressure) are important to enable
SARCs to spread across the entire adhered surface and to establish adhesion [34].

In this study, bond strength values were also tested after storing the specimens for six
months to verify the long-term performance of tested materials. In this study, irrespectively
of the desensitizer used, SBS of the self-adhesive cement to dentin was statistically lower
after six months of aging. This reduction can be explained by the higher hydrophilicity and
hygroscopic expansion stress that these materials present [14]. The higher hydrophilicity
observed for these materials could be due to the presence of acidic monomers within
its composition [35]. Moreover, water sorption of the hydrophilic components of these
cements could also accelerate the degradation of ester bonds of some of the resin monomer
components, which may have an effect on their mechanical properties, dimensional stability,
and biocompatibility, thereby inducing a reduction in the SBS [35]. Moreover, hydrolysis of
the adhesive resin layer of self-etch materials has been observed in vitro after water storage,
the resulted degradation may be caused by areas of imperfect bonding that are more prone
to fluid ingress, and this should be considered during restorative material development. [36].
The composition, the degree of double bond conversion, and the length of the polymer
network of these SARCs are related to their physical and mechanical properties. Hence, the
effects of the presence of water may affect these properties [37]. The study comparing self-
cured and dual-mode SARCs showed equal to slightly inferior flexural and compressive
strength of abovementioned materials to other resin cements. The dual-cure cements
were slightly stronger than the self-cure cements at 24 h, but when retested after 150-day
water storage, there was no difference between the two. This is possibly because the dual-

95



Bioengineering 2022, 9, 372

curing cement showed a significant reduction in both flexural and compressive strength
after aging [38]. In another investigation where the long-term bond between dual-curing
cementing agents was evaluated, it was concluded that dual-curing cementing agents
achieve higher bond strength values when light activation is used during polymerization
than without light activation [39]. In addition, it could be speculated that, due to the acidic
nature of these materials, a limited availability of free radicals and poor polymerization of
the material could affect its ability to resist the hydrolytic degradation [40].

It should be highlighted that failure mode analysis revealed that 100% of the failures
observed were adhesives. Previous study analyzed the fracture surfaces between SARC
and dentin, demonstrating that most of the fails were of the adhesive type [41]. It has
been previously stated that the failure mode determines the performance of the applied
adhesive systems [42], and in the case of self-adhesive systems, the most likely reason
for this behavior is that self-adhesive cements are not aggressive enough to etch beyond
the smear layer, thereby severely limiting its mechanical interaction with the dentin [34].
The interface between two dissimilar materials, namely the SARC and the dentin, may be
affected by several factors, including contaminants from the operatory field, equipment,
or adsorbed environmental contaminants, possibly resulting in a failure location. Under
these conditions, water may penetrate the restoration either between and/or through
materials, reducing the interaction between the cement and the dentin. Moreover, residual
stresses from polymerization kinetics may also disrupt an adhesive bond or limit its
durability [43]. This may be the reason why SARCs fractured mainly between resin and
enamel or dentin surface and the SBS of SARCs was inferior compared to conventional
composite resin cements [44].

Changes in the wetting of the dentin surface by the prior application of desensitizers
were evaluated by contact angle measurement [45]. Results of the statistical analysis
revealed that the water contact angle of dentin was not modified after the application of
the different desensitizers. It has been stated that the bond strength between the dentin
and the SARC depends on the characteristics and wettability of the adhered surface [46].
Moreover, sealing and bonding characteristics of SARCs mainly depend on their high
wettability, which resulted in low microleakage scores at both the cavosurface enamel
and dentin surface margins when used as a liner in class II composite restorations [47].
Considering this, the absence of differences in the SBS values observed in this study can be
fully explained by this characteristic.

Limitations of the present study include the in vitro design and the fact that only three
desensitizers were tested. Further studies are needed to evaluate if these SARCs can adhere
to a variety of different substrates, in addition to dentin and enamel, e.g., porcelain and
other ceramics, gold, and other metal alloys, as well as indirect composite resins. Moreover,
Hardan et al., proved that the use of dentin desensitizer impaired both immediate and
aged bond strength [48]. Thus, the effect of the application of these desensitizer agents
on demineralized dentin should be evaluated. Additionally, it would be interesting to
assess the surface characteristics and the chemical composition after application of different
desensitizers (i.e., scanning electron microscopy-energy dispersive X-ray spectroscopy).
Moreover, other desensitizing agents and resin cements should be evaluated. Additionally,
clinical studies are required to evaluate the performance of these materials in the short and
long-term and thus also to evaluate the desensitizing effect and its interaction with SARCs,
and in this way to evaluate its limitations and its clinical implications.

5. Conclusions

Within the limitations of the present study, it can be concluded that the application
of the different types of desensitizers had no significant influence on the SBS of SARCs
to dentin. Therefore, this study suggests that the use of these desensitizers before the
cementation of indirect restorations with a self-adhesive cement is reliable.
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Abstract: Tooth wear is considered a well-developed issue in daily clinical practice; however, there
is no standard protocol for treatment. The aim of this manuscript was to systematically review the
literature to evaluate the clinical outcomes of direct or indirect restorations for treating tooth wear. A
literature search was conducted through the PubMed MedLine, Scopus, ISI Web of Science, Scielo, and
EMBASE databases up to 29 April 2022. Clinical studies evaluating the clinical performance of direct
or indirect restorations for treating tooth wear for a minimum follow-up of 6 months were included
in the review. A total of 2776 records were obtained from the search databases. After full-text reading,
16 studies were included in the qualitative analysis. Considering the high heterogenicity of the studies
included, a meta-analysis could not be performed. All studies included the rehabilitation of anterior
and posterior teeth with extensive wear, using both indirect and direct restorations for a maximum
follow-up of 10 years. Restoration materials included ceramo-metal crowns, full gold crowns, lithium
disilicate ceramic, zirconia, polymer infiltrated ceramic networks, and resin composites. Most of the
reports assessed the survival rate of the restorations and the clinical features using the United States
Public Health Service (USPHS) Evaluation System criteria. Contradictory discoveries were perceived
concerning the type of restoration with better clinical performance. Considering the current literature
available, there is no evidence in the superiority of any restoration technique to ensure the highest
clinical performance for treating tooth wear.

Keywords: crowns; fixed prosthodontics; resin composite; survival

1. Introduction

Currently, tooth wear, defined as a simple loss of dental substance, is considered a
well-developed issue in daily clinical practice [1,2]. Progressive tooth wear with large
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zones of exposed dentinal surface is a restorative drawback for older patients who want to
maintain their remaining dental structure. Usually, conventional restorative techniques for
these patients include costly dental laboratory-fabricated crowns and fixed prostheses as a
full-mouth rehabilitation [3].

In general, tooth wear, an irreversible non-carious loss of tooth structure, is an ef-
fect of diverse mechanisms, such as a dissolution by means of acidic substances of hard
tissues (erosion), an interaction with exogenous materials (abrasion), or tooth-to-tooth
contact (attrition) [4]. These mechanisms of tooth wear frequently act chronologically or
in synchrony, which can enhance extreme tooth wear at a somewhat young age [5]. This
circumstance creates plentiful problems, such as changes in vertical dimension of occlusion
with possible functional deficiency, increased tooth hypersensitivity, pulp involvement,
and perhaps diminished esthetic appearance [6]. Essentially, several factors, such as pain,
speech, chewing ability, taste, and esthetics could affect aspects of patient quality of life [7].
The multiple factors of tooth wear and its associated restorative process are difficult for den-
tal practitioners, as a multifaceted holistic rehabilitation program is needed that addresses
changes in the occlusal surface [8].

Several approaches have been designated in the literature to rehabilitate a worn
dentition by means of direct composite restorations [9–14], indirect restorations of lithium
disilicate [15], composite resin [16], polymer infiltrated ceramic networks [17,18], and
combined techniques [19–21]. However, the accessible clinical recommendations for any
restorative method of worn dentition were quite limited, and a systematic review was not
available on which techniques and materials are favored [22]. Most of the studies used
direct or indirect resin composites to restore specifically worn anterior teeth and had stated
failure rates of nearly 10% [16,23,24]. It is worth mentioning that failure rate, defined as the
frequency at which a restoration fails, is exceptionally high when treating dental wear.

Preventive procedures and measures for advocating and examining tooth wear need to
be in place before the initiation of any restorative procedure [12,25]. Worn dentition must be
treated with a reversible, adhesive, additive method whenever achievable [26]. Neverthe-
less, patients frequently seek solutions when tooth wear has progressed significantly [27],
and, in certain circumstances, prosthetic rehabilitation might be required.

The multifactorial assessment regarding severe tooth wear must be established based
on its severity as well as the patient’s needs [28]. This assessment is not regularly done
because the remaining tooth structure and the impact of persistent mechanical and chemical
processes influences the performance of the restoration [7,29,30]. Because using composite
resin could lead to a fracture and amplify the long lasting costs [16,31], a full crown persists
as the chosen treatment [31], and metal–ceramic restorations are the average treatment
for fixed partial dentures and crowns [32]. The drawback of metal–ceramic restorations is
the grayish discoloration at the gingival margin. High-strength ceramic constituents such
as lithium disilicate and zirconia have been developed and become popular due to their
biocompatibility [33,34]. Compared to multilayer restorations, monolithic restorations are
thinner, need less reduction of the tooth surface [35], and do not chip [36].

So far, there is no standard protocol for the treatment of individuals with tooth wear.
Thus, the aim of this paper was to systematically review the literature to evaluate the
clinical outcomes of direct or indirect restorations for treating tooth wear.

2. Materials and Methods

This review was implemented in agreement with the PRISMA 2020 instructions [37].
The registration protocol was carried out in Open Science Framework with the registration
number 0000-0002-2759-8984. The following PICOS framework was used: population,
dental substrate; intervention, indirect restorations; control, direct restorations; outcomes,
Federation Dentaire Internationale (FDI) or United States Public Health Service (USPHS)
criteria; and study design, clinical trials. The research question was: “What is the best
treatment for treating tooth wear: direct or indirect restorations?”
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2.1. Literature Search

A literature search was directed through the PubMed MedLine, Scopus, ISI Web of
Science, Scielo, and EMBASE databases up to 29 April 2022. The search strategy performed
in PubMed, which was adjusted for the other databases, is summarized in Table 1. The
researchers manually patterned the list of references of each manuscript for the search of
additional manuscripts. After the search, the papers were entered into Mendeley Desktop
1.17.11 software (Glyph & Cog, LLC, London, UK) to remove duplicates and then exported
to the Rayyan web platform.

Table 1. Search strategy used in PubMed.

#1 Tooth Wear OR Tooth erosion OR Tooth attrition OR Dental Wear

#2

Restoration OR Direct Restoration OR Composite OR Resin Composite OR Composite
Resin OR Dental Composite OR Resin Based Composite OR Composite Dental Resin OR
Fillings OR Indirect Restoration OR Partial Restorations OR Posterior Partial Crowns OR
Full-Coverage Restoration OR Ceramic OR Bonded OR Partial Preparations OR Indirect
Bonded Restorations OR Porcelain OR Ceramic Veneer OR Overlay OR Inlay OR Onlay

#3

Clinical Trials OR Controlled Clinical Trial OR Retrospective Studies OR Randomized
Controlled Trial OR Randomized Controlled Trials OR Prospective Clinical Trial OR

Retrospective Study OR Prospective Studies OR Prospective Study OR Clinical Trial OR
Randomized Clinical Trial OR Random Allocation OR Double-Blind Method OR

Single-Blind Method OR Clinical Trial OR Clinical Trials OR Follow-up Studies OR
Prospective Studies OR Cross-over Studies

#4 #1 and #2 and #3

2.2. Study Selection

Two investigators (L.H. and R.B.) evaluated the abstracts and titles of all the articles
using the blind mode on the Rayyan platform. Studies for full-text review were chosen
based on the following eligibility criteria: (1) clinical studies assessing the clinical perfor-
mance of direct or indirect restorations for treating tooth wear; (2) included a follow-up for
at least 6 months; and (3) available in the English language. In vitro reports, case series,
reviews, pilot studies, and case reports were omitted. Full versions of any possible reports
were examined. Papers that had insufficient data in the abstract and title to offer a clear
judgment were considered for full-text evaluation. The inter-examiner agreement was
measured using the kappa coefficient. Any variations in the decision-making procedure in
regard to the appropriateness of the accepted manuscripts was agreed and decided upon
through the accord of a third author (C.E.C.-S.). Only texts that fulfilled all of the eligibility
norms were incorporated for assessment.

2.3. Data Extraction

The information of interest from the papers selected was tabulated using a standard-
ized sheet in a Microsoft Office Excel 2019 spreadsheet (Microsoft Corporation, Redmond,
WA, USA). These data included type of clinical trial, number of the participants, reasons
for tooth wear, restoration techniques used, follow-up, clinical criteria for evaluation, and
main conclusion (Table 2).

2.4. Quality Assessment

The methodological quality of each included articles was individually evaluated by
two reviewers (R.B. and L.H.) based on the Cochrane guidelines for the description of the
subsequent parameters: selection bias (sequence generation and allocation concealment),
performance and detection bias (blinding of operators or participants and personnel), bias
due to incomplete data, reporting bias (selective reporting, unclear withdrawals, missing
outcomes), and other bias (including industry sponsorship bias). A proposed judgement
about the risk of bias arising from each domain was generated by an algorithm based on
answers to the signaling questions. The aforementioned algorithm and the guidance on how
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to use it is available elsewhere [38]. Through risk of bias evaluation, any inconsistencies
between the investigators were decided by a third reviewer (C.E.C.-S.).

3. Results

A total of 2776 records were obtained from the search databases. After removing the
duplicates, the total amount of manuscripts found was 2443 publications for the primary
examination. Of these, 2419 papers were excluded after reviewing the titles and abstracts,
leaving 24 articles to be selected for full-text review. The inter-examiner agreement was
excellent (kappa coefficient = 0.87). Of these, eight studies were excluded [12,14,39–44].
Exclusion reasons are shown in the PRISMA flow diagram of the review (Figure 1), which
resulted in a total of 16 articles for the qualitative analysis [3,13,16,18,20,21,23,45–53]. Con-
sidering the high heterogenicity of the studies included, a meta-analysis could not be performed.
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The features of the manuscripts included in this review are summarized in Table 2.
This review identified randomized clinical trials and observational studies. The maxi-
mum follow-up observed in the included studies was 10 years. All studies included the
rehabilitation of anterior or posterior teeth with extensive wear using both indirect and
direct restorations. Tooth wear was described to be mainly due to the presence of gas-
troesophageal reflux, excessive ingestion of acidic beverages, tooth grinding, abrasive
restorative materials, vigorous labor, or exercise.

Restoration materials included ceramo-metal crowns, full gold crowns, lithium disili-
cate ceramic, zirconia, polymer infiltrated ceramic networks, and resin composites. The
last were used as both indirect and direct techniques. Most of the studies evaluated the
survival rate of the restorations and the clinical characteristics using the USPHS Evaluation
System criteria.

Studying the methodological quality assessment parameters, most of the studies
included were counted as having a high risk of bias (Table 3), as most of them failed to
avoid performance and detection bias, reporting bias, and other bias.
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Table 3. Risk of bias for clinical trials.

Study and Year Selection Bias Performance and
Detection Bias

Bias Due to
Incomplete Data Reporting Bias Other Bias

Bartlett 2006 [16] Low risk High risk Low risk High risk High risk
Burian 2021 [49] Low risk High risk High risk High risk High risk
Crins 2021 [48] Low risk Low risk Low risk High risk High risk

Gresnigt 2019 [47] Low risk Low risk Low risk High risk High risk
Hammoudi 2020 [46] Low risk Low risk Low risk Low risk High risk
Hemmings 2000 [23] Low risk High risk High risk High risk Low risk
Katsoulis 2011 [45] High risk High risk High risk High risk Low risk

da Rocha Scalzer Lopes 2021 [50] High risk High risk High risk High risk Low risk
Mehta 2021 [52] Low risk Low risk High risk High risk Low risk

Mehta 2021 (b) [51] Low risk High risk High risk High risk Low risk
Milosevic 2016 [13] High risk High risk High risk High risk Low risk
Oudkerk 2020 [18] High risk High risk Low risk High risk Low risk
Redman 2003 [20] High risk High risk Low risk High risk Low risk

Smales 2007 [3] High risk High risk High risk High risk High risk
Taubóck 2021 [53] High risk High risk Low risk High risk High risk
Vailati 2013 [21] High risk High risk Low risk Low risk High risk

4. Discussion

This systematic review was focused towards examining the optimal treatment of tooth
wear. This study included randomized clinical trials and observational studies for a maxi-
mum follow-up of 10 years. All the manuscripts included the rehabilitation of anterior and
posterior teeth with extensive wear, using both indirect and direct restorations, with direct
resin composite being the most common restorative treatment used. According to pre-
ceding reports, these materials seem to show acceptable fracture resistance and simulated
wear rates [53–56]. In addition, they have shown suitable long-term achievement in other
reports [53,55]. However, failure rates of approximately 10% were reported previously
when comparing both materials after a mean follow-up of 30 months [23].

A previous systematic review performed in 2014 focused on the analysis of the steps
that are recommended for treatment procedures when treating tooth wear, including
diagnostic waxing, occlusal positioning, vertical dimension increase, restoration, and
follow-up [8]. The present review is focused on the type of material (ceramic or resin-based)
and the technique (direct or indirect) used for the treatment of tooth wear.

In addition, another important factor to be noted is that the etiology of the tooth wear
for the studies included in this review could be divided mainly into two types: chemical
and mechanical. Although none of the studies offered a comparison in the outcomes of
the restorations according to the specific etiology, it should be recognized that different
restorative materials do not have the same performance under different pH and mechanical
challenges [57].

In the same way, it is worth mentioning that treating tooth wear in anterior teeth
represents different challenges than treating tooth wear of posterior teeth. Further, different
materials are indicated for both mouth regions, which is a comparison that is not presented
in any of the manuscripts in this review.

Most of the researchers used the resin composites in both indirect and direct techniques.
Restoring worn teeth by means of resin composites was advocated as a conservative and
non-invasive procedure [3,23]. Further, resin composite restorations were inexpensive,
provided an overall suitable esthetic appearance, and focused on additive instead of
subtractive strategies [3,13,20,23]. However, most of the manuscripts on the restoration of
worn teeth did not report long-term results of these restorative materials [20,23]. Preceding
studies investigated the finding of resin composite and suggest that treating worn posterior
teeth with these materials is contraindicated. This could be because of the brittle physical
properties of the microfilled dental resin composites or the high loading forces on these
restorations from either bruxing actions or increased vertical dimensions [16].
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Another material found in this systematic review was ceramo-metal crowns. This
material is seen as the standard of distinction for follow-up examination of clinical studies,
and its performance was comparable to the metal-free systems (In-Ceram Alumina and
feldspathic ceramic) [50,58]. With the development of adhesive dentistry, metal-free ce-
ramic materials were established in response to the rising concern of biocompatibility and
aesthetics [59]. Initially metal-free ceramics were characterized by conventional feldspathic
ceramics and, subsequently, by reinforced ceramic systems [60].

Metal-free ceramic crowns display appropriate intrinsic characteristics such as color
stability, compressive and abrasion resistance, chemical stability, coefficient of thermal
expansion similar to that of the dental structures, radiopacity, and excellent potential to
mimic the appearance of natural teeth as the chief materials in restorative dentistry [61].
Nevertheless, their inelastic feature can permit devastating fractures when the applied
stresses touch the resistance of the material [62]. It should be emphasized that ceramic based
materials such as feldspathic all-ceramic, metal-ceramic with a core in gold electropositive
alloy, and In-Ceram Alumina can be considered as alternatives for treating individuals
with tooth wear [50].

It is important to define the full gold crown used as an indirect single crown to treat
advanced tooth wear in the elderly. A previous report examined the effect of this material
and demonstrated lower proportions of failures when compared to direct resin-based
composites and indirect ceramo-metal crowns. Most of these failures happened in anterior
restorations, and this was observed at 10-year follow-up. Moreover, accumulative survival
estimates were 62.0% for all direct restorations and 74.5% for all indirect restorations,
including full gold crowns. This study showed no statistically noteworthy alteration
between the survival of direct and indirect restorations and highlighted the importance of
conducting large, long-term, controlled clinical trials to confirm these findings [3].

The present study demonstrated the use of lithium disilicate ceramic and zirconia
crowns for treating patients with widespread tooth wear. One should bear in mind that
metal–ceramic crowns are considered to be the standard treatment, as shown previously
for crowns and fixed partial dentures [32]. However, this material has some drawbacks,
including grayish discoloration at the gingival margin [63]. That is why materials with
high strength, such as lithium disilicate and zirconia, have become widespread due to their
appearance and biocompatibility [33,34]. Through a 6-year surveillance period, the use of
both lithium disilicate and zirconia crowns showed promising survival rates of 99.7% when
restoring extensive tooth wear. Normally, when 1 mm thick ceramic was inserted, bulk
fracture did not happen (some zones in certain crowns were only 0.6 mm thick). Therefore,
for patients with little remaining tooth tissue and extensive tooth wear, the use of minimally
invasive high-strength ceramic crowns with cement seems to be helpful, regardless of the
precise etiology. Nevertheless, zirconia crowns were rated by a blinded examiner as less
esthetic than lithium disilicate crowns, knowing that no differences were found between
both materials [46].

Knowing that tooth wear holds challenges for dental clinicians, novel solutions are
needed for minimal invasive dentistry. This could be possible by using computer aided de-
sign (CAD)—computer aided manufacturer (CAM) technology. Polymer infiltrated ceramic
with beneficial characters have been manufactured in the market [49]. These CAD—CAM
polymers, launched under industrial standards, exhibit higher mechanical assets compared
to those of direct polymers and have even been contemplated as a substitute to glass–
ceramic [64–66]. Numerous benefits of CAD—CAM composites have been previously
witnessed in diverse in vitro studies: high fatigue resistance, proper optical property, and
an antagonistic friendly behavior [66,67]. Therefore, they were realized in distinctive fields
of prosthetic dentistry [68,69]. Particularly in complex cases of worn dentition, the use
of CAD—CAM-fabricated polymer allow for biomimetic methodologies and minimally
invasive dentistry [68].

CAD—CAM polymers display important superior wear rates, with a mean vertical
loss during the first year of 186 µm and 342 µm in premolar and molar regions, respectively.
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However, it should be noted that a full occlusal load had to be absorbed by these restora-
tions. Consequently, use of an occlusal splint might be suggested for reducing the wear
progression [49].

It should be highlighted that a 5-year recall showed no statistically significant dif-
ferences between direct and indirect resin composites, and the authors recommended
that these materials were preferable to those observed in other restorative materials [70].
Unfortunately, restoring severely worn posterior teeth involves alternatives such as more
extensive prosthodontic techniques, comprising possibly elective endodontics and crown
lengthening. Further research in this area is needed to investigate the optimal treatment of
patients with tooth wear.

Most of the papers evaluated the survival rate of the restorations and the clinical
characteristics using the United States Public Health Service Evaluation System criteria,
as this criterion has gained considerable acceptability in clinical trials involving dental
materials [21,53].

From this systematic review, clinical proof was evaluated with regard to compare
the direct and indirect materials used in the treatment of worn teeth. The outcomes of
this study should be carefully considered in clinical practice, as worn dentition could be
caused by several factors, and defining the standard treatment option could not be done.
Some of the studies lacked a sufficient time period, whereas other studies tested only
indirect restorations without comparison to direct restorations. Thus, further inspection
should focus on randomized controlled clinical trials, with the drive of reaching a better
understanding of the performance of different materials in the clinical success of tooth
wear in terms of novel materials and broad analysis. It is also recommended that research
should focus on more consistent methods in an effort to lessen the heterogeneity among
manuscripts on this topic and also to establish the ideal protocol for restoring tooth wear.

5. Conclusions

Contradictory discoveries were perceived concerning the type of restoration with
better clinical performance. Considering the current literature available, there is no evidence
in the superiority of any restoration technique to ensure the highest clinical performance for
treating tooth wear. Further well designed randomized clinical trials are required in order
to establish an optimal restoration technique protocol for the restoration of tooth wear.
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Abstract: The salivary contamination occurring at the try-in procedures of lithium disilicate (LDS)
can jeopardize their bond strength. Various laboratory reports have concluded that applying 37%
phosphoric acid (H3PO4) could be considered as a predictable way of removing salivary contaminants.
An experimental method that consists of sealing the intaglio of the ceramic restorations with a layer of
cured adhesive could allow consequent time saving for dental practitioners. It is, besides, necessary
to establish an optimal decontamination protocol. Hence, this study aimed to determine the most
efficient surface treatment, before and after salivary contamination, by comparing the adhesion
between resin and LDS. In order to do so, five groups of ten specimens (n = 10) each underwent the
different types of surface treatments before bonding, followed by 2500 cycles in the thermocycler.
A shear bond strength (SBS) test was then conducted on a universal testing machine (YLE GmbH
Waldstraße Bad König, Germany), followed by a fracture-type analysis on an optical microscope
(Olympus BX53, Shinjuku, Tokyo, Japan). Statistical analysis was set with a level of significance of
α = 0.05. The surface treatment significantly affected the SBS results. The decontamination with
HF (12.59 ± 2.71 MPa) and H3PO4 (13.11 ± 1.03 MPa) obtained the highest values, silanizing only
before contamination obtained intermediate values (11.74 ± 3.49 MPa), and silanizing both before
and after the salivary contamination (10.41 ± 2.75 MPa) along with applying a bonding agent before
contamination (9.65 ± 1.99 MPa) resulted in the lowest values. In conclusion, H3PO4 proved to be
efficient, thus, allowing the practitioner to avoid the clinical use of HF; it can, therefore, be considered
as a valid alternative. Presilanization and resilanization of specimens, along with applying a bonding
agent before contamination, did not yield satisfying results.

Keywords: decontamination; lithium disilicate; resin; saliva; shear bond strength

1. Introduction

All-ceramic restorations, including lithium disilicate (LDS), are increasingly preferred
by both patients and practitioners [1]. With their esthetic advantage and their satisfying
durability, they represent a good alternative to conventional ceramo-metallic crowns [2,3].
An important step for this success is proper bonding [4], which includes etching the intaglio
with HF and then applying a silane agent. Furthermore, it is essential to find the best way
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to clean the prosthetic intaglio of the saliva after the intra-oral try-in, since this thin film
is known to reduce the bond strength [5,6]. Numerous techniques have been proposed
and tested, such as cleaning with ethanol, isopropanol, sodium hypochlorite, water spray,
or putting the restoration in an ultrasonic bath, but the results were not satisfying [5,7–9].
Although the standard method is to conduct the try-in of the restoration in the mouth before
applying the HF and silane agent, the etching of the restoration is sometimes undergone
at the dental laboratory [9]. This is either done to make it easier for the practitioner or
because chairside use of HF is prohibited in some countries due to its potential hazardous
effects [10–14]. It is, therefore, necessary to have an efficient alternative to HF in order
to clean the intaglio after the try-in. This could be made possible by using phosphoric
acid (H3PO4), which is considered an interesting cleaning method due to its low cost
and availability in every practitioner’s clinic. It yields the same findings as non-salivary
contaminated LDS specimens according to a previous study [15], or slightly or significantly
lower bond strength according to other studies [5,9,16]. This disparity of results made the
inclusion of H3PO4 in this study interesting.

Aside from the cleaning methods applied after the try-in, it also seems valuable to
evaluate the influence of the intaglio’s pretreatment on the bond strength obtained after
contamination and cleaning.

Silanizing the specimens after the HF etching and before their contamination yielded
a significant increase in the bond strength obtained compared to specimens without pre-
silanization and treated with the same decontamination method. Nevertheless, only a
few studies took this parameter into account. It is worth noting that this technique goes
against the manufacturer’s recommendations, which warns of eventual harm to the silane
layer [7,17].

Moreover, the need to resilanize the specimens, which were pre-silanized before
contamination, should be evaluated. This parameter was, therefore, included in this study.

Lastly, an experimental method, which is already used in some countries, could help
to avoid the step of HF etching in dental practice while still protecting the etched prosthetic
intaglio and the silane layer by applying and polymerizing an adhesive layer on the intaglio
after the etching and the silanization, but before the try-in. After trying the restoration in the
mouth, the intaglio would simply be cleaned with ethanol and the adhesive surface simply
reactivated by a new adhesive layer. However, only one study describing this method
is available [17]. It was consequently included in this manuscript, with an additional
innovation, by applying this method on a more frequently used material, LDS, on which
it had not been tested before. LDS was chosen for being a dental biomaterial well known
by practitioners, as they frequently use it when high aesthetic is requested by the patient.
LDS has a high translucency when compared to the opacity shown by zirconia, and it also
presents high mechanical properties and good long-term survival rates [18–20].

Hence, the main objective of this study was to evaluate the effect of different pre-
treatments and cleaning methods following contamination by saliva on the adhesion of
resin to LDS after ageing. The null hypothesis was that the surface treatment before and
after the contamination would not have a significant influence on the bond strength of resin
to LDS between the different groups.

2. Materials and Methods
2.1. Specimen Preparation

LDS blocks (n = 50) were used after the approval of the Institutional Review Board of
Saint-Joseph University (FMD-SF30; ref.#USJ-2020-163).

Type, brand, composition, lot number, and manufacturer of the materials used in this
study are listed in Table 1.
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Table 1. Specifications of the materials used in the study.

Material Brand Lot Composition Manufacturer

Glass-based ceramic IPS e.max CAD
LT A1 shade Y30837 SiO2,LiO2, K2O, P2O5, ZrO2, ZnO,

other oxides, coloring oxides
IvoclarVivadent,

Schaan, Liechtenstein

Ceramic etchant Porcelain Etch BGTV7 9% buffered hydrofluoric acid Ultradent, Schaan,
Liechtenstein

Ceramic primer Porcelain Primer 1900001117 Pre-hydrolyzed silane primer with
alcohol and acetone

Bisco, Schaumburg,
IL, USA

Etching gel DentoEtch DE-4.12 37% phosphoric acid Itena, Avenue Foch,
Paris, France

Bonding agent Adper Single Bond 2 NA61948

Bis-GMA, HEMA,
dimethacrylates, ethanol, water,

photoinitiators, methacrylate
functional copolymer of

polyacrylic and polyitaconic acids,
and silica nanofiller

3M ESPE, St. Paul,
MN, USA

Flowable composite
Filtek Z350 XT,

Flowable Restorative,
A1 shade

NA37278

Bis-GMA, TEGDMA,
procrylatresins; ytterbium

trifluoride, silica, zirconia/silica
cluster fillers

3M ESPE, St. Paul,
MN, USA

Silicon dioxide (SiO2), Lithium superoxide (LiO2), Potassium oxide (K2O), Phosphorus pentoxide (P2O5), Zirco-
nium dioxide (ZrO2), Zinc oxide (ZnO), Bisphenol A-glycidyl methacrylate (Bis-GMA), Hydroxyethylmethacrylate
(HEMA), Triethylenglycol-di-methacrylate (TEGDMA).

LDS blocks were cut before crystallization with a low-speed precision cutting machine
(Exakt 30, EXAKT Vertriebs GmbH, Norderstedt, Gemany) to obtain 50 specimens with the
following dimensions: 5 mm length, 5 mm width, and 3 mm height. The specimens were
then crystallized according to the manufacturer’s instructions and embedded in acrylic
resin (Novacryl, Tricodent LTD, Victoria Road, Burgess Hill, England), then poured in
Ultradent’s plastic mold. The exposed bonding surface was polished with 600 µm grit
silicon carbide paper under irrigation for one minute to obtain a flat surface. The specimens
were thereafter placed in an ultrasonic bath with distilled water for five minutes and
subsequently dried with an air syringe. They were then randomly divided into five groups
of ten specimens each, according to the surface treatment to be performed.

All specimens were treated by a single operator and with saliva freshly collected the
same day. Figure 1 shows the surface treatment methods executed in the different groups.
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2.2. Bonding of the Specimens

After surface treatment, all the specimens received a layer of adhesive resin (Ad-
per Single Bond 2, 3M ESPE) spread with a gentle air stream for 15 s to evaporate the
solvent [21,22] and to obtain a homogeneous thickness, then polymerized for 20 s (Wood-
pecker 1000–1200 mW/cm2). A polyethylene cylindrical mold with an internal diameter of
2.38 mm and a height of 2.15 mm (Bonding Jig, Ultradent Products, Inc., South Jordan, UT,
USA) [23,24] was then placed on the surface of the specimens covered with the adhesive,
and flowable composite (Filtek Z350 XT Flowable Restorative, A1 Shade, 3M ESPE) was
injected in it from the bottom to the top, with the tip of the syringe kept inside the material
to avoid the incorporation of air bubbles. The flowable resin was then polymerized for 40 s
with the same light-curing device [8,9].

The bonded specimens were washed with an air-water spray and kept for 24 h in
distilled water at 37 ◦C, in an incubator, to allow complete polymerization of the resin [25].

2.3. Bond Strength Test and Failure Analysis

After thermocycling (2500 cycles, 5–55 ◦C, dwell time: 45 s, transition time: 15 s),
the shear bond strength (SBS) tests for all the specimens were performed on a universal
testing machine (YLE GmbH Waldstraße Bad König, Germany) with a knife-edge blade
placed perpendicularly and touching only the bonding interface, at a crosshead speed of
1 mm/min until fracture occurred, according to ISO/TS 11405:2015 [26]. The SBS was then
calculated according to the following formula: R = F/A (R being the bond strength in MPa,
F the failure force in Newtons, and A the bonding area in mm2).

After debonding, the type of fracture was determined under x10 magnification with
an optical microscope (Olympus BX53, Shinjuku, Tokyo, Japan) and classified as follows:

(a) Either adhesive: between the ceramic and the resin; no remnant of composite resin
on the ceramic surface; (b) either cohesive: within the composite resin; resin remnants can
be seen on most of the ceramic surface; (c) either mixed (combination of adhesive and
cohesive failure): remnants can be seen on parts of the ceramic, while other parts have
no remnant.

2.4. Statistical Analysis

IBM SPSS Statistics version 26.0 was used to analyze the data. The level of signifi-
cance was set at -p-value ≤ 0.05. The primary outcome measurement was the SBS (MPa).
Kolmogorov–Smirnov tests were used to assess the normality of the distribution of the
variables. Levene’s test was used to assess the homogeneity of variances between groups.
One-way analysis of variance (ANOVA) followed by Tukey (HSD) post-hoc tests were used
to compare mean bond strength between groups. Fisher Exact tests were used to compare
the type of fracture among groups.

3. Results
3.1. Shear Bond Strength Results

The SBS was significantly different between the five groups (-p-value = 0.019; ANOVA).
The highest mean SBS was obtained by groups 1 (12.59± 2.71 MPa) and 2 (13.11 ± 1.03 MPa)

(Figure 2). Group 4 showed intermediate values (11.74 ± 3.49 MPa) while the lowest results were
obtained in groups 5 (9.65 ± 1.99 MPa) and 3 (10.41 ± 2.75 MPa). The SBS values obtained are
listed in Table 2, along with the mean, the standard deviation, the 95% confidence interval, and
the minimal and maximal value.
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3.2. Comparison of the Types of Fracture

Cuts obtained with an optical microscope (Olympus BX53, Shinjuku, Tokyo, Japan)
(x10) show the aspect of adhesive and mixed fractures (Figures 3 and 4).

Bioengineering 2022, 9, x FOR PEER REVIEW  5  of  10 
 

 

Figure 2. Mean shear bond strength of the different groups. Surface treatment: Group 1: Cleaning 

with HF after contamination; Group 2: cleaning with H3PO4 after contamination; Group 3: Silaniza‐

tion before and after contamination; Group 4: Silanization only before contamination; Group 5: Seal‐

ing of  the ceramic with adhesive. : Extreme outliers:  the outliers are points  that stay out of  the 

interval. 

Table 2. Shear bond strength values. Groups with the same letter are not significantly different (p > 

0.05). 

  N  Mean 
Standard 

Deviation 

95% Confidence Interval 
Minimum Maximum 

Lowerbound  Upperbound 

Group 1  10  12.59 a  2.71  10.65  14.53  8.32  17.31 

Group 2  10  13.11 a  1.03  12.37  13.84  11.47  14.84 

Group 3  10  10.41 b  2.75  8.44  12.38  5.40  13.26 

Group 4  10  11.74 a,b  3.49  9.24  14.23  7.42  18.21 

Group 5  10  9.65 b  1.99  8.22  11.07  6.52  13.71 

3.2. Comparison of the Types of Fracture 

Cuts obtained with an optical microscope (Olympus BX53, Shinjuku, Tokyo, Japan) 

(x10) show the aspect of adhesive and mixed fractures (Figures 3 and 4). 

 

Figure 3. Representative image (optical microscope x10) of a mixed failure.

119



Bioengineering 2022, 9, 286

Bioengineering 2022, 9, x FOR PEER REVIEW  6  of  10 
 

Figure 3. Representative image (optical microscope x10) of a mixed failure. 

 

Figure 4. Representative image (optical microscope x10) of an adhesive failure. 

Figure 5 shows the distribution of the types of fractures among the groups tested. 

 

Figure 5. Distribution of the types of fractures in the different groups. 

4. Discussion 

This study was conducted to establish the most efficient surface treatment before and 

after  salivary  contamination  of  LDS  specimens,  in  order  to  ensure  an  optimal  bond 

strength of resin to ceramic after artificial aging. According to the results obtained, the 

mean SBS was significantly different depending on the surface treatment. Therefore, the 

null hypothesis tested in this study was rejected. 

Many contaminants can impair the bonding of ceramic restorations, such as blood, 

silicone, dental stone, or  isolation medium. However, saliva remains the most relevant 

from a clinical point of view. The adhesion of saliva to restorations and to the surface of 

the teeth leads to the formation of a thin pellicle that reaches a thickness of 10 to 20 nm 

within a few minutes [6]. This layer is not eliminated by water rinsing [16] and has a neg‐

ative influence on the wettability and surface free energy of the substrate [9]. An inefficient 

decontamination could cause an important decrease in bond strength values, as shown in 

Figure 4. Representative image (optical microscope x10) of an adhesive failure.

Figure 5 shows the distribution of the types of fractures among the groups tested.

Bioengineering 2022, 9, x FOR PEER REVIEW  6  of  10 
 

Figure 3. Representative image (optical microscope x10) of a mixed failure. 

 

Figure 4. Representative image (optical microscope x10) of an adhesive failure. 

Figure 5 shows the distribution of the types of fractures among the groups tested. 

 

Figure 5. Distribution of the types of fractures in the different groups. 

4. Discussion 

This study was conducted to establish the most efficient surface treatment before and 

after  salivary  contamination  of  LDS  specimens,  in  order  to  ensure  an  optimal  bond 

strength of resin to ceramic after artificial aging. According to the results obtained, the 

mean SBS was significantly different depending on the surface treatment. Therefore, the 

null hypothesis tested in this study was rejected. 

Many contaminants can impair the bonding of ceramic restorations, such as blood, 

silicone, dental stone, or  isolation medium. However, saliva remains the most relevant 

from a clinical point of view. The adhesion of saliva to restorations and to the surface of 

the teeth leads to the formation of a thin pellicle that reaches a thickness of 10 to 20 nm 

within a few minutes [6]. This layer is not eliminated by water rinsing [16] and has a neg‐

ative influence on the wettability and surface free energy of the substrate [9]. An inefficient 

decontamination could cause an important decrease in bond strength values, as shown in 

Figure 5. Distribution of the types of fractures in the different groups.

4. Discussion

This study was conducted to establish the most efficient surface treatment before
and after salivary contamination of LDS specimens, in order to ensure an optimal bond
strength of resin to ceramic after artificial aging. According to the results obtained, the
mean SBS was significantly different depending on the surface treatment. Therefore, the
null hypothesis tested in this study was rejected.

Many contaminants can impair the bonding of ceramic restorations, such as blood,
silicone, dental stone, or isolation medium. However, saliva remains the most relevant
from a clinical point of view. The adhesion of saliva to restorations and to the surface of the
teeth leads to the formation of a thin pellicle that reaches a thickness of 10 to 20 nm within
a few minutes [6]. This layer is not eliminated by water rinsing [16] and has a negative
influence on the wettability and surface free energy of the substrate [9]. An inefficient
decontamination could cause an important decrease in bond strength values, as shown in
numerous studies, and saliva should, therefore, be correctly eliminated in order to achieve
a long-lasting adhesion [9,27,28].
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The specimens in groups 1 and 2 showed the best results. Group 1, where the ceramic
was etched with HF after contamination, was the control group, since it represents the
typical situation of a practitioner decontaminating ceramic restorations after the try-in
following the universally accepted protocol. The specimens in group 2 were decontami-
nated with H3PO4. The high values obtained with the first method correspond with those
obtained in other studies [9,15,16,27–29], where values after HF decontamination were
similar to the control (uncontaminated) group. The results of the second method were
more controversial in the literature; they were identical to the control group on LDS [15],
on feldspathic ceramic [30], and on zirconia [31], like in this study, unlike other studies,
where it was either fair [5,16] or unsatisfying [28]. Although it is not entirely clear how
phosphoric acid helps in removing saliva, it is suggested that it perhaps penetrates the
salivary film and then etches the surface of the ceramic below it, liberating the saliva from
the surface [6].

Specimens in groups 3 and 4 received a layer of silane before contamination. Abboush
et al. and Marfenko et al. reported that this would increase the bond strength [17,30], while
Alfaro et al. did not obtain better results with this method [16].

Group 4, silanized only before contamination, yielded intermediate values, which
were significantly lower than those in groups 1 and 2. This could be due to the fact that the
silane layer was put in one week prior to contamination, decontamination, and bonding, to
simulate the time of delivery from the laboratory. The mechanical application of saliva with
a microbrush and the eventual degradation by H3PO4 could be added as factors that could
have harmed the silane layer, therefore, decreasing the values obtained. Marfenko et al.
questioned the stability of the silane layer after a mechanical action, although their study
addressed mechanical cleaning with Ivoclean [17].

Group 3, however, in which silanization was performed before and after contamina-
tion, showed values significantly lower than those in group 4, and statistically similar to
those in group 5. This could be explained by the negative impact of the application of
thick or multiple silane layers, which could interact with one another and interfere with
the bonding of the resin to the ceramic [7]. It is, therefore, possible that the application
of a second layer of silane could have affected the bonding more than the application of
H3PO4 on the first layer of silane, since H3PO4 acted chemically, not mechanically, which
yielded significantly higher values in group 4 compared to group 3. However, these results
are in contradiction with those of other studies [7,17,30], which did not show a deleterious
impact to reapplying silane after decontamination. Further research is, therefore, deemed
necessary to clarify the effect of such a procedure.

Group 5, which represented the experimental method of this study, with the sealing
of the ceramic with a bonding agent before contamination, obtained the lowest values,
unlike the study of Bomicke et al. [27], which showed that after thermocycling, values are
significantly higher than those in the uncontaminated group. Numerous factors that differ
between these two studies could explain the heterogeneity of the results: the material on
which the bonding was applied (LDS compared to lithium silicate reinforced with zirconia),
the bonding agent, the bond strength test setting (SBS test compared to tensile bond strength
test), the method used for artificial aging (2500 thermal cycles versus 6 months of storage
in distilled water), and the diameter of the composite resin (2.38 mm versus 3.3 mm). It
is important to note that in the study of Bomicke et al., pre-polymerized “core build-up”
composite resin cylinders were bonded to the ceramic with a resin cement, which differs
from the application of the flowable resin on the ceramic topped with a layer of polymerized
adhesive, as was performed in this study. To our knowledge, these two studies are the only
ones that evaluated this method and further research is, therefore, necessary to make a
conclusion about its efficiency.

Yet, the quality of the bonding should not only be evaluated by bond strength values.
The type of fracture (adhesive, cohesive, mixed), determined with a microscope, is also
an indicator of the bonding mechanism [15,32]. A higher incidence of adhesive fractures
indicates a lower quality of bonding in one group of specimens when compared to others.
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The specimens in group 2, which had the highest mean SBS value (13.11 ± 1.03 MPa),
showed the most mixed fractures (60%), while the specimens in group 3, which had
significantly lower mean SBS values (10.41 ± 2.75 MPa), showed only 10% mixed fractures.
However, the difference in the type of fracture rate was not statistically significant, which
does not allow any conclusion. This is probably due to the relatively small number of
specimens, which is one of the limitations of the study. Nevertheless, it can be stated that
the significant overall proportion of mixed failures is due to the testing method, namely the
macroshear bond strength test. In fact, a wider bonding interface probably contains more
defects [33,34], which raises the prevalence of cohesive and mixed failures when compared
to the microtensile bond strength test. The latter, indeed, allows for a higher precision
because of a more homogeneous distribution of the forces on the bonded interface [35–39],
and it can, therefore, be considered as another limitation of this study.

Even so, the SBS test was chosen for its easy use, and it is important to mention
that shear forces outweigh tensile forces on ceramic veneers. Studying this parameter
would then be more interesting for this type of restoration where the absence of mechanical
retention makes bonding an essential element for its longevity [40]. Moreover, when
compared to a microtensile bond strength test, it helps avoiding pre-testing failures since it
does not need to be cut before testing, which would be problematic with a brittle material,
such as ceramic [6,17].

This research did not include a group of specimens without saliva contamination,
since it has already been proved that etching with HF allows one to obtain the same
bond strength values as before contamination [9,15,28], so these two groups would lead to
identical values.

Similar to Lapinska et al. [9], this study used a flowable composite resin instead of a
resin cement, for two reasons. Firstly, the principal aim of the study was not to evaluate
the resistance of resin itself but the surface treatment of LDS and its influence on the
bond strength values. Secondly, these two types of materials share the same physical and
chemical properties because of their resin matrix and their comparable filler content. It is,
consequently, possible to use one instead of the other in some circumstances.

Further, all the specimens underwent thermocycling, since the long-term values are the
most relevant to the practitioner. This was also the case in several studies [6,17,28], where
all the specimens were subjected to thermocycling, which was considered more suitable
than water storage [25,41] to simulate the aging of the restorations and their bonding
to resin.

Although decontamination with H3PO4 prevents the chairside use of HF, it does
not change the fact that the protocol of decontamination and bonding after the try-in is
time-consuming. Future studies on LDS and with a higher number of specimens should be
undertaken, along with the method evaluated by Bomicke et al. [27], which is the sealing
of the ceramic before contamination, because any efficient method that can save chairside
time would be advantageous for both the practitioner and the patient.

5. Conclusions

According to the results obtained in this study, it can be concluded that H3PO4 is as
efficient in removing saliva contamination from the surface of LDS as HF. On the other
hand, the silanization only before contamination lessened bond strength when compared
to the specimens that were not silanized prior to contamination. Resilanizing of pre-
silanized specimens that were cleaned with H3PO4 did not improve bonding to LDS. The
experimental method consisting of sealing the intaglio with a layer of cured adhesive
did not prove its efficiency. Therefore, none of the pre-treatment methods tested allowed
superior bond strength of resin to LDS.
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Abstract: This study aimed to evaluate the effectiveness of the Endostar REvision system (Poldent,
Warsaw, Poland) in the removal of filling materials from oval root canals using sonic irrigation as
an additional cleaning method. Thirty human-extracted mandibular premolars with oval canals
were prepared using the ProTaper Universal system (Dentsply Maillefer, Ballaigues, Switzerland)
up to instrument F1 (20/.07), and then filled by the continuous wave vertical compaction technique
using pulp canal sealer EWT (Sybron Dental Specialties, Orange, CA, USA). The teeth were ran-
domly divided into two groups (n = 15) according to the instrumentation system and the additional
cleaning method, as follows: REvision (30/.08, 25/.06) with EQ-S sonic activation (Meta Biomed,
Chungcheongbuk-do, Korea), REvision (30/.08, 25/.06) without additional activation. All specimens
were sectioned longitudinally at 3 and 7 mm from the apex, and analyzed using digital microscopy
(KEYENCE, Osaka, Japan) to measure the total area of the residual obturation materials, followed by
SEM analysis. The data on the percentage of remaining filling material were analyzed by Kruskal–
Wallis one-way Analysis of Variance on ranks. None of the retreatment protocols completely removed
the filling material from the root canals (p > 0.05); the retreatment technique using sonic activation
showed statistically less residual filling materials than the retreatment technique using irrigants
without activation at the coronal third (p < 0.05), whilst no significant difference was found between
both tested groups at the apical and middle thirds (p > 0.05). The REvision system showed promising
results in the removal of filling materials from oval canals.

Keywords: retreatment procedure; filling materials removal; revision system; sonic activation;
oval-shaped canal

1. Introduction

Restoring the periradicular and periapical regions is the main aim of nonsurgical root
canal retreatment [1]. Around 46% of endodontic treatments are nonsurgical secondary
treatments [2]. In addition, the long-term success of nonsurgical endodontic retreatment
relies on the complete removal of the existing filling materials, debris, organic tissues,
and microorganisms through proper cleaning, reshaping, and refilling of the root canal

125



Bioengineering 2022, 9, 260

system [3]. The removal of the filling materials from the root canal system, especially in a
curved-oval canal, presents a real challenge [4,5].

Nickel–titanium (Ni–Ti) instruments are recommended with the combination of differ-
ent irrigants for facilitating the removal of old filling materials [6–8]. Some manufacturers
have even developed instrumentation systems specifically designed for filling material
removal, such as Mtwo Retreatment (VDW, Munich, Germany), ProTaper Universal Re-
treatment (Dentsply Maillefer, Ballaigues, Switzerland), and HyFlex Remover (Coltene
Micromega). Until now, there is no validated system that ensures the complete removal
of filling materials, including gutta-percha and sealer, from the root canal system [9]. The
authors explain this by pointing out the unpredictable root canal anatomy and its variations,
and the fact that there are regions unattained by instrumentation, especially when dealing
with premolars [10].

The Endostar REvision system (Poldent, Warsaw, Poland) is a newly marketed heat
retreatment system consisting of three blue files, the 30/.08, 25/.06, and 20/.04, charac-
terized by a modified S-shaped cross-section with two cutting edges. The system has
undergone a heat treatment process provided by particularly advanced technology, Azure
HT technology, that offers extreme flexibility and great resistance to fracture [11]. So far,
the effectiveness of REvision in the removal of filling materials from oval canals has not yet
been evaluated.

Moreover, it was suggested in the literature that one should use supplementary
approaches to enhance the removal of filling materials, since none of the proposed systems
were able to render the root canal completely free of remnants [12,13]. Passive ultrasonic
irrigation [3], sonic activation [12], Self-Adjusting File (SAF) instruments (ReDent, Ra’anana,
Israel) [14], and an XP-endo Finisher (FKG Dentaire, La Chaux-de-Fonds, Switzerland) [1]
were recommended.

The EQ-S (Meta Biomed, Chungcheongbuk-do, Korea) sonic activation system is a
cordless device with two speeds, a multidirectional movement, and tips in three different
sizes (15/.02, 25/.02, and 35/.02) that can be used at 13000 and 8000 cycles per minute,
producing a 133/217 Hz frequency [14]. This device demonstrated higher smear layer
removal than other commercial devices, especially at the apical third [15].

All studies have agreed that predictable removal of all the materials from the root
canal system is impossible. The use of sonic activation in retreatment was recommended
by some authors [16], while others did not find sonic activation useful in filling material
removal [12]. The combined use of a retreatment system and sonic activation did not
render the canal free of residual materials [5]. Therefore, researchers continue to find more
effective techniques, instruments, and devices to promote the complete removal of root
canal filling materials [9,17]. The combined use of sonic irrigation and the REvision system
is a novel methodology in filling material removal.

The objective of this study was to evaluate the effectiveness of a novel Ni–Ti system,
the REvision sequence, in removing filling materials from oval canals with and without
the use of the EQ-S sonic irrigation. The null hypothesis was that there is no difference in
the effectiveness of the REvision system in filling material removal with or without the
additional usage of the EQ-S device.

2. Materials and Methods
2.1. Sample Selection

After approval by the institutional ethics committee of Saint Joseph University, Beirut,
Lebanon (USJ-2017-55), 85 lower premolars, extracted for reasons unrelated to the study,
were cleaned using an ultrasonic insert (1S, Satelec Acteon Group, Mérignac, France) and
stored in 0.1% formocresol. Teeth were inspected under an operating microscope (Zeiss
Extaro 300, Oberkochen, Germany) at x25 magnification to eliminate teeth with cracks
or advanced external resorption. Mesiodistal and vestibulolingual X-rays were taken
(Sopix, Satelec Acteon Group, Merignac, France) to discard teeth with treated canals, pulpal
calcification, or internal resorption. Cone beam computed tomography (Newtom VGI,
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Verona, Italy) (CBCT) was performed, and only teeth with mature apices and a single oval
canal with a moderate curvature of 15 to 22 degrees according to the Schneider technique,
were included in the study [18–20]. Finally, 30 mandibular premolars were selected. Access
cavity was prepared using an 856 diamond bur (Komet Italia SRL, Milan, Italy) with a
high-speed handpiece under running water under an operating microscope, and a size #10
k-file (Dentsply Sirona, Ballaigues, Switzerland) was introduced to verify patency. This
study followed the CRIS guidelines for in vitro studies, as discussed in the 2014 concept
note [21].

2.2. Root Canal Initial Shaping and Filling

The crowns of the teeth were sectioned with a diamond disc (Kerr Dental, Bioggio,
Switzerland) to standardize the root length at 15 mm. A size #15 K-file (Dentsply Sirona,
Ballaigues, Switzerland) was inserted to establish the working length (WL) by reducing
1 mm from the apical foramen, and it was verified with a digital radiograph (Sopix, Satelec
Acteon Group, Merignac, France). All the canals were prepared with the ProTaper Gold
(Dentsply Sirona, Ballaigues, Switzerland). After this, glide path Proglider Sx, S1, S2, and
F1 files were manipulated in an in/out and brushing motion with an amplitude of 3 mm to
the WL, according to the manufacturer’s instructions. To preserve apical patency, a size
#10 K-file was introduced after each file. Subsequently, 3 mL of 6% sodium hypochlorite
(NaOCl) was flushed using a 30-gauge NaviTip needle (Ultradent, South Jordan, UT, USA)
to irrigate each canal. The smear layer was dissolved with 3 mL of 17% EDTA, followed
by a final rinse with 5 mL of distilled water and 3 mL of 6% sodium hypochlorite. A
new sequence was used to shape each canal. At the end of the shaping procedure, sterile
size F1 absorbent points (Dentsply Sirona, Ballaigues, Switzerland) were used to dry the
canals, which were filled with F1 gutta-percha (GP) points (Dentsply Sirona, Ballaigues,
Switzerland) and pulp canal sealer EWT (Sybron Dental Specialties, Orange, CA, USA),
using the continuous wave vertical compaction technique with a fine (F) 06 plugger (Sybron
Dental Specialties, Orange, CA, USA). Using the Obtura II with a 23 G tip (Obtura Spartan
Endodontics, Algonquin, IL, USA), GP was injected into the canal orifice. A buccolingual
and a distomesial digital radiograph was taken to validate the quality of the filling in terms
of length and density. None of the teeth exhibited a poor quality of obturation; therefore,
none were discarded. The access cavities were sealed with a temporary restoration material
(Cavit, 3M ESPE, Seefeld, Germany). Teeth were then incubated at 37 ◦C for 14 days with
full saturated humidity to allow the final setting [22].

2.3. Nonsurgical Root Canal Secondary Treatment

After removing the temporary material using a round 856 diamond bur (Komet Italia
SRL, Milan, Italy), the teeth were retreated using the REvision heat retreatment sequence.
At the coronal third, 30/.08 instrument (Figure 1) was used; then, the 25/.06 instrument
(Figure 1) was used at the middle and apical thirds. The files were manipulated using an
Optimum Torque Reverse motor (OTR, patented by J. Morita Corp., Tokyo, Japan). The
samples were then randomly divided using an online software at www.randomizer.org
(accessed on 17 May 2022) to obtain two equal and balanced groups (n = 15) according to
the following irrigation protocol:

Group 1: 12 mL of 6% NaOCl with a 30-G NaviTip needle was used and the canals were
dried with F2 Paper points (Dentsply Sirona). Afterward, 3 mL of 17% EDTA was applied
inside the canal for 1 min, followed by a final wash with 3 mL of 6% NaOCl.
Group 2: 12 mL of 6% NaOCl with a 30-G NaviTip needle was used. Sonic activation was
then applied using the EQ-S cordless sonic endo irrigator coupled with the 25/02 tip at
13,000 cycles/min (217 Hz) [15], with 3 mm amplitude in-and-out movements without
approaching the canal walls. Subsequently, 3 mL of 6% NaOCl irrigation, followed by 20 s
of activation was repeated three times at 1 mm from the WL. F2 paper points (Dentsply
Sirona) were used to dry the canals, and then 3 mL of 17% EDTA was applied, followed by
1 min of activation, and a final rinse with 3 mL of 6% NaOCl.
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When the filling material was no longer apparent on the instrument or the canal walls
under a ×16 operating microscope, the retreatment procedure was deemed complete.

Bioengineering 2022, 9, x FOR PEER REVIEW 4 of 11 
 

Sirona) were used to dry the canals, and then 3 mL of 17% EDTA was applied, followed 

by 1 min of activation, and a final rinse with 3 mL of 6% NaOCl. 

When the filling material was no longer apparent on the instrument or the canal walls 

under a ×16 operating microscope, the retreatment procedure was deemed complete. 

 

Figure 1. Scanning electron microscopy images demonstrating the Endostar REvision instrument 

(30/08 and 25/06). 

2.4. Sectioning and Digital Microscopy Analysis 

After retreatment procedures, two sections were positioned perpendicularly to the 

longitudinal axis of each tooth root, at 3 and 7 mm from the apex, with a diamond disc 

(Kerr Dental, Bioggio, Switzerland) to obtain three parts corresponding to the coronal, 

middle, and apical thirds. After that, to analyze the internal dentinal walls of the root 

canal, the specimens were sectioned by cutting two shallow longitudinal grooves (approx-

imately 0.6 mm) in the buccolingual direction by means of a carbide bur (ref #329, KG 

Sorensen, São Paulo, Brazil) with a water-cooled, high-speed handpiece. The grooves 

were formed following the canal curvature and did not penetrate the canal. A chisel and 

mallet were used to split each sample. Both specimen halves were first observed using a 

digital microscope (KEYENCE, Osaka, Japan). One image was taken for each specimen 

using a 100× magnification. The micrographs at 100× magnification, showing the canal 

wall surface of both groups at the coronal, middle, and apical thirds, were coded for 

blinded analysis by an experienced examiner independent of the experiment, using the 

VHX-5000 communication software (KEYENCE, Osaka, Japan) to measure the total area 

of the residual obturation materials (gutta-percha and sealer) (Figure 2). The residual fill-

ing material percentages after retreatment were calculated by dividing the area of the re-

sidual materials measured during the analysis by the total area of the root canal of each 

specimen. 

 

Figure 2. Methodology of residual materials area measurements using VHX-5000 software. 

Figure 1. Scanning electron microscopy images demonstrating the Endostar REvision instrument
(30/08 and 25/06).

2.4. Sectioning and Digital Microscopy Analysis

After retreatment procedures, two sections were positioned perpendicularly to the
longitudinal axis of each tooth root, at 3 and 7 mm from the apex, with a diamond disc
(Kerr Dental, Bioggio, Switzerland) to obtain three parts corresponding to the coronal,
middle, and apical thirds. After that, to analyze the internal dentinal walls of the root canal,
the specimens were sectioned by cutting two shallow longitudinal grooves (approximately
0.6 mm) in the buccolingual direction by means of a carbide bur (ref #329, KG Sorensen,
São Paulo, Brazil) with a water-cooled, high-speed handpiece. The grooves were formed
following the canal curvature and did not penetrate the canal. A chisel and mallet were
used to split each sample. Both specimen halves were first observed using a digital
microscope (KEYENCE, Osaka, Japan). One image was taken for each specimen using
a 100× magnification. The micrographs at 100× magnification, showing the canal wall
surface of both groups at the coronal, middle, and apical thirds, were coded for blinded
analysis by an experienced examiner independent of the experiment, using the VHX-
5000 communication software (KEYENCE, Osaka, Japan) to measure the total area of the
residual obturation materials (gutta-percha and sealer) (Figure 2). The residual filling
material percentages after retreatment were calculated by dividing the area of the residual
materials measured during the analysis by the total area of the root canal of each specimen.
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2.5. Scanning Electron Microscope Observations (SEM)

To better distinguish dentinal walls and filling material remnants, five samples were
selected from each group and further analyzed using a scanning electron microscope to
verify the regions observed using the digital microscope. The specimens were dehydrated
in a graded series of ethanol solutions and sputter-coated with a gold–palladium alloy
(20/80 weight %) using a Hummer JR sputtering device (Technics, Rocklin, CA, USA).
A Quanta 250 FEG scanning electron microscope (SEM) (FEI Company, Eindhoven, The
Netherlands) with an electron acceleration voltage of 10 kV at a magnification of ×100 to
×4000 was used to analyze the prepared samples. The obtained images from SEM were
considered an extra tool to help the examiner be more meticulous in measuring the total
area of the residual obturation materials, which exhibit different colors under the digital
microscope (Figure 3).
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Figure 3. Scanning electron microscope micrographs showing the different observed colors and
structures of the root canal and residual materials, which were detected under a digital microscope.
(a) Digital microscope image; (b) residual materials (gutta-percha/sealer); (c) dentinal wall with open
tubules; (d) residual materials–dentin interface; (e) dentinal walls with closed tubules.

2.6. Statistical Analysis

Sigma Plot software (11.2, Systat Software, Inc., San Jose, CA, USA) was used for data
analysis, with a significance level of α = 0.05. The normality of data distribution within
both groups was tested using the Shapiro–Wilk test. The normality was not verified, thus,
Kruskal–Wallis one-way Analysis of Variance on ranks including multiple comparison
procedures (Tukey Test) was applied to determine whether significant differences existed
between the different retreatment techniques for the removal of filling materials at apical,
middle, and coronal thirds.

3. Results

The retreatment technique using activation for the endodontic irrigants showed statis-
tically less residual filling materials than the retreatment technique using irrigants without
activation at the coronal third (p < 0.05), whilst no significant difference was found between
both tested groups at the apical and middle thirds (p > 0.05) (Table 1).
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Table 1. Residual material percentages after both retreatment techniques with or without activation
of endodontic irrigants. Different superscripted letters indicate significant differences between the
different groups (p < 0.05).

Apical Middle Coronal Statistical
Analysis (p < 0.05)

Activation (%) 9.59 ± 12.40 4.57 ± 8.56 a 8.939.05 a p = 0.021

Without activation
(%) 14.02 ± 20.14 8.66 ± 13.71 b 19.17 ± 22.60 b p = 0.0040

Statistical analysis
(p < 0.05) No (p = 0.253) No (p = 0.386) Yes (p = 0.036)

The results of digital microscope analysis for materials removal after both final irriga-
tion protocols are summarized in Figure 4. No statistically significant difference was found
between apical–coronal and apical–middle thirds for both groups (p > 0.05). The middle
third of each group, with and without activation, had significantly less residual obturation
materials than the coronal third, (p = 0.021 and p = 0.04, respectively) (Table 1).
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of the root canal.

4. Discussion

Oval-shaped canals are frequently associated with insufficient preparation and clean-
ing during initial and secondary root canal treatment [23]. There is a discrepancy between
buccolingual and mesiodistal dimensions resulting in untouched recessed areas that harbor
residues of filling material, bacteria, and debris, which increases the risk of persistent
infection [24,25]. Incomplete removal of filling material may hinder the prognosis of root
canal secondary treatment [10]. This study aimed to determine the effectiveness of the
REvision retreatment system in the removal of filling materials from oval canals with and
without sonic irrigation (SI) activation as an additional cleaning method.

The results show that the REvision system alone, and coupled with SI, failed to
remove 100% of the filling material from the root canals, corroborating the findings of
previous studies [17,26]. However, the REvision system showed interesting results in
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removing filling materials without sonic activation, with 14.02% remnants in the apical
third, 8.66% in the middle third, and 19.17% in the coronal third. This may be credited
to the cutting efficiency of the Endostar Azure instruments with an S-shaped section [11],
and to their metallurgic properties that combine the enhanced flexibility and controlled
memory of martensitic files with the stiffness and hardness of austenitic files. This may also
be attributed to anatomical variations. When compared with mesial canals of mandibular
molars with the presence of a filled isthmus, or lower incisors with a high degree of
flatness, mandibular premolars are less flattened, which favors a greater contact area of
the instrument against the canal walls and, therefore, better cleaning without the need
for additional methods, making the agitation of the irrigating solutions a minor factor in
obtaining improved cleaning [12]. The lack of improvement in the debris score after using a
supplementary cleaning method was probably also because of the high bond strength of the
pulp canal sealer EWT to root dentin [27]. In recent years, the introduction of Bioceramic
sealers, such as EndoSequence BC Sealer (BC Sealer, Brasseler USA, Savannah, GA, USA)
and Bio-C Sealer (Angelus, Londrína, PR, Brazil), has drastically impacted the endodontic
fields [28]. These sealers offer great advantages, including biocompatibility, the ability
to set in humidity, and to form a chemical bond with the tooth structure, achieving an
excellent hermetic seal [29]. However, a major drawback of Bioceramic sealers is their
retreatability in the case of apical periodontitis [30]. The quality of evidence is low regarding
the efficiency of available instrumentation in entirely removing a Bioceramic sealer [31,32].
Very few studies have evaluated the capacity of heat-treated files such as the REvision
system in Bioceramic retreatment. Al Meida et al. concluded that Reciproc Blue file (VDW,
Munich, Germany) did not induce dentinal defects when removing a Bioceramic sealer.
Some authors suggested the use of ultrasonics, XP Endo Finisher, and Photon-initiated
photoacoustic streaming (PIPS) to raise the efficiency of sealer removal, whereas the use of
sonic irrigation has not yet been evaluated in the retreatability of a Bioceramic sealer [30,33].
It would be interesting to conduct a series of in vitro and clinical randomized studies to
develop a feasible and reproducible protocol for bioceramic retreatment.

The results of this study suggest that the REvision retreatment system associated
with sonic irrigation using EQ-S could enhance the removal of filling materials from the
coronal third compared to removal by the REvision retreatment system associated with
irrigation by needles (p < 0.05). This result may be attributed to the root canal preparation
size (F1), which allowed sufficient debris transportation coronally. Moreover, no significant
difference was found between the two groups for the middle and apical thirds (p > 0.05).
Therefore, the null hypothesis must be partially rejected. This was also observed in the
study of Rodriguez et al., in which there was no significant difference in the efficiency
of sonic activation in canal thirds when compared with Passive Ultrasonic Activation
(PUI), and in the study of Martins et al., where the EndoActivator (Dentsply Tulsa Dental
Specialties, Tulsa, OK) performed similarly for all of the root canal levels evaluated, and
did not improve the removal of filling material significantly [34,35]. This was also observed
in the clinical study of Grischke et al., where the performance of the EndoActivator was
reasonably heterogeneous with measured values of residues all over the canal [36].

No significant difference was found between the middle and apical thirds in both
groups (p > 0.05). The study of Park et al. confirmed that the use of EDDY (VDW, Munich,
Germany) sonic activation was beneficial for removing smear layers in apical regions in
retreatment cases [8]. Interestingly, in the same tested group (for both groups), a signifi-
cantly higher percentage of residual materials was observed at the coronal third compared
to the middle third (p < 0.05). This was also concluded in the study of Zuolo et al., with
no significant difference among the retreatment systems in the coronal third, and a lower
residual filling material volume in the middle third, and in the study of Masiero et al.,
where most of the residual filling material was retained in the coronal third [24,37].

The effectiveness of EQ-S sonic activation is attributed to acoustic streaming within
the irrigant, generated by the oscillating tip. Such streaming fields produce hydrodynamic
shear stress along the endosonic files and mainly at the tip [38,39]. Even when the tip is
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constrained, streaming still occurs along the whole length of the file [40]; a polyamide tip
in the case of EQ-S. The effect of activation is dependent on the frequency of the instrument
inside the root canal and the amplitude of the swinging instrument [41]. Thus, activation
might occur at lower frequencies; for example, the EQ-S irrigator operating at 217 Hz. In
the literature, sonic activation was proved to be helpful in retreatment [8,16,22]. Özyürek
and Demiryüek found the EndoActivator less effective than the XP-endo Finisher, whereas
Grischke et al. and Martins et al. stipulated in their studies that there was no difference
between the EndoActivator and PUI [12,22,36]. Differences in root canal morphology, type
of filling material, and retreatment techniques could explain the contradictory results.

Various techniques have been advocated to evaluate the residual filling materials left in
the root canal after retreatment, including radiographic imaging [42], clearing techniques,
sectioning, and microscopic evaluation [43,44]. Recently, micro-CT imaging with high
resolution has been praised in numerous studies because it is a noninvasive technique
that allows accurate quantification measurements at different stages of the treatment, the
specimen thus serving as its control [1,45]. However, micro-CT usage can lead to artifacts
in the reconstructed images, such as beam-hardening, complicating the interpretation of
the image [46]. In this study, we opted for digital microscopy followed by SEM analysis
for some samples. This methodology can provide direct topographical and morphological
data on the filling materials, especially the presence of sealer on the surface of the root
canal walls and in dentinal tubules [44,47]. Moreover, a numerical optical microscope with
composition images taken at a magnification of ×100 could be a reliable alternative to the
suboptimal micro-CT axial sections resolution [44,47,48]. The teeth were sectioned with
a diamond saw, and then split into two halves without touching the canal. This method
was used to avoid the alteration of our results due to the debris created during sectioning
procedures. Moreover, the use of SEM allowed the identification of the gutta-percha, sealer,
the dentinal walls with open or closed tubules, and the residual materials–dentin areas.
This could be particularly interesting for educational purposes and clinical improvement, as
it allows one to visualize unprepared areas of the canals, debris, and smear layer persistence
in the dental tubules.

The limitations of this study relate to its invasive methodology, consisting of sectioning
the teeth, and the reduced sample size. In addition, during the sample preparation for the
optical analysis, different steps could affect the results, including the use of a diamond
disc and the preparation of grooves, which could generate some supplementary debris.
Further in vitro study using other activation techniques and devices, such as ultrasonic and
mechanical activation, should be performed. Further in vivo studies are needed to confirm
the results regarding the effectiveness of the REvision system in filling material removal
from oval canals with or without the additional usage of sonic irrigation.

5. Conclusions

The results of this study suggest that the REvision retreatment system associated
with sonic irrigation using EQ-S could enhance the removal of filling materials from the
coronal third compared to removal by the REvision retreatment system associated with
irrigation by needles. No statistically significant difference was found between the middle
and apical thirds in both groups. None of the techniques removed the root canal filling
materials entirely from the oval canal of mandibular premolars. The combination of EQ-
S sonic irrigation and REvision retreatment system seemed to increase the removal of
filling material from the coronal third, whilst no significant difference was observed for
the middle and apical thirds. Moreover, when no additional cleaning method was applied,
the REvision system alone showed interesting results that merit further investigations.
Additional studies could eventually evaluate the use of extended irrigation time or the use
of other irrigation techniques in different anatomical situations to attain a safe and reliable
removal of old filling materials from the root canal system.
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14. Solomonov, M.; Paqué, F.; Kaya, S.; Adigüzel, O.; Kfir, A.; Yiğit-Özer, S. Self-adjusting files in retreatment: A high-resolution
micro-computed tomography study. J. Endod. 2012, 38, 1283–1287. [CrossRef] [PubMed]

15. Kharouf, N.; Pedullà, E.; La Rosa, G.R.M.; Bukiet, F.; Sauro, S.; Haikel, Y.; Mancino, D. In Vitro Evaluation of Different Irrigation
Protocols on Intracanal Smear Layer Removal in Teeth with or without Pre-Endodontic Proximal Wall Restoration. J. Clin. Med.
2020, 9, 3325. [CrossRef]

16. Kaloustian, M.K.; Nehme, W.; El Hachem, C.; Zogheib, C.; Ghosn, N.; Mallet, J.P.; Diemer, F.; Naaman, A. Evaluation of two
shaping systems and two sonic irrigation devices in removing root canal filling material from distal roots of mandibular molars
assessed by micro CT. Int. Endod. J. 2019, 52, 1635–1644. [CrossRef]
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Abstract: Periapical implantitis (IPL) is an increasingly frequent complication of dental implants.
The causes of this condition are not yet entirely clear, although a bacterial component is certainly
part of the etiology. In this case series study, two approaches will be described: because of persistent
IPL symptoms, a patient had the implant removed and underwent histological analysis after week
6 from implantation. The histomorphometric examination revealed a 35% bone-implant contact
area involving the coronal two-thirds of the implant. The apical portion of the fixture on the other
hand was affected by an inflammatory process detectable on radiography as a radiolucent area.
The presence of a probable root fragment, detectable as an imprecise radiopaque mass in the zone
where the implant was later placed, confirms the probable bacterial etiology of this case of IPL. On
the other hand, in case number 2, the presence of IPL around the fixture was solved by surgically
removing the implant apical third as well as the adjacent tooth apex. It may be concluded from our
histological examination that removal of the apical portion of the fixture should be considered an
effective treatment for IPL since the remaining implant segment remains optimally osseointegrated
and capable of continuing its function as a prosthetic abutment. Careful attention, however, is
required at the implantation planning stage to identify in advance any sources of infection in the
edentulous area of interest which might compromise the final outcome.

Keywords: implant periapical lesion; implant failure; peri-implantitis; endodontic surgery; complication

1. Introduction

Although the predictability of endosseous implants is well supported in studies,
the possibility of failure in the long and short term still exists [1]. Implant failures have
been defined as a host tissue inadequacy in stabilizing or maintaining osseointegration.
Correlated with the time of onset, such failures may be classified as early or late depending
on whether they occur before or after occlusal loading. Implant failures may be due to
iatrogenic causes associated with a less-than-optimal surgical technique, bacterial causes
secondary to contamination of the implant site during or after insertion of the fixture,
possible systemic comorbidities, and excessive occlusal loading [1–5].

The clinical signs of early failure of an implant are local inflammation of the peri-
implant hard and soft tissue, defined above as “peri-implantitis”, and sometimes accom-
panied by secretion of purulent exudate, bleeding, and probing depth more than 3 mm.
Histological findings from the peri-implant area include the presence of an inflammatory
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cellular infiltrate, epithelial proliferation, bacteria, and ultimately areas of osseous necro-
sis [1]. Radiographically, however, a radiolucent zone is detectable in the peri-implantitis
affected area around the fixture, resembling an osseous crater at the crestal level that extends
in the apical direction. Peri-implantitis and periodontitis may trigger interactions between
host immune defense mechanism and bacteria that eventually lead to implant failures.

The most common type of peri-implantitis generally involves the more coronal part of
the implant and only later tends to spread in the apical direction, sometimes leaving the
apical portion of the fixture still firmly integrated in the crestal bone [6].

It may happen occasionally that peri-implantitis will develop apically in the same
manner as a periapical lesion of a dental structure, i.e., without involvement of the coronal
crest bone. This particular condition has been defined as implant periapical lesion (IPL),
apical peri-implantitis, retrograde peri-implantitis, or endodontic implant pathology. It
should be considered a distinct form relative to the more common form of peri-implantitis,
which involves the coronal portion of the fixture [7,8].

A retrospective study of approximately 3800 implants found an IPL incidence of 0.26%.
In another study, Quirynen reported an IPL incidence of 1.6% in the maxilla and 2.7% in
the mandible [9,10].

The best evidence-supported etiology of IPL is diffusion of pathogenic bacteria from
infected dental remnants present in the bone around the tip of the implant, or implant-
adjacent dental structures with endodontic periapical lesions [9,10]. Depending on the
sources releasing the peri-implant infection, the IPL may be divided into Type 1, when
diffusion proceeds from the fixture to the adjacent dental structure and Type 2, when the
structure is affected first by an inflammatory process diffusing to the nearby implant [11].

This article describes two cases of IPL, which were treated with two different ap-
proaches: a surgical removal of the entire affected fixture and a surgical removal of just the
apical third of the implant as well as the adjacent tooth apex.

2. Case Report n.1

A 45-year-old patient in good general health, non-smoker, with partial edentulism
in the right mandible, presented to our service for rehabilitation of the missing structures
with implant-supported prostheses.

On presentation, the patient was already edentulous in the area of the right mandibular
second premolar and the first and second molar for more than 10 years. Before developing
an adequate treatment plan, we ordered a pantomograph (Figure 1), after which CT was
needed because of the close proximity of the alveolar canal.
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The CT scan demonstrated the presence of a small area of radiopacity of the bony
structure at teeth 46–47, the nature of which could not be defined (Figure 2). The patient
treatment plan proposed rehabilitation with a 3-unit fixed partial denture supported on
2 implants at #45 and #47. The patient was administered antibiotic therapy from day 1
of the intervention: the regimen was 1 g amoxicillin/clavulanic acid (Augmentin; Glaxo
SmithKline, Verona, Italy), 1 g q12 h for 6 days postoperatively for a total of 7 days of
treatment. Following local/regional anesthesia with mepivacaine 2% and adrenaline
1:100,000 (Scandonest, Septodont, Saint-Maur des Fossés, France), a full-thickness flap
was raised from tooth 44 to 47. Trunk anesthesia was not performed so as to preserve the
sensitivity of the alveolar nerve during the subsequent osteotomies, thereby avoiding injury
of the vascular-neural bundle. Later, two osteotomies were prepared free-handed at teeth
45 and 47 with the aid of a surgical template. Lastly, two cylindrical Biomet 3i (Palm Beach
Gardens, FL, USA) implants were placed, one with 4 mm diameter × 10 mm length at #45
and the other of the expanded platform (Xp) type, i.e., an implant diameter of 4 mm and a
platform with 5 mm diameter × 10 mm length at #47. In view of the high primary stability
obtained, it was decided to place the healing screws directly on the fixtures according
to the procedure for one-stage implants (Figure 3A). Lastly, 4/0 interrupted silk sutures
were placed for flap closure. On completion of the surgical procedure, follow-up intraoral
radiography was performed to confirm correct implant placement.
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Figure 2. Preoperative CT scan of #45–47 region: an ill-defined radiopacity is visible, which could be
due to the presence of a root fragment left in the alveolus at the time of extraction of #46.

Several hours after the intervention and on subsequent days, the patient spontaneously
reported continuous pain of a pulsating type, similar to pulpits pain, close to the right
mandibular molar area. The authors made the diagnosis of IPL after intraoral radiographic
examination. The IPL was relieved only through administration of an analgesic (nimesulide
100 mg—Aulin, Roche, Milan, Italy), but no neurosensory changes were reported for the
right mandible.

The IPL symptoms lasted for more than a month from the date of the intervention,
during which intraoral radiographs were taken to detect possible abnormalities in loading
of the peri-implant hard tissue. The implant at tooth 47 did not present any bleeding or
probing depth more than 3 mm, but an intraoral radiograph showed an area of radiolucency
close to the apical segment of the fixture (Figure 3B). Because of the persistence of IPL symp-
toms, it was decided (with the patient’s consent) on week 6 after the implantation to remove
the implant at tooth 47 (Figure 3C). After antibiotic therapy with 1 g Augmentin twice daily,
starting on preoperative day 1 and continuing for 6 days afterwards, the area was infiltrated
with local/regional anesthesia using mepivacaine 2% and adrenaline 1:100,000 and we
prepared a muco-periosteal flap to expose the crest at teeth 46–47. Although abnormal
loading of the peri-implant crestal bone was not found (Figure 3D), we drilled the implant
with a 6 mm diameter trephine bur at #47 (Figure 3E,F). Then, we placed another implant at
#46 (Biomet 3i, Palm Beach Gardens, FL, USA, 4 mm diameter, 10 mm length), free-handed
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using a one-stage procedure which required the immediate insertion of a healing screw on
the same day. Lastly, we removed the granulation tissue present and packed the drilling site
with a collagen sponge (Hemocollagene, Septodont, Saint-Maur des Fossés, France). The
flaps were sutured with 4/0 silk interrupted sutures (Figure 4A–C). After the intervention,
the patient did not report IPL symptoms, nor were there any signs of local inflammation.
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Figure 3. (A) Postoperative intraoral radiograph showing the position of the implants at #45 and #47.
(B) Intraoral radiograph taken one month after the intervention. An area of radiolucency is visible at
the apex of the implant at #47. (C) Clinical image 6 weeks after the implantation: there are no visible
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clinical signs of inflammation in the oral mucosa. (D) Clinical image of the implant at #47 after a
mucoperiosteal flap was raised. The implant appears perfectly integrated and does not seem to have
undergone crestal resorption. (E) The implant shortly after removal. The apical portion of the implant
is not in contact with the bone. (F) Bony crest at #47 after removal of the implant. Note the presence
of granulation tissue at the bottom of the cavity.
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Figure 4. (A) Same area after packing with a collagen sponge and insertion of an implant at #46.
(B) Clinical image after insertion of a healing screw in the implant at #46 and initial closure with 4/0
interrupted silk sutures. (C) Postoperative intraoral radiograph of area #45–#47. (D) Radiograph one
year after the definitive prosthetic restoration.

After approximately three months from the intervention, in which no complications
were observed, we proceeded to mount prostheses on the implants at teeth 45 and 46,
which consisted in a two-unit fixed partial denture supported on 2 implants at #45 and #46
(Figure 4D).

2.1. Histological Preparation

The drilled implant was preserved in buffered formalin 10%, dehydrated in a pro-
gressive series of washings with alcohol, and embedded in glycol methacrylic resin in
preparation for histological analysis (Technovit 7200 VCL, Kulzer, Wehreim, Germany). Af-
ter polymerization, the implant was sectioned along its longitudinal axis with a high-speed
diamond disk (Precise System, Assing, Rome, Italy). Sections of approximately 46 µm
thickness were obtained and then stained with basic fuchsin and toluidine blue. A second
staining procedure was performed with von Kossa and basic fuchsin to evaluate the level
of bone mineralization.

2.2. Histological Analysis

The histological analysis shows adequate osseointegration in the coronal aspect, with
a BIC of approximately 35%, while the apical portion of the implant is totally free of bone.
(Figure 5).
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Figure 5. (A) In the coronal segment of the implant the old bone (OB) is in contact with the tra-
beculae of new bone (NB), interspersed with bony lacunae (L). The detachment of the first three
threads of the implant from the bone seems to be due to a histological preparation artifact (basic
fuchsin, 15× magnification). (B) Direct contact of the old bone (OB) and new bone (NB) with the
implant thread in the apical portion of the implant (basic fuchsin, 15× magnification), L = lacunae.
(C) Histological view of the removed implant. Only the middle and coronal segments of the implant
are in contact with bone (1.5× magnification).

3. Case Report n. 2

In September 2020, a 52-year-old patient came to our attention with pain and swelling
in the upper right premolar area. The fixture showed no clinical signs of peri-implantitis
and no mobility but the whole area was sensitive upon percussion. Upon radiographic
examination, a radiolucent area involving the implant apical third as well as the root
apex of tooth number 5 was observed (Figure 6A). The root canal treatment seemed to be
correctly performed as the obturation material was thoroughly compacted, lateral accessory
canals were present and filled. The tooth was restored with a metallic post and core and a
prosthetic crown. A surgical approach was chosen to remove the infected apexes of both
the fixture and tooth number 5.

Antibiotic therapy was administered: 1 g amoxicillin/clavulanic acid (Augmentin;
GlaxoSmithKline, Verona, Italy) every 12 h for 6 days.

A para-marginal incision was performed and a full thickness flap raised from tooth
number 6 up to tooth number 3 with two vertical relieving incisions (Figure 6B). Access to
the lesion was created by means of the bur H255E.314.012 (Komet, Germany). A horizontal
cut was made with the same bur both on the root and on the fixture apex and all the
granulation tissue in the surrounding bone was scraped off (Figure 6C).

The retropreparation of tooth 5 was done with surgical retrotip (R1D, Piezomed, W&H,
Bürmoos, Austria) and it was filled with Biodentine (Septodont, Saint-Maudefuse, France).

The flap was sutured tension-free and the patient was dismissed. After the healing
period, the patient noted improvement of the symptoms. One year later, a periapical
radiography was taken showing the healing of the periapical radiolucency, the fixture
showed no signs and symptoms of peri-implantitis, and tooth number 15 showed no
mobility and no symptoms. Probing depth was 2 mm around the tooth and 3 mm around
the implant (Figure 6D).

The histological analysis of the surrounding tissue revealed the presence of a rich
inflammatory tissue.
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Figure 6. Case 2 (A) Preoperative image showing the presence of a radiolucency between the implant
apex and the adjacent tooth. (B) Clinical view of the apex prior to the resection. (C) Implant apical
resection and tooth apex resection with both root canals ready to receive the filling material. (D) 2
years follow-up.

4. Discussion

Among implant failures, a significant role seems to be played by apical peri-implantitis
(IPL). Different researchers have described cases of IPL—as retrospective studies or case
reports—with indications for treatment of this disease and suggestions for possible
causes [8,9,11–29]. These include microfractures of the cortical bone, in the form of vestibu-
lar or lingual bony dehiscence and fenestration, osteitis or osteomyelitis secondary to
bacterial contamination during the surgical procedure, overheating of the bony structure,
or poor bone quality [7–9,11,19–23].

However, the best evidence-supported etiology of IPL suggested by the different
researchers is bacterial in nature [8,11,12,19,22]. This etiology may be due either to trans-
mission of endodontic periapical lesions, starting with dental structures adjacent to the
implant, or to infected dental remnants present in the affected edentulous crest. If implants
are inserted close to teeth with acute or chronic endodontic periapical lesions, or radicular
fragments of extracted teeth remaining in the alveolus and not promptly eliminated, these
can involve the surface implant and induce IPL [11,20,27–29].

From a statistical perspective, the region most affected by IPL is that of the maxillary
premolars [8]. This may be due to the anatomy of these teeth, which often present with
two roots. In many cases, incomplete flushing, shaping, and closure of the canal system
can lead to failure of endodontic treatment and concomitant formation of apical inflam-

144



Bioengineering 2022, 9, 145

matory tissue, which in 26% of cases is not visible on radiography [24]. Extraction of the
maxillary premolars and later revision of the alveolus with alveolar curettes can result in
apical residues remaining permanently in the medullary bone if the procedures are not
performed correctly. If not guided by precise radiographic examinations, substitution of
the extracted structure with an implant in the infected zone can induce peri-implantitis in
the apical area of the fixture. This occurrence can precipitate pain symptoms in the patient
immediately after the intervention, as in our case, or even several weeks or years after the
implantation [8,15,17,18,21,25,26].

IPL has been attributed in a histological study to the amide present on the latex of the
gloves. In fact, the presence of amide from gloves has been detected inside neutrophilic
granulocytes. However, this may not be the primary cause of IPL in the first case report,
since the clinical symptomatology was manifested approximately one month after implant
insertion and the adjacent dental structure presented an endodontic apical lesion [18].

Confirmation of the bacterial origin of apical IPL is supported by the finding of types
of bacteria in the apical portion of the implant that are very similar to those in endodontic
infections, such as Porphyromonas endodontalis, Porphyromonas gingivalis, and Prevotella
intermedia, while contrariwise, bacteria typical of periodontal lesions are found in classic
peri-implantitis [30–38].

Our study is one of the few available in the literature that reports an implant affected
by apical IPL. The histological analysis revealed complete osteointegration of the coronal
two-third of the fixture, whereas the apical portion remained free of contact to bone. This
could be due to necrotic tooth remnants found upon CT scan examination.

The osteotomy use of surgical burs or the fixture placement itself may have reactivated
a latent infection around these tooth fragments, causing an inflammatory reaction in
the apical portion of the implant. Our failure in the histological examination to find
inflammatory tissue may be due to detachment or to its seclusion within the mandibular
bone during drilling of the implant [8,9].

Other research has also reported the presence of root fragments—not detected during
the implantation—which induced inflammatory apical reactions to the fixture [8].

Radiopaque zones in edentulous crests are very frequent in areas where a dental
extraction has previously been performed. These may be due to focal osteosclerosis,
a non-expansible radiopaque alteration of trabecular bone of unknown origin, asymp-
tomatic, with various shapes and sizes, affecting both the maxilla and the mandible, with
higher prevalence in the mandibular molar and premolar region. Its radiopacity may
resemble other pathologies of the jaws, such as condensing osteitis, root segments, hy-
percementosis, cementoblastoma, impacted teeth, focal cemento-osseous dysplasia, and
odontomas [39–41].

Focal osteosclerosis can be present in proximity to the retained root tips or in the
edentulous crest region [42]. In our case, previous extraction of a dental structure may have
resulted in focal osteosclerosis, possibly reactivated on the occasion of implant insertion in
the area of interest. This suggestion would explain the area of radiopacity visible on both
CT and intraoral radiography at teeth 46–47. As far as we know, however, there are no
other published studies of implants with IPL in proximity to areas of focal osteosclerosis.

Another possible approach that would explain the patient’s painful symptomatol-
ogy could be injury to the vascular-neural bundle of the alveolar canal occurring during
preparation of the implant site. This may be seen also on radiography as an area of radi-
olucency involving the apex of the implant in close contact with the underlying alveolar
canal. However, despite the fact that trunk anesthesia was not performed—to maintain
neural sensitivity during the intervention—the patient did not experience any pain during
placement of the implant or post-operative paresthesia.

Treatment of local IPL consists in the removal of the implant (case report n.1) or
removal of its apical portion (case report n.2), with consequent elimination of the inflam-
matory tissue [26]. Removal of the apical portion of the implant requires the remaining
integrated part to be capable of bearing the masticatory load [9]. In case report n.1, we
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decided to remove the implant in toto since excision of its apical portion alone could have
caused permanent injury to the vascular-neural bundle of the inferior alveolar nerve, with
consequent neuro-sensory changes in the patient’s right lower lip. Instead, in case report
n.2, the apical portion of the implant as well as the adjacent tooth apex were surgically re-
moved and periapical lesion successfully healed with no signs and symptoms of IPL. In the
first clinical case, the fixture was implanted in another surgical site; therefore, the healing
times are crucial. However, it was a four-wall defect, which is a common post-extraction
site. In the second case, the lesion had endodontic origin; thus, improvement was noticed
12 months after baseline.

Early surgical treatment is essential in order to limit progression of the lesion to the
osseointegrated part of the fixture. Our histological study shows that this surgical therapy
may be helpful in the treatment of IPL since the coronal two-thirds portion of the implant
is fully osseointegrated. According to the present literature, some dental remnants may
be intentionally left in post-extraction sites without causing infectious complications like
the ones experienced by the authors in the first case report. This confirms that infections
proceeding from neighboring teeth may cause IPL in fixtures’ periapical tissue. As far
as investigated by the authors, only one failure for infectious reasons has been described
with the socket shield technique because the apex was left during the surgical procedure.
Indeed, the tooth apex and endodontium need to be accurately removed when performing
this technique in order to achieve clinical success; only a buccal sliver is meant to be left in
situ [43,44].

5. Conclusions

Because of the ever-increasing number of people undergoing implant-based treatment
in recent years, there has been an increased incidence of apical IPL. The presence of infected
root remnants or endodontic periapical lesions seems to be the major cause of this type
of implant failure. Treatment of apical IPL should be directed toward elimination of the
bacterial noxae and limitation of progression of the lesion to the osseointegrated part of
the implant. Removal of the apical portion of the implant appears to be a valid therapeutic
option, since the remaining part of the fixture appears from our histological examination
to be optimally osseointegrated and not affected by the inflammatory process. Good
initial treatment planning seems fundamentally important. It should be targeted toward
the identification of local etiological factors present either in the edentulous crest or the
adjacent dental structures, and their preventive elimination before insertion of the fixture
so as not to compromise implant predictability.
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Abstract: Dental impressions are contaminated with potentially pathogenic microorganisms when
they come into contact with patient blood, saliva, and plaque. Numerous disinfectants are used;
however, no sole disinfectant can be designated as universal for all the impression materials. Thus,
the aim of this study is to systemically review the literature to evaluate the effect of the existing
disinfection procedures on the bacterial colonization of dental impression materials. This systematic
review and meta-analysis was conducted according to the PRISMA statement. PubMed (MEDLINE),
Web of Science, Scopus, EMBASE, and SciELO databases were screened up to April 2021. Eligibility
criteria included in vitro studies reporting the antibacterial activity of disinfectant solutions in dental
impression materials. The meta-analysis was performed using Review Manager (version 5.3.5). A
global comparison was performed with the standardized mean difference based on random-effect
models at a significance level of α = 0.05. A total of seven studies were included in the meta-analysis.
The included studies described the effect of disinfection processes with chlorhexidine gluconate,
alcohol, sodium hypochlorite, glutaraldehyde, and hydrogen peroxide in alginate, polyvinyl siloxane,
and polyether impression materials. The meta-analyses showed that the use of chlorhexidine, alcohol,
glutaraldehyde, and sodium hypochlorite reduced the colony-forming units by a milliliter (CFU/mL)
in alginate (p < 0.001). On the other hand, glutaraldehyde, sodium hypochlorite, and alcohol reduced
the CFU/mL in polyvinyl siloxane (p < 0.001). Finally, alcohol and glutaraldehyde reduced the
CFU/mL in polyether material (p < 0.001). High heterogenicity was observed for the alginate and
polyvinyl siloxane materials (I2 = 74%; I2 = 90%). Based on these in vitro studies, the disinfection of
impression materials with several disinfection agents reduces the CFU/mL count.

Keywords: antibacterial effect; dental impressions; disinfectant agents; disinfection; oral bacteria
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1. Introduction

Dental impressions are certainly contaminated with possibly pathogenic microorgan-
isms when they come into contact with patient blood, saliva, and plaque [1,2]. This could
be the source of disease transmitters and cross-infections for dentists, dental assistants, and
laboratory technicians [3,4]. Consequently, sanitizing the impressions efficiently before
transportation to the laboratory technician ensembles is crucial [5]. Indeed, when the
impressions are sterilized, this can avoid the transmission of disease, yet it is not the ideal
way, since dimensional changes can occur [6].

Considering that, in some countries, tap water contains halogenated compounds,
the Advisory British Dental Association Service recommends the rinsing of impression
materials with tap water in daily dental practice; despite this, although some of the microor-
ganisms adhered to the surface of a dental impression could be removed by this procedure,
a high percentage still remains [7]. This has been exhibited to lessen the amounts of the
bacteria on the surface of the impression presented by nearly 90% [8]. Nevertheless, a
noteworthy number of bacteria would persist. More recent suggestions support the use
of a disinfecting solution [9]. Knowledge evidently varies about the type, concentration,
and immersion times of disinfection protocols, making it difficult to evaluate the most
applicable method [10,11].

Numerous disinfectants are used regularly such as sodium hypochlorite, chlorhexidine,
alcohol, glutaraldehyde, and hydrogen peroxide [12]. Since no sole disinfectant can be
designated as a universal disinfectant for all impression materials, it is fundamental to select
an ideal disinfectant agent with superior antimicrobial activity that does not disturb the
recorded features, such as surface characteristics or dimensional stability of an impression
materials [13,14].

Additionally, many combinations between impression materials and disinfectant
could occur by knowing that a large range of branded impression materials (reversible and
irreversible hydrocolloids, polyethers, polysulphides, and silicones) and gypsum-based
casts existed in the marketplace. A disinfectant possesses a dual purpose: it needs to be an
effective antimicrobial agent but produce no adverse effect on the dimensional accuracy
of the impression material and resultant gypsum model. The latter is of significance in an
attempt to deliver a functional and well-fitting finished appliance. Disagreement happens
in the literature as to whether the disinfection procedure produces degradation or distortion
of impressions [15–17].

The reaction of some specific brands of gypsum products and impression materials
to disinfection process is diverse, advising a deficiency of compatibility between a given
material and protocol. Hence, individual analysis of impression materials is needed to
define the effectiveness of a specific disinfection method in different areas [18].

Accordingly, the aim of this study was to systemically review the literature of the
existing disinfection procedures on the bacterial colonization of dental impression materials.
The null hypothesis to be tested was that the use of disinfectant agents will not reduce
the colony-forming units per milliliter (CFU/mL) adhered to the surface of impression
materials used in dentistry.

2. Materials and Methods

This systematic review and meta-analysis was reported following the guidelines
of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA
statement) [19]. The registration protocol was carried out in the Open Science Framework
with the registration number 0000-0002-2759-8984. The following PICOS strategy was
used: population, impression materials; intervention, use of disinfection materials; control,
rinsing with tap water; outcome: antimicrobial activity; and type of study, in vitro studies.
The research question was as follows: Does the use of disinfection procedures for impression
materials in dental practice reduce the microbial count?
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2.1. Search Strategy

The literature search was performed by two independent reviewers (E.C.R. and R.B.)
up to April 22, 2021. The following databases were screened: PubMed (MEDLINE), Web of
Science, Scopus, EMBASE, and SciELO. The search strategy was performed according to the
keywords defined in Table 1. All studies were imported into Rayyan QCRI platform [20].

Table 1. Keywords used in search strategy.

Search Strategy

# 1
Dental models OR Dental impressions OR Irreversible
hydrocolloid OR Alginate impressions OR Silicone impression
OR Primary impression OR Polyvinyl siloxane

# 2

Disinfection OR Sodium hypochlorite OR Disinfection
techniques OR Sterilization OR Chemical disinfection OR
Disinfection protocol OR Immersion disinfection OR Cross
contamination OR Ultraviolet disinfection OR Microbial
activity OR Disinfectant solutions OR Autoclave OR
Disinfectant agents

# 3 #1 and #2

2.2. Eligibility Criteria

The title and abstract of each identified article were reviewed by two independent
reviewers (E.C.R. and R.B.) to determine if the article should be considered for full-text
review according to the following eligibility criteria: (1) in vitro studies reporting the
antibacterial activity of disinfectant solutions in dental impression materials; (2) included
mean and standard deviation (SD) in CFU/mL; (3) included a control group where tap
water was used; and (4) published in the English language. Case reports, case series, pilot
studies, expert opinions, conference abstracts, and reviews were excluded. In the case of
disagreements at the time of the selection of the studies for the full-text review, they were
resolved by discussion and consensus by a third reviewer (C.E.C.-S).

2.3. Data Extraction

The Microsoft Office Excel 2019 program (Microsoft Corporation, Redmond, Washing-
ton, DC, USA) was used to extract the data of interest from the included manuscripts. These
were placed on a standardized form. Two reviewers (L.H. and R.B.), who received training
in this software, performed the analysis. The data recovered from each manuscript were au-
thor, year, impression material evaluated, disinfection agents used, type of microorganism
evaluated, main outcome, and main results.

2.4. Quality Assessment

The risk of bias of the selected articles was assessed by two reviewers (R.B. and E.C.R.)
according to the parameters of the previous systematic review [21]. The risk of bias of each
article was evaluated according to the description of the following parameters: specimen
randomization, single-operator protocol implementation, blinding of the operator, the
presence of a control group, complete outcome data, and description of the sample size
calculation. If the authors reported the parameter, the study received a “YES” for that
specific parameter. In case of missing information, the parameter received a “NO”. The
risk of bias was classified according to the sum of “YES” answers received: 1 to 2 indicated
a high bias, 3 to 4 indicated a medium risk of bias, and 5 to 6 indicated a low risk of bias.

2.5. Statistical Analysis

The meta-analyses were performed using Review Manager Software version 5.1 (The
Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). The anal-
yses were carried out using a random-effect model, and pooled-effect estimates were
obtained by comparing the standardized mean difference between CFU/mL values ob-
tained when a disinfection agent was used; against a control group when tap water was
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used. The standardized mean difference was performed since this statistic in meta-analysis
is used when all the studies assess the same outcome but measure it in a variety of ways;
for this to be appropriate, it must be assumed that between-study variation reflects only
differences in measurement scales, such as the different scientific notation used among the
studies included. Additionally, for comparison purposes, when a value of 0 was found
in the data, this was replaced with “0.1” with a SD of “0.01” for the statistical analysis.
The comparisons were made considering the type of impression material and the type of
disinfection agent used. A p-value < 0.05 was considered statistically significant. Statistical
heterogeneity of the treatment effect among studies was assessed using the Cochran Q test
and the inconsistency I2 test.

3. Results

The search resulted in the retrieval of 2598 records (Figure 1). After removal of
duplicates, 2084 articles were screened, and 2027 were excluded based on the title or
abstract. A total of 57 full-text articles were assessed for eligibility. Of these, nineteen were
not considered for the qualitative analysis: seventeen did not evaluate the antibacterial
activity and two were short communications, leaving thirty-eight studies for the qualitative
analysis; from these, thirty-one were excluded from the quantitative analysis: in fourteen
studies, the SD could not be retrieved, and in another thirteen studies, the results were
not expressed in CFU/mL, two studies did not have any control group, and two studies
did not have enough comparison groups. Finally, seven studies were considered for the
meta-analysis. Table S1 describes the quantitative data extracted from studies included in
the meta-analysis.
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The characteristics of the studies included in this systematic review are summarized
in Table 2. Several disinfection agents were identified for the present review, including
chlorhexidine, alcohol, sodium hypochlorite, glutaraldehyde, and hydrogen peroxide. Most
of the studies included in this review evaluated the antibacterial activity to alginate and
polyvinyl siloxane impressions, only two studies evaluated the effect of disinfection on
polyether, while only one tested on condensation silicone. Utmost of the studies reported
the effect of disinfection agents on CFU/mL, while a few reported inhibition halos.
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Figures 2–4 show the result from the meta-analyses. With regards to alginate, the
use of disinfection agents such as chlorhexidine, alcohol, glutaraldehyde, and sodium
hypochlorite significantly reduced the CFU/mL count (p < 0.001). It is worth mentioning
that a high heterogenicity was observed (I2 = 74%) (Figure 2).
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Figure 3 shows the effect of different disinfection agents on polyvinyl siloxane material.
According to the meta-analysis, all the disinfection agents tested significantly reduced the
CFU/mL count (p < 0.001). Again, a high heterogenicity was observed in the comparisons
(90%).

Finally, Figure 4 shows the effect of different disinfection agents on polyether impres-
sion material. According to the meta-analysis, both alcohol and glutaraldehyde significantly
reduced the CFU/mL count (p < 0.001). As only one study was included in this analysis, a
0% heterogenicity was found.

The risk of bias analysis was shown that most of the studies were categorized with
high and medium risk of bias (Table 3). Utmost of the manuscripts examined failed to
report the single operator, operator blinded, and sample size calculation factors.

Table 3. The results of the risk of bias assessment.

Study Specimen
Randomization

Single
Operator

Operator
Blinded

Control
Group

Complete
Outcome Data

Sample Size
Calculation Risk of Bias

Ahmed 2020 [22] NO NO NO YES NO NO High
Al-Enazi 2016 [23] YES NO NO YES YES NO Medium
Al-Jabrah 2007 [24] YES NO NO YES YES NO Medium
Alwahab 2012 [25] NO NO NO YES YES NO High
Azevedo 2019 [26] YES NO NO YES NO NO High

Bal 2007 [27] NO NO NO YES NO NO High
Benakatti 2017 [28] NO YES NO YES YES NO Medium
Beyerle 1994 [29] NO NO NO YES NO NO High
Brauner 1990 [30] YES NO NO YES NO NO High
Bustos 2010 [31] YES NO NO YES YES NO Medium

Choudhury 2018 [32] NO NO NO YES NO NO High
Cserna 1994 [33] NO NO NO YES YES NO High
Cubas 2014 [34] YES NO YES YES YES YES Low

Demajo 2016 [35] NO NO NO YES YES NO High
Doddamani 2011 [36] NO NO NO YES NO NO High
Estafanous 2012 [37] NO NO NO YES NO NO High
Flanagan 1998 [38] NO NO NO YES YES NO High
Gerhardt 1991 [39] NO NO NO YES NO NO High
Ginjupalli 2016 [40] NO YES NO YES YES NO Medium

Goel 2014 [41] NO NO NO YES YES NO High
Hiramine 2021 [42] NO NO NO YES YES NO High

Ishida 1991 [43] NO NO NO YES YES NO High
Ismail 2016 [44] NO NO NO YES NO NO High

Ivanovski 1995 [45] NO NO NO YES YES NO High
Jennings 1991 [3] YES NO NO YES YES NO Medium

Jeyapalan 2018 [46] YES NO NO YES YES NO Medium
Mathew 2017 [47] NO NO NO YES NO YES High
McNeill 1992 [48] NO NO NO YES NO NO High
Moura 2010 [49] YES NO NO YES YES NO Medium

Nascimento 2015 [50] NO NO NO YES YES NO High
Rweyendela 2009 [13] NO NO NO YES YES NO High

Samra 2010 [51] NO NO NO YES NO NO High
Savabi 2018 [52] NO NO NO YES YES NO High

Schwartz 1996 [53] NO NO NO YES YES NO High
Singla 2018 [54] NO NO NO YES NO NO High
Tanaka 1994 [55] NO NO NO YES NO NO High
Trivedi 2019 [56] NO NO NO YES YES YES Medium
Zhang 2017 [57] YES NO NO YES NO NO High
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4. Discussion

This systematic review and meta-analysis was directed towards testing the effect of
disinfection agents on the bacterial colonization of different impression materials. This
review focused on the study of the CFU/mL measure, since this is the most common
measure used to determine the antibacterial activity. To the best of the authors knowledge,
this is the first approach to prove that the application of disinfectant agents is effective to
reduce the count of some oral pathogens on the surface of alginate, polyvinyl siloxane, and
polyether impression materials and that this procedure can certainly reduce the possibility
of cross-contamination. Accordingly, the hypothesis tested in this study was rejected.

Normally, chemical disinfectant agents were generally used in dental exercise because
of their easy application. For the alginate materials, the use of disinfection agents such
as chlorhexidine, alcohol, glutaraldehyde, and sodium hypochlorite significantly reduced
the CFU/mL count (p < 0.001). Irreversible hydrocolloids, the frequent material used in
dentistry, tend to absorb both blood and saliva [23]. Thus, research was focused on a
solution to inhibit the colonization of microbe on the surface of these materials [11].

Collected data were established on the CFU in a media culture. These were recorded by
using a colony counter, and the counts were expressed by a standard technique of estimating
microbial colony count known as the CFU count. The bacteriological examination evidently
exhibited that the CFU recorded after disinfection were fewer than before disinfection [23],
thus making the disinfection process an important issue to solve after taking an impression
in the dental world.

It is highlighted in a previous study [58] that the use of tap water on the surface of
alginate impression failed to kill Streptococcus Mutans and Lactobacilli; however, by using
chlorhexidine, a positive antimicrobial activity has been shown [59]. This could be possible
by the binding between the positive site of chlorhexidine and negative sites of the bacterial
cell, which resulted in interference with osmosis and escapes the constituents that lead to
cell death [22]. In addition, alcohol was able to kill all the detected bacteria in this study by
inactivating the growth of the bacteria on the alginate impression, and this was deemed
probable by alkylating the amino and sulf hydral groups of bacterial proteins [60–62].
Further, for the other disinfectants, it was demonstrated that by using 2% glutaraldehyde
solution or 1% sodium hypochlorite, gram-positive organisms will be modified by reducing
their growth [11]. Indeed, this effect was most noticeable for 1% sodium hypochlorite, as
described in this research.

A previous study denoted that after immersion in sterile water for 10 min, for some
of impression materials, including alginate impression, the number of microorganisms
counted was diminished, though alginate material still retained some of these microorgan-
isms in comparison to other materials [24]. The physical nature of alginate impression could
affect the capacity of disinfectants for doing their biocidal activity. In the oral environment,
microorganisms might become integrated into the gelling impression material since the
presence of oral fluids or saliva [29]. The set-up of these microorganisms in the alginate
material restricted the efficacy of the water rinse, and the alginate gel assembly could
hinder the penetration of the disinfectant [29,63]. Thus, this idea explained the results of
this study as tap water did not reduce the microorganism counts in comparison to the
other disinfectant solution. Overall, for alginate impressions, the use of disinfectant agents
would be of great interest, and the efficacy of the disinfection ranged between 92% and
99.97% in all the situations [23].

According to the meta-analysis, all the disinfection agents significantly reduced the
CFU/mL count (p < 0.001) on polyvinyl siloxane material. Among the numerous available
impression materials in prosthodontics, this material was considered the material of choice,
due to their fine detail reproduction, excellent physical properties, remarkable dimensional
stability, good acceptance by the patient, and elastic recovery feature [64–66]. In addition,
these materials were tasteless and odorless [46]. As stated above in alginate impression,
using 2% glutaraldehyde solution or 1% sodium hypochlorite could be recommended also
for disinfecting the polyvinyl siloxane impression [67,68]. In this manner, it is advisable to
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immerse these kinds of impressions in these solutions rather than spraying, as successful
finding was observed in many previous studies, without harming the physical proper-
ties [15,18,31,69]. Seemingly, by putting the polyvinyl siloxane material in an alcohol-based
disinfectant solution for a contact time of 15 min, a media free of microorganisms could
be observed [24]. Accordingly, this can support the finding obtained in this study, as any
kind of disinfectant solution tested showed promising results with polyvinyl siloxane
impression material.

The present analysis noted that both alcohol and glutaraldehyde significantly reduced
the CFU/mL count (p < 0.001) of polyether impression material. This could be explained
by the fact that the contaminating bacteria could be reduced by 85% when soaking this
kind of impression material in sterile water for 15 min; in addition, as found with polyvinyl
siloxane impression, the use of alcohol-based solution produced effective disinfection of
the polyether impression [24]. With regards to glutaraldehyde, the antimicrobial activity of
this compound depends on the duration of dilution and its concentration. This could be
elucidated by the fact that the biocidal activity of glutaraldehyde results from alkylation of
sulfhydryl, hydroxyl, carboxyl, and amino groups of microorganisms, which alters RNA,
DNA, and protein synthesis [70]. This conclusion seems to support the results in this
meta-analysis.

From this review, various disinfectant agents were used to show the importance of
reducing microorganisms on the surface of the impression materials used in dentistry. The
results should be considered with caution since other brands of impression materials were
available in the dental market and not included. In addition, there is the opportunity for
slight changes in chemistry of these materials, causing significantly different reactions.
Additionally, most of the studies included were classified as having high or medium risk of
bias, and, therefore, better experimental designs should be conducted in order to obtain
a higher degree of evidence. One of the limitations of this review relies on the fact that
it is only focusing on the antibacterial efficacy of the application of a disinfectant on the
surface of a dental impression; however, other variables should be taken into account,
such as the effect of this procedure on the accuracy, precision, and surface quality of
the resulting working models, especially when dental impressions are disinfected both
in the dental office and in the dental laboratory. This led to controversy as to whether
the disinfection process causes degradation or distortion of dental impressions and to
what extent. Therefore, studying the effect of these disinfectants on the dimensional
stability of the impression materials should be considered in further research. Additionally,
viruses could be considered in future investigation by having the required equipment since
their manipulation was considered dangerous for some researchers. Moreover, clinical
studies were needed since testing of the efficacy of disinfectants from different patients
derived impressions was scarce, knowing the differences in oral flora composition of
individual person.

5. Conclusions

Based on in vitro studies, disinfection of alginate with chlorhexidine, alcohol, glu-
taraldehyde, and sodium hypochlorite reduced the CFU/mL count on the surface of
alginate impressions. This trend was observed when polyvinyl siloxane impressions were
disinfected with glutaraldehyde, sodium hypochlorite, and alcohol and when polyether
was immersed in alcohol or glutaraldehyde. Therefore, these substances could be employed
to reduce cross-contamination in the dental office.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering9030123/s1, Table S1: Quantitative data extracted
from studies included in the meta-analysis.
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Abstract: Although the application of ultrasounds in endodontic surgery allows for effective debride-
ment of the root canal, incorrect device setting or inefficient tips seem to generate cracks during
root-end retropreparation. The primary aim of this in vitro study was to establish the presence, or
absence, of a correlation between ultrasonic root-end preparation and the formation of cracks. The
present study was conducted on human teeth, extracted for periodontal reasons. After root canal
treatment, roots were resected 3 mm from the anatomical apex by using a high-speed handpiece
and carbide burs. The resected teeth were retroprepared by using an ultrasonic tip (R1D, Piezomed,
W&H, Bürmoos, Austria), setting the piezoelectric device at maximum power available for the
tip. Time required for the retropreparation was recorded. Before and after retropreparation, all
roots were photographed under a stereomicroscope and analyzed by two different operators to
evaluate: (a) the presence and extension of dentinal cracks and (b) the morphology of root-end
preparation. Finally, piezoelectric tips were analyzed by scanning electron microscopy (SEM) to
evaluate morphologic changes after use. A total of 43 single roots (33 with one root canal, 10 with
two root canals) were treated. Average preparation time was 1 minute and 54 seconds. None of the
roots without initial cracks developed new cracks after retropreparation. Quality of the preparation
margins was fairly equal among the prepared specimens. None of the piezoelectric tips broke dur-
ing instrumentation, and SEM analysis showed minimal surface wear of the tips after performing
11 retropreparations. Within the limits of the present study, the tested piezoelectric system does
not seem to represent a major cause for root crack formation. Pre-existing cracks may expand after
ultrasound root-end preparation.

Keywords: piezoelectric surgery; endodonticsurgery; crack formation; ultrasonic tip; retropreparation

1. Introduction

Ultrasounds were first introduced in endodontic surgery by Richman [1], with the aim
of improving the effectiveness of root canal debridement and of performing both resection
and retropreparation of the apical part of the dental root. Today, clinicians often choose
ultrasonic root-end preparation, mainly because of the unmatched visibility this technology
allows. This advantage is due to the angled shape of the tips, and to the cavitation effect,
and allows to reduce the angle of the resection bevel [2–8]. Despite the excellent results
obtained with the ultrasonic tips, some drawbacks have been associated with the use of
this technique [9], including the presence of dentinal cracks on the resected root-end [10]
and risk of perforation.
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The contact between the instrument and root canal walls during preparation creates
stress concentration in dentin and microcrack formation [11]. These microcracks are im-
portant because they may further develop into vertical root fractures. A recent study
demonstrated that root fracture is not an instant event but rather a gradual propagation of
tiny, less pronounced craze lines in the tooth structure [12].

In recent years, the occurrence of root fracture in either sound or endodontically
treated/restored teeth has become a major concern in endodontics [13–15]. Some authors
demonstrated that the endodontic procedures may increase the incidence of dentinal
defects, such as Shemesh et al. [16] and Bier et al. [17]. Great interest was placed on
the dentinal microcrack phenomenon by clinicians, academics and researchers over the
following years. In a recent narrative review conducted on crack formation, Versiani et al.
analyzed how the root dentinal microcracks observed in cross-sectional images of extracted
teeth are not caused by canal-shaping procedures, and dehydration often causes cracking
of the dentinal tissue, regardless of canal instrumentation [18].

In endodontic surgery, Layton et al. [19] suggested that ultrasonic root-end preparation
might increase the risk of crack formation and found different types of cracks which they
classified as follows:

• Intra-canal cracks start at the inner part of the canal and run through the dentine. They
can be complete, if reaching the root surface, or incomplete, if ending inside the dentin.

• Intra-dentin cracks only affect the dentin, are usually distal or mesial to the canal and
develop from buccal to lingual, and vice versa.

• Cement cracks start inside the cement and expand to the cement–dentin junction in
a radial pattern.

The primary aim of this work was to investigate in vitro the influence of ultrasonic
root-end preparation on the formation of different types of cracks. The ultrasonic tips used
were evaluated by assessing the overall quality of the retrograde cavities and the effect of
multiple uses on the tip itself.

2. Materials and Methods

This in vitro study investigated the integrity of human single roots after retrograde
cavity preparation performed with a piezoelectric device. Quality and operative time of the
preparations were evaluated, as well as the presence of cracks before and after ultrasonic
instrumentation. Cracks were also recorded based on location and extension. Piezoelectric
tips were examined after using scanning electron microscopy (SEM) to evaluate surface
and shape alterations.

2.1. Specimen Selection

A total of 56 human teeth extracted for periodontal reasons from patients of 57 to
84 years old were cleaned from calculus and decay and stored in HBSS Solution (Hanks’
Balanced Salt Solution) at room temperature for a period of two to four weeks. A pre-
liminary evaluation of the existence of fractures or dentinal cracks due to the extraction
procedure was performed, using a microscope at 16× magnification (Leica 320, Leica Mi-
crosystems, Wetzlar, Germany). Teeth exhibiting radicular alterations or with incomplete
or reabsorbed apices were discarded. A total of 33 single-rooted premolars and 10 mesial
roots of mandibular molars were selected for treatment.

2.2. Specimen Preparation and Analysis

The crowns were resected to simplify the endodontic procedure and iconographic
acquisition. All the teeth were endodontically treated following a crown-down approach.
Canals were shaped to the working length with a rotary sequence (Protaper Universal,
Dentsply Maillefer, Ballaigues, Switzerland) up to the F3 instrument. Canals were then
obturated using warm vertical condensation [20] and sealer (Pulp Canal Sealer EWT™,
Kerr Dental, Orange, CA, USA). Backpacking was performed by condensation of thermo-
lasticized gutta-percha (Obtura III, Obtura Spartan, Algonquin, IL, USA).
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All roots were resected 3 mm from the anatomical apex by using a high-speed hand-
piece with multiblade carbide bur (H847KRG314.016/018, Komet, Besigheim, Germany)
under water spray. Each carbide bur was replaced after resecting ten roots. The resected
roots were soaked in blue ink (Pelikan, Schindellegi, Switzerland) balanced with salt for
48 h, then rinsed, photographed and examined under an optical microscope (Leica MZ16,
Leica Microsystems, Wetzlar, Germany) at 16× magnification to evaluate the presence of
cracks prior to the retropreparation.

2.3. Root-End Preparation

Both root resection and root-end preparation were performed by the same expert
endodontist (C.B.) under microscope magnification (Leica M320, Leica Microsystems,
Wetzlar, Germany). All the root-ends were prepared using a piezoelectric device (Piezomed,
W&H, Bürmoos, Austria), set to power (40/100) as suggested by the manufacturer for the
use of the dedicated tip (R1D, Piezomed, W&H, Bürmoos, Austria), under continuous saline
irrigation. Each specimen was prepared following a standard protocol, with an up and
down motion until creating a 3 mm deep preparation, measured by means of a periodontal
probe. The tip was only activated when in contact with the tooth. Each tip was used to
perform 11 retropreparations and then replaced. Cavities were then rinsed with 5 mL of
saline solution to eliminate debris and remnants.

2.4. Image Recording and Analysis

All specimens were photographed under 16 × magnification (Leica MZ16, Leica
Microsystems, Wetzlar, Germany) after root-end resection and after retropreparation. The
photographs were paired and coded by an independent assessor (C.S.) and then evaluated
by two blinded assessors (F.B. and A.R.). Comparison of paired photographs determined
presence, characteristics and time of occurrence of each crack.

2.5. Crack Evaluation

Crack evaluation was conducted and scored according to Abedi’s method [21],
as follows:

• Roots with no cracks after root resection (before root-end preparation) and no cracks
after root-end preparation;

• Roots with no cracks after root resection (before root-end preparation) that developed
cracks after root-end preparation;

• Roots with cracks after root resection (before root-end preparation), which became
longer or wider after root-end preparation, or that developed new cracks during
root-end preparation.

Cracks were also classified as follows:

• Intracanal: cracks originating within the canal and extending into dentin;
• Intradentinal: cracks enclosed within the dentin and separate from the root surface

and the canal;
• Extracanal: cracks originating at the root surface and extending into dentin;
• Communicating: cracks extending from root surface to the canal.

2.6. Retrograde Cavity Evaluation

The quality of the root-end cavity margins was scored according to the degree of
defects [22] as follows: (0) ideal preparation, no detectable defects; (1) imprint, a single
visible defect, likely produced by the contact between the angulated portion of the tip and
the cavity margin; (2) microchipped, ragged margin; (3) chipped, ragged margin together
with defects likely caused by the tip bouncing off the root surface.
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2.7. Tip Analysis

A qualitative analysis of the effects of usage on tip shape and surface topography was
performed by using scanning electron microscopy (FEG ESEM XL 30; FEI, Hillsboro, OR,
USA). The entire sample was divided into four groups (3 groups of 11 teeth and 1 group
of 10 teeth): images of the ultrasonic tip used in each group were captured at 35×, 100×
and 200× magnification and compared by 2 different investigators (F.B. and A.R.) with the
images of a brand-new tip.

2.8. Working Time

The entire retropreparation procedure was timed with a professional stopwatch from
the first contact of the tip to the root-end to the last passage of the retropreparation (HS-
80TW-1EF, Casio, Shibuya, Japan).

These data were then elaborated separately for roots with one single canal and roots
with two canals.

2.9. Statistical Analysis

Average mean crack between the assessors (as ordinal data) was calculated for both
the PRE and POST time points and used to assess the significance of the difference between
the time points by means of the Mann–Whitney U-test. Inter-rater repeatability was
evaluated using the percentage of agreement and by both unweighted and linear-weighted
kappa coefficients presented as mean (95% CI). The kappa coefficient ranges from 0 for no
agreement to 1 for perfect agreement. The following standards for strength of agreement
for the coefficient have been proposed: 0.01–0.20, slight; 0.21–0.40, fair; 0.41–0.60, moderate;
0.61–0.80, substantial; and >0.80 almost perfect [2]. Crack type was scored as follows:
intracanal (1); intradentinal (2); extracanal (3) and communicating (4). Wilcoxon paired
signed-rank test assessed the significance of the difference in the crack type between the
‘pre’ and ‘post’ root-end preparation. A p value less than 0.05 was used for the rejection of
the null hypothesis.

3. Results
3.1. Examiners’ Agreement

Overall median (25th; 75th percentile) of the crack modality was 1.0 (0–3.0) and 2.3
(0–4.0) at the PRE and POST time points, respectively. The difference between the time
points was not significant (p = 0.258 Mann–Whitney; p = 0.136 Wilcoxon).

The overall percentage of agreement between the raters was 72.7% (32 cases out of
44) for both the PRE and POST time point assessments, respectively (Table 1). For the PRE
time point, unweighted and weighted kappa coefficients were 0.639 (0.466–0.811) and 0.700
(0.533–0.868), respectively. For the POST time point, unweighted and weighted kappa
coefficients were 0.610 (0.437–0.783) and 0.741 (0.599–0.884), respectively.

Table 1. Crosstabulation of the different crack modalities between the assessors according to the
time points.

Time
Point Assessor FB

Assessor AR

None Intracanal Intradentinal Extracanal Communicating

Pre

None 12 1 0 0 0
Intracanal 2 8 0 0 2

Intradentinal 0 0 2 1 1
Extracanal 0 0 0 3 1

Communicating 0 3 0 1 7

Post

None 13 2 0 0 0
Intracanal 1 4 0 2 2

Intradentinal 0 0 0 0 2
Extracanal 0 2 0 1 2

Communicating 0 1 0 0 14
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3.2. Crack Presence and Evaluation

Of the 43 prepared roots, 34 were not affected by resection of the apex, while 9 roots
showed the presence of cracks, namely 4 intracanal cracks, 2 intradentin cracks, 2 extracanal
cracks and 1 communicating crack. After retropreparation, none of the sound roots showed
newly formed cracks, while one intracanal crack was eliminated during retropreparation.
The only communicating crack was unvaried after retropreparation. All the other cracks
(i.e., 3 intracanal, 2 extracanal, 2 intradentin) turned into communicating cracks. Analysis
of pre- and post-treatment crack type variation was reported in Table 2.

Table 2. Pre- and post-treatment crack type variation analyzed by Wilcoxon paired signed rank test.

Crack Type Mean ± SD Diff. *

Pre 0.42 ± 0.96
<0.05; S *Post 0.74 ± 1.57

* Diff.—significance of the difference; S—statistically significant.

3.3. Quality of the Retrograde Cavity

There was a total of 31 roots showing ideal preparation (0); 3 roots showing microchip-
ping, ragged margin (2); 5 roots showing chipping (3); and 4 roots showing imprint (1)
(Figures 1 and 2).
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Figure 1. (a) Preoperative view of a single canal root; (b) Postoperative view of canal (a), absence of
cracks; (c) Preoperative view of a mesial root; (d) Postoperative view of (c), note the precision of the
preparation; (e) Preoperative view of a single canal root with the presence of cracks; (f) Postoperative
view of (e), note the development of the crack.
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3.4. Working Time

The working time was registered for the entire time for preparation of all specimens
(total time 01:21:31). Mean root-end preparation time was 114.00 ± 69.32 seconds. In Table 3
are reported the data for single canals and double canals.

Table 3. Time evaluation.

Minutes Seconds

mean 01:54 113.74
SD 01:09 69.32

mode 01:32 92.00
median 01:33 93.00

sd single canal 01:08 67.61
mode single canal 01:32 92.00

median single canal 01:32 93.00
mean double canal 02:23 142.6

sd single double canal 01:09 69.28
mode double canal N/A * N/A *

median double canal 02:44 164.00
* N/A—not applicable.

3.5. SEM Evaluation of the Tips

Surface modifications of the R1D tips after 11 root-end preparations were minimal.
Slight rounding of the diamond crystal edges was found, and very few crystals were lost
during instrumentation (Figure 3). No relevant difference was found based on the working
time of each tip. Tip 1 was used for 27 min 23 s, tip 2 for 18 min 58 s, tip 3 for 15 min 8 s,
and tip 4 for 20 min 2 s.
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number of diamonds compared to (a).

4. Discussion

The clinical outcomes of endodontic surgery have greatly improved in recent years,
thanks to the adoption of microsurgical instruments, which have made management of the
apical third [2,3,23] more efficient. To date, it is unknown if root-end alterations induced by
retro-tips could affect the short and long-term clinical outcome, but any approach aimed at
minimizing adverse effects (e.g., cracks) should be considered [22].

The present in vitro study was performed on human teeth extracted for periodontal
reasons. Some teeth presented cracks prior to the root-end preparation, which could have
been present prior to extraction or may have occurred during the extraction maneuvers or
during the shaping procedures [18,24]. In fact, in vitro preparation may cause cracks more
often than in vivo because of the shock-absorbing capacity of the periodontal ligament
and because of the dehydration occurring during the shaping procedure [7,25]. In the
present study, cracks were visible after root resection, while no cracks developed during
ultrasonic root-end preparation. This result is in contrast to the supposed augmented risk
of developing cracks upon ultrasonic root-end instrumentation. On the other hand, 77.8%
(seven out of nine) of the present cracks were found to have worsened after preparation of
the retrograde cavity. These results suggest that intact roots are at low risk of developing
a crack. Existing cracks may extend or change in morphology.

Few studies have investigated the different types of cracks produced after root-end
preparation with ultrasonic retro-tips [24–26]. Rainwater et al. [24] found no significant
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difference in prevalence and type of crack when comparing a stainless-steel and a diamond
retro-tip, the ultrasonic device set at low power. Beling et al. [26] found intradentinal and
incomplete cracks after root-end preparation using a stainless-steel retro-tip, the ultrasonic
device set at low power.

Margin quality of the retrograde cavities does not seem to be affected by the power
setting and the oscillations of the piezoelectric device, in agreement with other stud-
ies [10,27–29]. Moreover, tips were changed every 11 preparations to standardize the ap-
proach, but the operator did not notice a decrease in cutting efficacy, as verified upon SEM
examination of the used tips which did not show significant signs of surface wear [30–33].

5. Conclusions

The present study showed encouraging results in retro-preparation performed with
W&H Piezomed (W&H, Bürmoos, Austria). Although ultrasound root-end preparation
did not cause any cracks, it seems that existing cracks might expand upon ultrasonic
instrumentation [34].
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Abstract: Background: There has been an increase in demand for orthodontic treatment within the
adult population, who likely receive restorative treatments using ceramic structures. The current
state of the art regarding the most effective method to achieve an appropriate bond strength of
brackets on ceramic surfaces isn’t consensual. This systematic review aims to compare the available
surface treatments to ceramics and determine the one that allows to obtain the best bond strength.
Methods: This systematic review followed the PRISMA guidelines and the PICO methodology was
used, with the question “What is the most effective technique for bonding brackets on ceramic crowns
or veneers?”. The research was carried out in PubMed, Web of Science, Embase and Cochrane Library
databases. In vitro and ex vivo studies were included. The methodological quality was evaluated
using the guidelines for reporting of preclinical studies on dental materials by Faggion Jr. Results:
A total of 655 articles searched in various databases were initially scrutinized. Sevety one articles
were chosen for quality analysis. The risk of bias was considered medium to high in most studies.
The use of hydrofluoric acid (HF), silane and laser afforded the overall best results. HF and HF plus
laser achieved significantly highest bond strength scores in felsdphatic porcelain, while laser was the
best treatment in lithium disilicate ceramics. Conclusions: The most effective technique for bonding
brackets on ceramic is dependent on the type of ceramic.

Keywords: adhesion; bonding; dental porcelain; glass ceramics; orthodontic bracket; shear strength

1. Introduction

In recent years there has been an increase in demand for orthodontic treatment within
the adult population. As of 2015, according to the American Association of Orthodontics,
the demand within this age group has doubled over a four year period and this number
is set to increase further in the future [1]. This can be attributed not only to evergrowing
aesthetic concerns [2] but also to the expeditious evolution of orthodontic techniques [1].
In this age group, there is a high likelihood that an orthodontist will encounter complex
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restorative treatments using ceramic structures [1–3] due to their numerous advantages,
namely biocompatibility, excellent aesthetics, reduced bacterial plaque accumulation, low
thermal expansion, resistance to abrasion or fracture along with colour stability [4–7]. The
most used ceramic used in dental practices are feldsphatic, lithium and zirconia [4,8].

Nonetheless, these types of restorations can reveal themselves quite complex for
orthodontists, since achieving a reasonable bond strength on ceramic surfaces is challenging
due to the presence of a glaze layer that hinders the adhesion process [7–10]. This is evident
in the clinical practice as well with some studies having reported bracket adhesion failure
rates on ceramic surfaces of around 9.8% after two years [7]. Consequently, orthodontists
may encounter difficulties in achieving an optimal adhesion force on ceramic surfaces that
is not only effective but also harmless [3,7], that is, an adhesion force that is resistant to
orthodontic and masticatory forces while also retaining the function and aesthetics that are
provided by this type of restoration after bracket debonding [3,7,10,11]. Recurrent bracket
debonding reduces the success of orthodontic treatment, as it creates adverse consequences
in terms of appliance efficiency, cost, treatment duration and patient’s comfort which can
all be avoided by achieving adequate adhesion [4,10,12].

As a response to the referred difficulties, different conditioning methods of ceramic
surfaces have emerged, whether they are mechanical, chemical or a combination of both,
these are applied to change the ceramics’ properties and increase bonding strength [9,13].
Mechanical methods like sandblasting with aluminium oxide, the use of diamond burs and
laser irradiation help produce micromechanical retentions. As for chemical methods, which
are used to establish a porous surface on the ceramic, the most commonly used products
include phosphoric acid (PhA), hydrofluoric acid (HF), silane and, as of recently, universal
adhesives [1,4,8–10,13–15].

However, it is not only the ceramic surface treatment method that influences the bond
strength, factors such as ceramic type, bracket material and design, light curing source,
adhesive system properties and clinician’s experience are as equally important when trying
to achieve the best results [4,7,8,13,15].

According to the current available literature, the most commonly used protocol for
ceramic surface treatment starts with an oxide aluminium sandblasting, followed by condi-
tioning with hydrofluoric acid, application of silane, and lastly the placement of bonding
resin [10,16]. Despite being a highly successful technique in terms of adhesion strength,
this protocol also presents itself with a few handicaps. This sequence is not only long and
complex, but the use of hydrofluoric acid requires a very careful application due to its high
corrosiveness, meaning that in the sequence of a direct contact it can lead to soft tissue
necrosis [2,9,16,17].

The current state of the art isn’t consensual regarding the most effective and safest
method to achieve a reasonable bond strength of brackets on ceramic surfaces. Several
studies were performed with different ceramic types and used different surface treatment
protocols. As such, it becomes necessary to gather and evaluate all the scientific information
presently available to determine the best protocol.

2. Materials and Methods

This systematic review was drawn up in accordance with the Preferring Items for
Systematic and Meta-Analyses and Meta-Analyses (PRISMA) guidelines and was registered
in PROSPERO with the ID 282131 number. The Population, Intervention, Comparison and
Outcome (PICO) question is outlined in Table 1.

Table 1. The PICO question.

Population Ceramic subtracts (crowns, veneers) . . .

Intervention Adhesion Techniques . . .

Comparison Diverse techniques (fluoride acid, sand blasting, adhesive, silane) . . . .

Outcome Which is the most effective . . . .
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PICO question: What is the most effective technique for bonding brackets on ceramic
crowns or veneers?

The literature search was carried out in several databases, namely PubMed (www.
ncbi.nlm.nih.gov/pubmed), Web of Science Core Collection (webofknowledge.com/WOS),
Cochrane Library (www.cochranelibrary.com), and EMBASE (www.embase.com).

The last search was performed on 1 September 2021. The search formula for was
the following: (bracket * OR ‘brace’/exp OR brace OR ‘orthodontic bracket’/exp OR
‘orthodontic bracket’ OR ‘orthodontic device’/exp OR ‘orthodontic device’) AND (‘dental
porcelain’/exp OR ‘dental porcelain’ OR porcelain * OR ‘glass ceramics’/exp OR ‘glass
ceramics’) AND (‘shear strength’/exp OR ‘shear strength’ OR ‘dental bonding’/exp OR
‘dental bonding’ OR ‘adhesion’/exp OR adhesion OR bond *). The same formula was
applied was applied to the other databases. Articles published from 2011 to 2021 in English,
Portuguese, and Spanish were searched.

Four independent reviewers scrutinized the studies, in accordance with defined in-
clusion criteria: in vitro or ex vivo studies evaluating the shear bond strength of brackets
to ceramic substrate. There were included metallic, polycarbonate, sapphire, zirconia and
ceramic brackets. Excluded criteria were all subtracts that differ from ceramic such as gold,
amalgam, other metallic alloy, resins and polycarbonate/polycarboxylate; ex-vivo studies
with enamel surfaces, polymerization techniques studies and surface characteristics studies.

Three external elements were consulted in case of doubt or in the absence of consensus.
For each study the following information was extracted: author and date, study design,
adhesion technique type (type, time, clinical application), porcelain type, sample size, test
group and control group, bracket type, intervention test, results, and main conclusions.

Two reviewers independently assessed the methodological quality of included studies.
In the case of discrepancies, a third reviewer was consulted. The methodological quality
was checked using the guidelines for reporting of preclinical studies on dental materials by
Faggion Jr. [18].

Statistical Analysis

Studies were polled by surface treatment and porcelain type (either feldspathic or
lithium disilicate). For each porcelain, treatments were compared using an ANOVA with
post-hoc comparisons through the Mann-Whitney test with Bonferroni correction. To
perform the comparisons, the sample variability was computed for each study considering
the pool of studies which have analyzed the same treatment, and study weights were
computed as a percentage of the total sample variance.

The IBM SPSS Statistics for Windows, Version 27.0 (IBM Corp.: Armonk, NY, USA)
was used to perform the statistical analysis.

The synthetic measure based on weighted means for each treatment, as well as its
variance, were used to plot the confidence intervals on a descriptive forest plot, using Excel
(Microsoft Corporation, Redmond, WA, USA) and a bubble plot.

3. Results

The search results and the initial number of abstracts selected according to the selection
criteria from the various databases are provided in Figure 1. From the 655 studies collected
from all the databases based on their title and abstract, 90 studies were screened by title
and abstract. 71 articles satisfied the final selection criteria and were included in the present
systematic review and meta-analysis. Figure 1 presents the PRISMA flow of the article
selection process.
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Figure 1. PRISMA flow diagram of studies selection.

The results are described in detail in Table 2. The sample size (n) ranged from 8 to 960,
obtaining a total sample of n = 7246. The final selection of studies was 64 in vitro, 5 ex vivo
e 2 in vitro/ex vivo, from 2011 to 2021.

All the articles evaluated various methods of conditioning the ceramic surface to obtain
an adequate bond strength when bonding brackets. The types of adhesion technique mostly
present in the included articles are application of orthophosphoric acid or hydrofluoric acid
in various concentrations, silane application, sandblasting/air abrasion with aluminum
oxide or silicon dioxide, diamond bur roughening, single bond universal adhesive and the
application of different types of lasers such as Er:YAG laser, CO2 laser, Er:CrYSGG laser,
Nd:YAG laser, Cr:YSGG laser, FS laser.

All types of porcelain (feldsphatic, lithium dissilicate glass ceramic, leucite reinforced
glass ceramic, monolithic zirconia, hybrid porcelain, silica-based ceramic, lithium dissilicate-
reinforced ceramic, fluoroapatite-leucite glass-ceramic, fluoroapatite, and leucite-reinforced
ceramic, glazed ceramic porcelain fused to metal) were studied.

Regarding the type of brackets, metallic, ceramic, polycarbonate, sapphire, and zirco-
nia brackets were included.

All articles used shear bond test for the application of force, except for one study that
used tensile strength test [19] and another one that used the adhesion strength test [20].

3.1. Risk of Bias

The results of the quality assessment of the in vitro studies included are reported in
Figure 2.
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ff

er
en

ce
in

SB
ST

(p
<

0.
05

).
M

or
eo

ve
r,

th
e

st
at

is
ti

ca
l

di
ff

er
en

ce
in

SB
ST

ex
is

ts
be

tw
ee

n
G

2
an

d
G

5
(p

<
0.

05
),

G
3

an
d

G
5

(p
<

0.
05

).

Th
e

ex
cl

us
iv

e
us

e
of

H
F

ac
id

,o
r

Er
:Y

A
G

la
se

r
co

ul
d

no
ta

ch
ie

ve
su

ffi
ci

en
tb

ra
ck

et
in

g
bo

nd
in

g
st

re
ng

th
.

T
he

bo
nd

in
g

st
re

ng
th

of
co

m
bi

na
ti

on
st

ra
te

gy
of

25
0

m
J,

20
H

z
Er

:Y
A

G
la

se
r

an
d

H
F

ac
id

on
po

rc
el

ai
n

re
st

or
at

io
n

su
rf

ac
e

ca
n

be
sa

ti
sfi

ed
fo

r
or

th
od

on
ti

c
br

ac
ke

t
bo

nd
in

g.
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A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

A
hr

ar
ie

ta
l.,

20
13

[2
9]

In
vi

tr
o

G
1,

G
2,

G
3:

C
O

2
la

se
r

fo
r

10
s

a
si

la
ne

co
up

lin
g

ag
en

t
w

as
ap

pl
ie

d
be

fo
re

br
ac

ke
t

bo
nd

in
g;

G
4:

9.
6%

hy
dr

ofl
uo

ri
c

H
F

ac
id

ge
l

w
as

us
ed

fo
r

2
m

in
.

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
80

Fo
ur

gr
ou

ps
of

20
:

th
e

sp
ec

im
en

s
in

G
1

to
G

3
w

er
e

tr
ea

te
d

w
it

h
a

fr
ac

ti
on

al
C

O
2

la
se

r
fo

r
10

s
us

in
g

10
m

Jo
fe

ne
rg

y,
fr

eq
ue

nc
y

of
20

0
H

hz
an

d
po

w
er

s
of

10
W

(G
1)

,1
5

W
(G

2)
an

d
20

W
(G

3)
.I

n
G

4:
a

9.
6%

hy
dr

ofl
uo

ri
c

H
F

ac
id

ge
lw

as
us

ed
fo

r
2

m
in

.

N
R

N
R

SB
ST

D
eg

la
zi

ng
ca

us
ed

si
gn

ifi
ca

nt
in

cr
ea

se
in

SB
ST

of
la

se
r

tr
ea

te
d

po
rc

el
ai

n
su

rf
ac

es
(p

<
0.

05
bu

th
ad

no
si

gn
ifi

ca
nt

ef
fe

ct
on

SB
ST

w
he

n
H

F
ac

id
w

as
us

ed
fo

r
et

ch
in

g
(p

<
0.

13
7)

.A
N

O
VA

re
ve

al
ed

no
si

gn
ifi

ca
nt

di
ff

er
en

ce
in

SB
ST

va
lu

es
of

th
e

st
ud

y
gr

ou
ps

w
he

n
gl

az
ed

su
rf

ac
es

w
er

e
co

m
pa

re
d

(p
<

0.
26

9)
.

H
ow

ev
er

,a
si

gn
ifi

ca
nt

be
tw

ee
n

gr
ou

p
di

ff
er

en
ce

w
as

fo
un

d
am

on
g

th
e

de
gl

az
ed

sp
ec

im
en

s
(p

<
0.

00
1)

.T
uk

ey
te

st
re

ve
al

ed
th

at
th

e
bo

nd
st

re
ng

th
s

of
10

W
an

d
15

W
la

se
r

gr
ou

ps
w

er
e

si
gn

ifi
ca

nt
ly

hi
gh

er
th

an
th

at
of

th
e

H
F

ac
id

gr
ou

p
(p

<
0.

05
).

A
pp

lic
at

io
n

of
9.

6%
hy

dr
ofl

uo
ri

c
ac

id
pr

od
uc

ed
bo

nd
st

re
ng

th
va

lu
es

th
at

su
rp

as
se

d
th

e
m

in
im

um
st

re
ng

th
re

qu
ir

ed
in

cl
in

ic
al

co
nd

it
io

ns
,e

it
he

r
us

ed
on

gl
az

ed
or

de
gl

az
ed

po
rc

el
ai

n;
du

e
to

th
e

si
gn

ifi
ca

nt
ly

hi
gh

er
bo

nd
st

re
ng

th
,p

or
ce

la
in

tr
ea

tm
en

tw
it

h
a

fr
ac

ti
on

al
C

O
2

la
se

r
co

ul
d

be
re

co
m

m
en

de
d

as
a

su
it

ab
le

al
te

rn
at

iv
e

te
ch

ni
qu

e
to

H
F

ac
id

fo
r

bo
nd

in
g

or
th

od
on

ti
c

br
ac

ke
ts

to
de

gl
az

ed
fe

ld
sp

at
hi

c
po

rc
el

ai
n.

M
ir

ha
sh

em
ie

ta
l.,

20
18

[3
0]

In
vi

tr
o

G
1:

9%
H

F
fo

r
2

m
in

;
G

2:
et

ch
in

g
w

it
h

th
e

9%
H

F
fo

r
2

m
in

fo
llo

w
ed

by
ir

ra
di

at
io

n
w

it
h

th
e

Er
:C

rY
SG

G
la

se
r

fo
r

10
s;

G
3:

et
ch

in
g

w
it

h
th

e
9%

H
F

fo
r

2
m

in
fo

llo
w

ed
by

ir
ra

di
at

io
n

w
it

h
th

e
Er

:Y
A

G
la

se
r

fo
r

10
s;

G
4:

ir
ra

di
at

io
n

w
it

h
th

e
Er

:C
rY

SG
G

la
se

r
fo

r
10

s
w

it
ho

ut
ac

id
et

ch
in

g;
G

5:
ir

ra
di

at
io

n
w

it
h

th
e

Er
:Y

A
G

la
se

r

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
60

60
sp

ec
im

en
s

of
m

ax
ill

ar
y

in
ci

so
r

cr
ow

n
w

er
e

pr
ep

ar
ed

an
d

ra
nd

om
ly

as
si

gn
ed

to
fiv

e
gr

ou
ps

:
G

1:
et

ch
in

g
w

it
h

th
e

9%
H

F.
G

2:
et

ch
in

g
w

it
h

th
e

9%
H

F
+

Er
:C

rY
SG

G
la

se
r;

G
3:

et
ch

in
g

w
it

h
th

e
9%

H
F

+
Er

:Y
A

G
la

se
r;

G
4:

Er
:C

rY
SG

G
la

se
r

G
5:

Er
:Y

A
G

la
se

r

N
R

M
et

al
lic

SB
ST

Th
e

av
er

ag
e

SB
ST

[m
ea

n
±

SD
)]

va
lu

es
in

th
e

fiv
e

gr
ou

ps
w

er
e

as
fo

llo
w

s:
H

F
(3

2.
58

±
9.

21
M

Pa
),

Er
:C

rY
SG

G
+

H
F

(2
7.

81
±

7.
66

M
Pa

),
Er

:Y
A

G
+

H
F

(2
3.

08
±

9.
55

M
Pa

),
Er

:C
rY

SG
G

(1
4.

11
±

9.
35

M
Pa

),
an

d
Er

:Y
A

G
(6

.3
0
±

3.
09

M
Pa

).
A

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
di

ff
er

en
ce

in
SB

ST
ex

is
te

d
be

tw
ee

n
th

e
fir

st
th

re
e

gr
ou

ps
an

d
th

e
tw

o
la

se
r

gr
ou

ps
(d

f=
4,

F
=

18
.5

55
,

p
<

0.
00

1)
.

Th
e

Er
:Y

A
G

la
se

r
w

it
h

th
e

st
at

ed
sp

ec
ifi

ca
ti

on
s

is
no

ta
su

it
ab

le
al

te
rn

at
iv

e
to

H
F

et
ch

in
g.

In
th

e
ca

se
of

Er
:C

rY
SG

G
la

se
r,

al
th

ou
gh

th
e

co
nd

it
io

ni
ng

ou
tc

om
e

m
et

th
e

bo
nd

st
re

ng
th

re
qu

ir
em

en
tf

or
or

th
od

on
ti

c
br

ac
ke

ts
(t

ha
t

is
,6

–8
M

Pa
).

T
he

re
fo

re
,

th
e

bo
nd

st
re

ng
th

m
us

t
be

fu
rt

he
r

im
pr

ov
ed

by
fin

e-
tu

ni
ng

th
e

ir
ra

di
at

io
n

de
ta

ils
.
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y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
l

A
pp

li
ca

ti
on

)
Ty

pe
of

Po
rc

el
ai

n
Sa

m
pl

e
Si

ze
(n

)
Te

st
G

ro
up

C
on

tr
ol

G
ro

up
B

ra
ck

et
Ty

pe
In

te
rv

en
ti

on
Te

st
R

es
ul

ts
C

on
cl

us
io

ns

A
la

vi
et

al
.,

20
21

[1
6]

In
vi

tr
o

G
1:

9.
6%

hy
dr

ofl
uo

ri
c

ac
id

H
F;

G
2:

ne
od

ym
iu

m
-d

op
ed

yt
tr

iu
m

al
um

in
iu

m
ga

rn
et

(N
d:

YA
G

)l
as

er
;

G
3:

ca
rb

on
di

ox
id

e
(C

O
2)

la
se

r;
Th

e
gl

as
s

ce
ra

m
ic

su
rf

ac
es

w
er

e
pr

im
ed

w
it

h
a

si
la

ne
,

an
d

th
e

br
ac

ke
ts

w
er

e
bo

nd
ed

us
in

g
a

lig
ht

-c
ur

ed
co

m
po

si
te

re
si

n.

lit
hi

um
di

si
lic

at
e–

re
in

fo
rc

ed
ce

ra
m

ic
36

36
lit

hi
um

di
si

lic
at

e
ce

ra
m

ic
bl

oc
ks

w
er

e
as

si
gn

ed
to

th
re

e
gr

ou
ps

(n
=

12
):

G
1:

9.
6%

H
F;

G
2:

ne
od

ym
iu

m
-d

op
ed

yt
tr

iu
m

al
um

in
iu

m
ga

rn
et

(N
d:

YA
G

)l
as

er
;

G
3:

ca
rb

on
di

ox
id

e
(C

O
2)

la
se

r

N
R

M
et

al
lic

SB
ST

T
he

m
ed

ia
n

an
d

in
te

rq
ua

rt
ile

ra
ng

e
of

SB
ST

va
lu

es
in

th
re

e
gr

ou
ps

w
er

e
6.

48
(1

.5
6–

15
.1

8)
,

1.
26

(0
.8

3–
1.

67
),

an
d

0.
99

M
Pa

(0
.7

0–
2.

10
),

re
sp

ec
ti

ve
ly

.

N
ei

th
er

C
O

2
no

r
N

d:
YA

G
la

se
rs

re
su

lt
ed

in
ad

eq
ua

te
su

rf
ac

e
ch

an
ge

s
fo

r
bo

nd
in

g
of

br
ac

ke
ts

on
ce

ra
m

ic
s

co
m

pa
re

d
w

it
h

th
e

sa
m

pl
es

co
nd

it
io

ne
d

w
it

h
H

F.

G
ir

is
h

et
al

.,
20

12
[3

1]

G
2:

Bu
r

fo
r

10
s;

G
3:

hy
dr

ofl
uo

ri
c

ac
id

H
F;

G
4:

sa
nd

bl
as

ti
ng

fo
r

10
s;

G
5:

bu
r

fo
r

10
s

+
si

la
ne

;
G

6:
H

yd
ro

flu
or

ic
ac

id
+

si
la

ne
;

G
7:

sa
nd

bl
as

ti
ng

+
si

la
ne

N
R

70

G
2:

bu
r;

G
3:

hy
dr

ofl
uo

ri
c

ac
id

H
F;

G
4:

sa
nd

bl
as

ti
ng

;
G

5:
bu

rr
+s

ila
ne

;
G

6:
hy

dr
ofl

uo
ri

c
ac

id
H

F
+

si
la

ne
;

G
7:

sa
nd

bl
as

ti
ng

+
si

la
ne

.

G
1-

un
tr

ea
te

d
su

rf
ac

e
(n

=
10

)

M
et

al
lic

SB
ST

Sa
nd

bl
as

ti
ng

w
it

h
si

la
ne

pr
od

uc
ed

th
e

hi
gh

es
tS

BS
T

am
on

g
al

lt
he

gr
ou

ps
an

d
sh

ow
ed

a
m

ea
n

va
lu

e
of

15
.1

8
M

Pa
.T

he
w

ea
ke

st
SB

ST
w

as
se

en
in

th
e

co
nt

ro
lg

ro
up

w
it

h
a

m
ea

n
of

1.
57

M
Pa

.T
he

st
at

is
ti

ca
lr

es
ul

ts
sh

ow
ed

th
at

th
er

e
w

as
a

si
gn

ifi
ca

nt
di

ff
er

en
ce

be
tw

ee
n

al
lt

he
gr

ou
ps

.

Sa
nd

bl
as

ti
ng

w
it

h
si

la
ne

co
m

bi
na

ti
on

pr
od

uc
ed

th
e

hi
gh

es
tS

BS
T,

so
it

is
a

cl
in

ic
al

ly
su

it
ab

le
m

et
ho

d
fo

r
bo

nd
in

g
or

th
od

on
ti

c
m

et
al

br
ac

ke
ts

on
to

ce
ra

m
ic

su
rf

ac
e.

Ji
-Y

eo
n

Le
e

et
al

.,
20

15
[3

2]
In

vi
tr

o

G
0:

N
o-

pr
im

er
(n

p)
;

G
1:

po
rc

el
ai

n
co

nd
it

io
ne

r
(p

c)
;

G
2:

z-
pr

im
e

pl
us

(z
p)

;
G

3:
m

on
ob

on
d

pl
us

(m
p)

;
G

4:
zi

rc
on

ia
lin

er
pr

em
iu

m
(z

l)

Z
ir

co
ni

a
10

0

Fo
ur

pr
im

er
gr

ou
ps

(n
=

20
pe

r
gr

ou
p)

,a
nd

ea
ch

pr
im

er
w

as
di

vi
de

d
in

to
tw

o
su

bg
ro

up
s

(n
=

10
ea

ch
)

to
ex

am
in

e
by

th
er

m
oc

yc
lin

g
pr

ot
oc

ol
s.

1
co

nt
ro

l
gr

ou
p

(n
p)

(n
=

20
)

M
et

al
lic

SB
ST

Th
e

SB
ST

of
al

le
xp

er
im

en
ta

l
gr

ou
ps

de
cr

ea
se

d
af

te
r

th
er

m
oc

yc
lin

g.
Be

fo
re

th
er

m
oc

yc
lin

g,
th

e
SB

ST
w

as
G

4,
G

2
≥

G
3
≥

G
1

>
G

0
bu

t
af

te
r

th
er

m
oc

yc
lin

g,
th

e
SB

ST
w

as
G

4
≥

G
3
≥

G
2

>
G

1
=

G
0

(p
>

0.
05

).

Su
rf

ac
e

tr
ea

tm
en

tw
it

h
a

zi
rc

on
ia

pr
im

er
in

cr
ea

se
s

th
e

SB
ST

re
la

ti
ve

to
no

-p
ri

m
er

or
si

la
ne

pr
im

er
ap

pl
ic

at
io

n
be

tw
ee

n
or

th
od

on
ti

c
br

ac
ke

ts
an

d
zi

rc
on

ia
pr

os
th

es
es

.

Ih
sa

n
et

al
.,

20
19

[3
3]

In
vi

tr
o

G
1:

tr
an

sb
on

dt
m

X
T

pr
im

er
;

G
2:

si
ng

le
bo

nd
un

iv
er

sa
l

ad
he

si
ve

fo
r

20
s,

an
d

al
so

ai
r

dr
ie

d
fo

r
5

s,
an

d
th

en
lig

ht
cu

re
d

fo
r

10
s;

G
3:

th
er

ac
em

,w
as

do
ne

in
th

e
sa

m
e

w
ay

as
de

sc
ri

be
d

w
it

h
th

e
pr

ev
io

us
gr

ou
ps

ex
ce

pt
th

at
no

pr
im

in
g

or
bo

nd
in

g
ag

en
tt

o
th

e
zi

rc
on

ia
su

rf
ac

es
w

as
ne

ed
ed

ac
co

rd
in

g
to

m
an

uf
ac

tu
re

r
in

st
ru

ct
io

ns
.

Z
ir

co
ni

a
30

Si
ng

le
bo

nd
un

iv
er

sa
l

ad
he

si
ve

gr
ou

p
(n

=
10

);
Th

er
ac

em
gr

ou
p

(n
=

10
).

G
1:

co
nt

ro
l

gr
ou

p
(n

=
10

)
M

et
al

lic
SB

ST

T
he

hi
gh

es
tv

al
ue

of
th

e
m

ea
n

sh
ea

r
bo

nd
st

re
ng

th
w

as
in

G
2

(1
6.

29
9
±

2.
20

1
M

Pa
),

fo
llo

w
ed

by
th

at
of

G
3

(1
5.

37
3
±

1.
57

5
M

Pa
),

w
hi

le
th

e
G

1
ha

d
th

e
lo

w
es

tv
al

ue
(5

.3
37

±
1.

27
4

M
Pa

).
A

N
O

VA
sh

ow
ed

th
at

th
er

e
w

as
a

st
at

is
ti

ca
lly

hi
gh

ly
si

gn
ifi

ca
nt

di
ff

er
en

ce
(p

≤
0.

01
)a

m
on

g
th

e
m

ea
n

va
lu

es
of

th
e

sh
ea

r
bo

nd
st

re
ng

th
of

al
lg

ro
up

s.

Th
e

tw
o

ty
pe

s
of

10
-m

dp
-c

on
ta

in
in

g
ad

he
si

ve
sy

st
em

s
pr

ov
id

e
go

od
va

lu
e

of
sh

ea
r

bo
nd

st
re

ng
th

fo
r

bu
cc

al
tu

be
s

bo
nd

ed
to

zi
rc

on
ia

su
rf

ac
e,

ho
w

ev
er

,s
in

gl
e

bo
nd

un
iv

er
sa

l
ad

he
si

ve
/c

om
po

si
te

re
si

n
is

th
e

be
st

.

184



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

M
eh

m
et

ie
ta

l.,
20

19
[8

]
In

vi
tr

o

Tw
o

di
ff

er
en

te
tc

hi
ng

m
at

er
ia

ls
w

er
e

us
ed

fo
r

co
nd

it
io

ni
ng

of
th

e
su

rf
ac

e
of

ce
ra

m
ic

cr
ow

ns
:5

%
H

F
an

d
37

%
H

3P
O

4
fo

r
12

0
s,

an
d

su
bs

eq
ue

nt
ly

si
la

ne
.

Z
ir

co
ni

a
an

d
lit

hi
um

-d
is

ili
ca

te
ce

ra
m

ic
s

96
(a

ll-
ce

ra
m

ic
cr

ow
ns

,
of

w
hi

ch
48

fu
ll

co
nt

ou
r

zi
rc

on
ia

an
d

48
lit

hi
um

di
si

lic
at

e)

Ei
gh

tg
ro

up
s:

G
1:

M
et

al
lic

br
ac

ke
t

bo
nd

ed
to

zi
rc

on
ia

su
rf

ac
e

et
ch

ed
w

it
h

H
3P

O
4;

G
2:

M
et

al
lic

br
ac

ke
t

bo
nd

ed
to

zi
rc

on
ia

su
rf

ac
e

et
ch

ed
w

it
h

H
F;

G
3:

C
er

am
ic

br
ac

ke
tb

on
de

d
to

zi
rc

on
ia

su
rf

ac
e

et
ch

ed
w

it
h

H
3P

O
4;

G
4:

C
er

am
ic

br
ac

ke
t

bo
nd

ed
to

zi
rc

on
ia

su
rf

ac
e

et
ch

ed
w

it
h

H
F;

G
5:

M
et

al
lic

br
ac

ke
t

bo
nd

ed
to

lit
hi

um
di

si
lic

at
e

su
rf

ac
e

et
ch

ed
w

it
h

H
3P

O
4;

G
6:

M
et

al
lic

br
ac

ke
tb

on
de

d
to

lit
hi

um
di

si
lic

at
e

su
rf

ac
e

et
ch

ed
w

it
h

H
F;

G
7:

C
er

am
ic

br
ac

ke
t

bo
nd

ed
to

lit
hi

um
di

si
lic

at
e

su
rf

ac
e

et
ch

ed
w

it
h

H
3P

O
4;

G
8:

C
er

am
ic

br
ac

ke
t

bo
nd

ed
to

lit
hi

um
di

si
lic

at
e

su
rf

ac
e

et
ch

ed
w

it
h

H
F.

N
R

C
er

am
ic

an
d

m
et

al
lic

or
th

od
on

ti
c

br
ac

ke
ts

SB
ST

Li
th

iu
m

-d
is

ili
ca

te
sh

ow
ed

be
tt

er
bo

nd
st

re
ng

th
in

al
m

os
ta

ll
gr

ou
ps

.H
ow

ev
er

,
no

si
gn

ifi
ca

nt
di

ff
er

en
ce

be
tw

ee
n

th
e

gr
ou

ps
w

as
no

ti
ce

d
an

d
no

ne
of

th
e

fa
ct

or
s

ha
d

a
si

gn
ifi

ca
nt

in
flu

en
ce

on
th

e
m

ea
n

va
lu

es
of

SB
ST

(p
>

0.
05

).

T
he

us
e

of
H

F
fo

r
su

rf
ac

e
et

ch
in

g
of

zi
rc

on
ia

an
d

lit
hi

um
-d

is
ili

ca
te

,d
oe

s
no

tc
au

se
a

si
gn

ifi
ca

nt
in

cr
ea

se
in

th
e

SB
ST

va
lu

es
as

co
m

pa
re

d
to

et
ch

in
g

w
it

h
H

3P
O

4
an

d
si

la
ne

ap
pl

ic
at

io
n.

C
os

ta
et

al
.,

20
12

[3
4]

In
vi

tr
o

G
1

an
d

G
2:

10
%

hy
dr

ofl
uo

ri
c

ac
id

ge
lf

or
20

s
w

it
h

or
w

it
ho

ut
si

la
ne

;
G

3
an

d
G

4:
10

%
hy

dr
ofl

uo
ri

c
ac

id
ge

lf
or

60
s

w
it

h
or

w
it

ho
ut

si
la

ne
.

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
8

G
1

an
d

G
2:

cy
lin

de
rs

w
er

e
et

ch
ed

us
in

g
10

%
hy

dr
ofl

uo
ri

c
ac

id
ge

lf
or

20
s

on
ly

(n
=

2)
an

d
10

%
hy

dr
ofl

uo
ri

c
ac

id
ge

lf
or

20
s

an
d

si
la

ne
(n

=
2)

;
G

3
an

d
G

4:
cy

lin
de

rs
w

er
e

et
ch

ed
us

in
g

10
%

hy
dr

ofl
uo

ri
c

ac
id

ge
lf

or
60

s
on

ly
(n

=
2)

an
d

10
%

hy
dr

ofl
uo

ri
c

ac
id

ge
lf

or
60

s
an

d
si

la
ne

(n
=

2)
.

N
R

M
et

al
lic

SB
ST

Si
la

ne
ap

pl
ic

at
io

n
in

cr
ea

se
d

bo
nd

st
re

ng
th

si
gn

ifi
ca

nt
ly

(p
<

0.
05

)c
om

pa
re

d
w

it
h

no
si

la
ne

ap
pl

ic
at

io
n;

th
e

bo
nd

in
g

m
at

er
ia

lt
ra

ns
bo

nd
X

T
pr

om
ot

ed
a

si
gn

ifi
ca

nt
ly

hi
gh

er
(p

<
0.

05
)s

he
ar

bo
nd

st
re

ng
th

th
an

fu
ji

or
th

o
lc

,
w

it
h

or
w

it
ho

ut
si

la
ne

ap
pl

ic
at

io
n

an
d

fo
r

bo
th

et
ch

in
g

ti
m

es
.T

he
sp

ec
im

en
s

et
ch

ed
fo

r
20

s
sh

ow
ed

si
gn

ifi
ca

nt
ly

lo
w

er
(p

<
0.

05
)s

he
ar

bo
nd

st
re

ng
th

s
th

an
th

os
e

et
ch

ed
fo

r
60

s,
fo

r
bo

th
bo

nd
in

g
m

at
er

ia
ls

.

Et
ch

in
g

ti
m

e
of

60
s,

ap
pl

ic
at

io
n

of
si

la
ne

an
d

tr
an

sb
on

d
X

T
re

si
n

si
gn

ifi
ca

nt
ly

im
pr

ov
ed

th
e

sh
ea

r
bo

nd
st

re
ng

th
of

br
ac

ke
ts

to
fe

ld
sp

at
hi

c
ce

ra
m

ic
s.

185



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

D
al

ai
e

et
al

.,
20

16
[3

5]
In

vi
tr

o
9%

hy
dr

ofl
uo

ri
c

ac
id

fo
r

2
m

in
an

d
si

la
ne

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
40

40
po

rc
el

ai
n-

fu
se

d-
to

-m
et

al
re

st
or

at
io

ns
an

d
fo

ur
di

ff
er

en
tb

ra
ck

et
ba

se
de

si
gn

s
w

er
e

bo
nd

ed
to

th
es

e
sp

ec
im

en
s

N
R

M
et

al
lic

an
d

ce
ra

m
ic

SB
ST

O
ne

-w
ay

A
N

O
VA

sh
ow

ed
th

at
th

e
SB

ST
va

lu
es

w
er

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
t

am
on

g
th

e
fo

ur
gr

ou
ps

(p
<

0.
00

1)
.G

ro
up

s
1,

2,
an

d
4

w
er

e
no

ts
ig

ni
fic

an
tl

y
di

ff
er

en
t,

bu
tg

ro
up

3
ha

d
si

gn
ifi

ca
nt

ly
lo

w
er

SB
ST

(p
<

0.
00

1)
.

Th
e

br
ac

ke
tb

as
e

de
si

gn
si

gn
ifi

ca
nt

ly
af

fe
ct

s
th

e
SB

ST
of

br
ac

ke
ts

to
fe

ld
sp

at
hi

c
po

rc
el

ai
n.

Ju
nt

av
ee

et
al

.,
20

20
[1

5]
In

vi
tr

o
9.

6%
H

F
fo

r
15

s

Fe
ld

sp
at

hi
c

ba
se

d
ce

ra
m

ic
;l

it
hi

um
di

si
lic

at
e

gl
as

s-
ce

ra
m

ic
;

flu
or

oa
pa

ti
te

-
le

uc
it

e
gl

as
s-

ce
ra

m
ic

;
BI

S-
G

M
A

,
BI

S-
EM

A
,

T
EG

D
M

A
73

–7
7%

si
la

na
te

d
qu

ar
tz

an
d

si
lic

a;
U

D
M

A
,

TE
G

D
M

A
,s

od
iu

m
flu

or
id

e,
85

%
fu

se
d

si
lic

a;
un

cu
re

d
m

et
ha

cr
yl

at
e

m
on

om
er

,i
ne

rt
m

at
er

ia
l

fil
le

rs
,f

us
ed

si
lic

a.

60

M
ac

hi
ne

d
ce

ra
m

ic
sp

ec
im

en
s

(1
0
×

10
×

2
m

m
)w

er
e

pr
ep

ar
ed

fr
om

vi
ta

bl
oc

s
m

ar
k

II
(v

it
a)

an
d

IP
S

e.
m

ax
®

C
A

D
(i

vo
cl

ar
).

La
ye

re
d

po
rc

el
ai

n
fu

se
d

to
m

et
al

w
as

us
ed

to
fa

br
ic

at
e

PF
M

sp
ec

im
en

s.
H

al
fo

f
sp

ec
im

en
s

(n
=

30
)w

er
e

et
ch

ed
.T

hr
ee

re
si

n
bo

nd
in

g
sy

st
em

s
w

er
e

us
ed

fo
r

at
ta

ch
in

g
m

et
al

br
ac

ke
ts

to
ea

ch
gr

ou
p

(n
=

10
):

tr
an

sb
on

d™
X

T
(3

m
),

lig
ht

bo
nd

™
(r

el
ia

nc
e)

,o
r

bl
ug

lo
o™

(O
rm

co
),

al
l

cu
re

d
w

it
h

LE
D

cu
ri

ng
un

it
.

C
on

tr
ol

gr
ou

p
(n

=
30

)s
pe

ci
m

en
s

no
ne

tc
he

d
M

et
al

lic
SB

ST

T
he

re
w

er
e

si
gn

ifi
ca

nt
ef

fe
ct

s
on

SB
ST

of
m

et
al

br
ac

ke
tt

o
th

e
ce

ra
m

ic
ve

ne
er

in
g

m
at

er
ia

ls
du

e
to

th
e

fa
ct

or
of

di
ff

er
en

tt
yp

es
of

ce
ra

m
ic

m
at

er
ia

ls
,

su
rf

ac
e

tr
ea

tm
en

t,
re

si
n

bo
nd

in
g

m
at

er
ia

ls
,

in
te

ra
ct

io
n

be
tw

ee
n

ty
pe

s
of

ce
ra

m
ic

m
at

er
ia

ls
,a

nd
ty

pe
s

of
ad

he
si

ve
re

si
n

ce
m

en
t(

p
<

0.
05

).
Th

e
m

ea
n

SB
ST

of
m

et
al

br
ac

ke
t

bo
nd

ed
to

vi
ta

bl
oc

s™
m

ar
k

II
w

as
hi

gh
er

th
an

bo
nd

ed
to

IP
S

e.
m

ax
®

C
A

D
an

d
bo

nd
ed

to
IP

S
d.

SI
G

N
®

po
rc

el
ai

n
(p

<
0.

05
).

Th
e

m
ea

n
SB

ST
of

m
et

al
br

ac
ke

t
bo

nd
ed

to
IP

S
d.

SI
G

N
®

po
rc

el
ai

n
fo

r
PF

M
w

as
si

gn
ifi

ca
nt

lo
w

er
th

an
th

e
m

ea
n

SB
ST

of
m

et
al

br
ac

ke
t

bo
nd

ed
to

vi
ta

bl
oc

s™
m

ar
k

II
ce

ra
m

ic
m

at
er

ia
ls

(p
<

0.
05

).
A

ls
o,

th
e

m
ea

n
SB

ST
of

m
et

al
br

ac
ke

t
bo

nd
ed

to
IP

S
e.

m
ax

®
C

A
D

ce
ra

m
ic

re
ve

al
s

si
gn

ifi
ca

nt
ly

lo
w

er
th

an
th

e
m

ea
n

SB
ST

of
m

et
al

br
ac

ke
tb

on
de

d
to

vi
ta

bl
oc

s™
m

ar
k

II
ce

ra
m

ic
m

at
er

ia
ls

(p
<

0.
05

).

Et
ch

in
g

ce
ra

m
ic

su
rf

ac
e

en
ha

nc
ed

ce
ra

m
ic

-b
ra

ck
et

bo
nd

st
re

ng
th

.H
ow

ev
er

,b
on

d
st

re
ng

th
s

in
no

nt
re

at
ed

ce
ra

m
ic

su
rf

ac
e

gr
ou

ps
w

er
e

st
ill

hi
gh

er
th

an
bo

nd
st

re
ng

th
re

qu
ir

ed
fo

r
bo

nd
in

g
in

or
th

od
on

ti
c

tr
ea

tm
en

t.

186



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

K
ay

gi
si

z
et

al
.,

20
15

[3
6]

In
vi

tr
o

G
1:

Sa
nd

bl
as

ti
ng

w
it

h
A

L 2
O

3
fo

r
4

s;
G

2:
Er

:C
rY

SG
G

la
se

r;
G

3:
sa

nd
bl

as
ti

ng
+

et
ch

in
g

w
it

h
H

F
+

si
la

ne
;

G
4:

et
ch

in
g

w
it

h
H

F
+

si
la

ne

Th
re

e
gr

ou
ps

:
m

et
al

,s
ap

ph
ir

e
an

d
zi

rc
on

ia
(n

=
28

/g
ro

up
).

84

Th
e

m
ou

nt
ed

sp
ec

im
en

s
w

er
e

ra
nd

om
ly

di
vi

de
d

in
to

fo
ur

gr
ou

ps
:

G
1:

sa
nd

bl
as

ti
ng

w
it

h
A

l 2
O

3;
G

2:
Er

:C
rY

SG
G

la
se

r;
G

3:
sa

nd
bl

as
ti

ng
,e

tc
hi

ng
w

it
h

H
F

an
d

si
la

ne
,

G
4:

et
ch

in
g

w
it

h
H

F
an

d
si

la
ne

ap
pl

ic
at

io
n)

(n
=

7/
gr

ou
p)

N
R

M
et

al
lic

,
sa

ph
ir

e
an

d
zi

rc
on

ia

SB
ST

St
at

is
ti

ca
la

na
ly

si
s

in
di

ca
te

d
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

am
on

g
su

rf
ac

e
tr

ea
tm

en
t

pr
oc

ed
ur

es
(p

<
0.

00
01

).
In

ad
di

ti
on

,t
he

ef
fe

ct
of

th
e

fir
st

an
d

se
co

nd
bo

nd
in

g
fa

ct
or

s
on

SB
ST

be
ha

vi
or

s
w

as
sh

ow
n

to
be

si
gn

ifi
ca

nt
fo

r
th

e
br

ac
ke

ts
(p

<
0.

00
1)

.

Th
e

us
e

of
sa

nd
bl

as
ti

ng
,

H
F

tr
ea

tm
en

ta
nd

si
la

ni
za

ti
on

pr
oc

ed
ur

e
co

ul
d

be
us

ed
fo

r
im

pr
ov

in
g

th
e

re
bo

nd
sh

ea
r

bo
nd

st
re

ng
th

of
zi

rc
on

ia
br

ac
ke

ts
to

po
rc

el
ai

n
su

rf
ac

e.

To
pc

uo
gl

u
et

al
.,

20
13

[3
7]

Ex
vi

vo

Sa
nd

bl
as

te
d

+
9.

6%
H

F
ge

l
fo

r
2

m
in

;E
r:

YA
G

la
se

r
sh

or
tp

ul
se

(s
p)

;E
r:

YA
G

la
se

r
su

pe
r

sh
or

tp
ul

se
(s

sp
);

sa
nd

bl
as

te
d+

sp
,o

r
sa

nd
bl

as
te

d
+

ss
p

Po
rc

el
ai

n-
fu

se
d-

to
-

m
et

al
15

0

N
in

e
gr

ou
ps

di
ff

er
in

g
in

ad
he

si
ve

sy
st

em
an

d
su

rf
ac

e
tr

ea
tm

en
t.

In
fiv

e
gr

ou
ps

,t
he

ad
he

si
ve

sy
st

em
w

as
R

el
yx

u
20

0
an

d
in

th
e

ot
he

r
fo

ur
,T

ra
ns

bo
nd

X
T

w
as

us
ed

.F
or

ea
ch

ad
he

si
ve

sy
st

em
,t

he
po

rc
el

ai
n

su
rf

ac
es

w
er

e
tr

ea
te

d
in

on
e

of
fiv

e
di

ff
er

en
tw

ay
s:

sa
nd

bl
as

te
d

+
H

F,
Er

:Y
A

G
la

se
r

sp
,

Er
:Y

A
G

ss
p,

sa
nd

bl
as

te
d

+
sp

,o
r

sa
nd

bl
as

te
d

+
ss

p.

Sa
nd

bl
as

te
d

gr
ou

p
w

it
h

tr
an

sb
on

d
X

T
(n

=
15

)
M

et
al

lic
SB

ST

T
he

re
w

er
e

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
am

on
g

gr
ou

ps
(p

=
0.

00
2)

.
T

he
hi

gh
es

tS
BS

T
w

er
e

ob
se

rv
ed

in
G

2
(8

.8
3–

3.
3

M
Pa

),
fo

llo
w

ed
by

gr
ou

ps
1,

8,
10

,a
nd

9
(i

n
th

at
or

de
r)

w
it

h
va

lu
es

of
8.

25
–3

.2
,3

.4
8–

1.
7,

3.
11

–0
.9

3,
an

d
1.

56
–0

.8
6

M
Pa

,
re

sp
ec

ti
ve

ly
.T

he
re

su
lt

s
of

th
e

in
de

pe
nd

en
ts

am
pl

es
t-

te
st

in
di

ca
te

d
th

at
th

er
e

w
er

e
no

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
be

tw
ee

n
G

1
an

d
th

e
co

nt
ro

l
gr

ou
p

(p
=

0.
63

5)
.T

he
re

w
er

e
no

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
be

tw
ee

n
G

8
an

d
G

10
(p

=
0.

50
2)

.

Er
:Y

A
G

la
se

r
ap

pl
ic

at
io

n
di

d
no

ta
llo

w
fo

r
el

im
in

at
io

n
of

th
e

hy
dr

ofl
uo

ri
c

ac
id

st
ep

.

G
on

ça
lv

es
et

al
.,

20
11

[3
8]

In
vi

tr
o

G
1:

10
%

hy
dr

ofl
uo

ri
c

ac
id

fo
r

20
s

+
si

la
ne

;
G

2:
10

%
hy

dr
ofl

uo
ri

c
ac

id
fo

r
60

s
+

si
la

ne
(a

ft
er

ap
pl

ic
at

io
n

of
si

la
ne

on
th

e
ce

ra
m

ic
su

rf
ac

e,
m

et
al

lic
br

ac
ke

ts
w

er
e

bo
nd

ed
to

th
e

cy
lin

de
rs

us
in

g
Tr

an
sb

on
d

X
T)

.

Fe
ld

sp
at

hi
c

ce
ra

m
ic

60

Th
e

sp
ec

im
en

s
fo

r
ea

ch
et

ch
in

g
ti

m
e

w
er

e
as

si
gn

ed
to

fo
ur

gr
ou

ps
(n

=
15

),
ac

co
rd

in
g

to
th

e
lig

ht
so

ur
ce

:x
l2

50
0

ha
lo

ge
n

lig
ht

,
U

lt
ra

lu
m

e
5

LE
D

,A
cu

cu
re

30
00

ar
go

n
la

se
r,

an
d

A
po

llo
95

e
pl

as
m

a
ar

c.
Li

gh
t-

ac
ti

va
ti

on
w

as
ca

rr
ie

d
ou

tw
it

h
to

ta
le

xp
os

ur
e

ti
m

es
of

40
,4

0,
20

an
d

12
s,

re
sp

ec
ti

ve
ly

.

N
R

M
et

al
lic

SB
ST

Sp
ec

im
en

s
et

ch
ed

fo
r

20
s

pr
es

en
te

d
si

gn
ifi

ca
nt

ly
lo

w
er

bo
nd

st
re

ng
th

(p
<

0.
05

)c
om

pa
re

d
w

it
h

th
os

e
et

ch
ed

fo
r

60
s.

O
nl

y
th

e
et

ch
in

g
ti

m
e

ha
d

si
gn

ifi
ca

nt
in

flu
en

ce
on

th
e

bo
nd

st
re

ng
th

of
br

ac
ke

ts
to

ce
ra

m
ic

.

187



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

A
kp

in
ar

et
al

.,
20

15
[3

9]
In

vi
tr

o

G
1:

SB
fo

r
3

s
w

it
h

A
l 2

O
3;

G
2:

9.
6%

H
F

ge
lf

or
4

m
in

(h
f)

;
G

3:
N

d:
YA

G
la

se
r

ir
ra

di
at

io
n

(n
y)

fo
r

20
s;

G
4:

pe
rf

or
m

an
ce

of
fe

m
to

se
co

nd
la

se
r

pu
ls

es
;

af
te

r
su

rf
ac

e
co

nd
it

io
ni

ng
,

al
ls

pe
ci

m
en

s
w

er
e

cl
ea

ne
d

fo
r

38
0

se
c

in
an

ul
tr

as
on

ic
cl

ea
ne

r
an

d
w

er
e

ai
r

dr
ie

d
in

ai
r

st
re

am
be

fo
re

bo
nd

in
g.

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
80

G
1:

G
ro

up
sa

nd
bl

as
ti

ng
;

G
2:

gr
ou

p
H

F;
G

3:
gr

ou
p

an
y

LA
SE

R
;

G
4:

pe
rf

or
m

an
ce

of
fe

m
to

se
co

nd
la

se
r

pu
ls

es
(e

ac
h

gr
ou

p,
n

=
20

)

N
R

M
et

al
lic

SB
ST

T
he

bo
nd

st
re

ng
th

in
G

3
(5

.1
1–

1.
53

)w
as

si
gn

ifi
ca

nt
ly

lo
w

er
th

an
th

e
ot

he
r

gr
ou

ps
(p

<
0.

05
).

T
he

re
w

er
e

no
st

at
is

ti
ca

lly
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

am
on

g
G

1
(9

.0
7–

3.
76

),
G

2
(9

.0
9–

3.
51

),
an

d
G

4
(1

1.
58

–4
.1

6)
(p

=
0.

28
).

G
4

tr
ea

tm
en

tp
ro

du
ce

d
hi

gh
SB

ST
of

th
e

pr
oc

es
se

s
as

se
ss

ed
;

th
er

ef
or

e,
it

ap
pe

ar
s

to
be

an
ef

fe
ct

iv
e

m
et

ho
d

fo
r

bo
nd

in
g

or
th

od
on

ti
c

m
et

al
br

ac
ke

ts
to

pr
ep

ar
ed

po
rc

el
ai

n
su

rf
ac

es
.

A
si

ry
,e

ta
l.,

20
18

[4
0]

In
vi

tr
o

G
1:

H
F;

G
2:

de
gl

az
in

g
us

in
g

di
am

on
d

bu
rr

(D
B)

;G
3:

sa
nd

bl
as

ti
ng

(S
B)

w
it

h
25

µ
m

al
um

in
um

tr
io

xi
de

(A
l 2

O
3)

;
G

4:
tr

ib
oc

he
m

ic
al

si
lic

a
co

at
in

g
(T

S)
w

it
h

30
µ

m
si

lic
a

co
at

ed
al

um
in

um
tr

io
xi

de
(A

l 2
O

3)

N
R

12
0

Fo
ur

gr
ou

ps
of

30
sp

ec
im

en
s:

G
1:

gr
ou

p
H

F;
G

2:
gr

ou
p

D
B;

G
3:

gr
ou

p
SB

;
G

4
gr

ou
p

TS
;

15
sp

ec
im

en
s

fr
om

ea
ch

gr
ou

p
w

er
e

su
bj

ec
te

d
to

th
er

m
oc

yc
lin

g
an

d
th

e
re

m
ai

ni
ng

15
sp

ec
im

en
s

se
rv

ed
as

th
e

ba
se

lin
e

(n
=

15
).

60
N

R
SB

ST

G
ro

up
4

ex
hi

bi
te

d
hi

gh
es

t
SB

ST
at

ba
se

lin
e

(1
4.

68
±

0.
28

)a
nd

af
te

r
th

er
m

o-
cy

cl
in

g
(1

2.
67

±
0.

22
)w

hi
le

G
1

sp
ec

im
en

s
ex

hi
bi

te
d

lo
w

es
tS

BS
T

at
ba

se
lin

e
(6

.3
2
±

0.
15

)a
nd

af
te

r
th

er
m

o-
cy

cl
in

g
(4

.3
2
±

0.
26

).
G

1
sp

ec
im

en
s

de
m

on
st

ra
te

d
lo

w
es

tS
BS

T;
an

d
G

4
sp

ec
im

en
s

sh
ow

ed
th

e
hi

gh
es

tS
BS

T.

In
cr

ea
se

d
su

rf
ac

e
ro

ug
hn

es
s

en
ha

nc
ed

SB
ST

of
th

e
sp

ec
im

en
s.

Er
du

r
et

al
.,

20
15

[4
1]

In
vi

tr
o

G
1:

Sa
nd

bl
as

ti
ng

fo
r

20
s;

G
2:

et
ch

in
g

w
it

h
5%

H
F

ac
id

fo
r

20
s;

G
3:

N
d:

YA
G

la
se

r
fo

r
20

s;
G

4:
Er

:Y
A

G
la

se
r

fo
r

20
s;

G
5:

Ti
:s

ap
ph

ir
e

la
se

r;
A

ft
er

co
nd

it
io

ni
ng

al
lc

er
am

ic
su

rf
ac

es
,s

ila
ne

w
as

ap
pl

ie
d

to
th

e
ce

ra
m

ic
su

rf
ac

es
.

Fe
ld

sp
at

hi
c

an
d

IP
S

Em
pr

es
s

e-
M

ax
15

0

15
0

ce
ra

m
ic

di
sc

s
w

er
e

pr
ep

ar
ed

an
d

di
vi

de
d

in
to

tw
o

gr
ou

ps
.I

n
ea

ch
gr

ou
p,

th
e

fo
llo

w
in

g
fiv

e
su

bg
ro

up
s

(n
=

15
)w

er
e

se
t

up
:G

5
Ti

:s
ap

ph
ir

e
la

se
r,

G
3:

N
d:

YA
G

la
se

r,
G

4:
Er

:Y
A

G
la

se
r,

G
1:

sa
nd

bl
as

ti
ng

,a
nd

G
2:

H
F

ac
id

.

N
R

N
R

SB
ST

Fe
ld

sp
at

hi
c

an
d

IP
S

Em
pr

es
s

e-
M

ax
ce

ra
m

ic
s

ha
d

si
m

ila
r

SB
ST

va
lu

es
.

T
he

Ti
:s

ap
ph

ir
e

fe
m

to
se

co
nd

la
se

r
(1

6.
76

–1
.3

7
M

Pa
)p

ro
du

ce
d

th
e

hi
gh

es
tm

ea
n

bo
nd

st
re

ng
th

,f
ol

lo
w

ed
by

sa
nd

bl
as

ti
ng

(1
2.

79
–1

.4
2

M
Pa

)a
nd

H
F

ac
id

(1
1.

28
–1

.2
6

M
Pa

).
T

he
Er

:Y
A

G
(5

.4
3–

1.
21

M
Pa

)
an

d
N

d:
YA

G
la

se
r

(5
.3

6–
1.

04
M

Pa
)g

ro
up

s
w

er
e

si
m

ila
r

an
d

ha
d

th
e

lo
w

es
tS

BS
T

va
lu

es
.

Ti
:s

ap
ph

ir
e

la
se

r-
tr

ea
te

d
su

rf
ac

es
ha

d
th

e
hi

gh
es

t
SB

ST
va

lu
es

.T
he

re
fo

re
,

th
is

te
ch

ni
qu

e
m

ay
be

us
ef

ul
fo

r
th

e
pr

et
re

at
m

en
to

fc
er

am
ic

su
rf

ac
es

as
an

al
te

rn
at

iv
e

to
co

nv
en

ti
on

al
’

te
ch

ni
qu

es
.

188



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

A
si

ry
et

al
.,

20
18

[4
2]

In
vi

tr
o

G
1:

IP
S

ce
ra

m
ic

et
ch

in
g

ge
l™

an
d

M
on

ob
on

d
pl

us
™

;
G

2:
M

on
ob

on
d

et
ch

an
d

pr
im

e™
.

Li
th

iu
m

di
si

lic
at

e
40

Th
e

sp
ec

im
en

s
w

er
e

ra
nd

om
ly

as
si

gn
ed

to
tw

o
ex

pe
ri

m
en

ta
lg

ro
up

s
(n

=
20

),
G

1
sp

ec
im

en
s

w
er

e
tr

ea
te

d
w

it
h

tw
o-

st
ep

su
rf

ac
e

co
nd

it
io

ni
ng

sy
st

em
(I

PS
ce

ra
m

ic
et

ch
in

g
ge

l™
an

d
M

on
ob

on
d

pl
us

™
)a

nd
G

2
sp

ec
im

en
s

w
er

e
tr

ea
te

d
w

it
h

on
e-

st
ep

su
rf

ac
e

co
nd

it
io

ni
ng

sy
st

em
(M

on
ob

on
d

et
ch

an
d

pr
im

e™
).

Te
n

ra
nd

om
ly

se
le

ct
ed

sp
ec

im
en

s
fr

om
ea

ch
gr

ou
p

w
er

e
su

bj
ec

te
d

to
th

er
m

o-
cy

cl
in

g
an

d
th

e
re

m
ai

ni
ng

te
n

se
rv

ed
as

ba
se

lin
e.

N
=

20
N

R
SB

ST

T
he

sp
ec

im
en

s
tr

ea
te

d
w

it
h

tw
o-

st
ep

co
nd

it
io

ni
ng

sy
st

em
ha

d
hi

gh
er

bo
nd

st
re

ng
th

th
an

on
e-

st
ep

co
nd

it
io

ni
ng

sy
st

em
.

Tr
ad

it
io

na
lt

w
o-

st
ep

co
nd

it
io

ni
ng

pr
ov

id
es

be
tt

er
bo

nd
st

re
ng

th
.T

he
cl

in
ic

al
im

po
rt

an
ce

of
th

e
st

ud
y

is
th

at
,t

he
si

la
ne

pr
om

ot
ed

ad
he

si
on

si
gn

ifi
ca

nt
ly

re
du

ce
s

on
ex

po
su

re
to

th
er

m
o-

cy
cl

in
g.

Fr
an

z
et

al
.,

20
19

[4
3]

In
vi

tr
o

Th
e

bo
nd

in
g

ag
en

t
G

1:
M

on
ob

on
d

S
(I

vo
cl

ar
V

iv
ad

en
t)

or
G

2:
M

on
ob

on
d

Et
ch

&
Pr

im
e

Z
ir

co
ni

a
20

Th
e

ce
ra

m
ic

bl
oc

ks
(n

=
20

)
w

er
e

ra
nd

om
iz

ed
an

d
di

vi
de

d
in

to
tw

o
gr

ou
ps

an
d

fix
at

io
n

of
br

ac
ke

ts
w

as
do

ne
ei

th
er

by
us

in
g

th
e

bo
nd

in
g

ag
en

t
M

on
ob

on
d

S
(I

vo
cl

ar
V

iv
ad

en
t)

or
M

on
ob

on
d

Et
ch

&
Pr

im
e

N
R

M
et

al
lic

SB
ST

SB
ST

re
su

lt
ed

in
si

gn
ifi

ca
nt

ly
hi

gh
er

sh
ea

r
bo

nd
va

lu
es

w
he

n
M

on
ob

on
d

Et
ch

&
Pr

im
e

w
as

us
ed

co
m

pa
re

d
to

th
e

us
e

of
M

on
ob

on
d

S.

T
he

us
e

of
M

on
ob

on
d

Et
ch

&
Pr

im
e

ha
s

gr
ea

t
po

te
nt

ia
lf

or
th

e
bo

nd
in

g
of

br
ac

ke
ts

on
de

nt
al

zi
rc

on
ia

ce
ra

m
ic

s.

Yu
et

al
.,

20
21

[4
4]

In
vi

tr
o

A
ll

sp
ec

im
en

s
w

er
e

et
ch

ed
w

it
h

9.
5%

hy
dr

ofl
uo

ri
c

ac
id

fo
r

20
s.

Th
e

et
ch

ed
sp

ec
im

en
s

w
er

e
ra

nd
om

ly
as

si
gn

ed
to

on
e

of
fo

ur
gr

ou
ps

ac
co

rd
in

g
to

th
e

ad
he

si
ve

us
ed

an
d

th
e

us
e

(o
r

no
t)

of
ad

di
ti

on
al

si
la

ne
pr

et
re

at
m

en
tf

or
20

s.

Li
th

iu
m

di
si

lic
at

e
gl

as
s

ce
ra

m
ic

80

Fo
ur

gr
ou

ps
(n

=
20

)d
efi

ne
d

by
th

e
pr

et
re

at
m

en
ta

nd
ad

he
si

ve
us

ed
:G

1
A

dp
er

Si
ng

le
Bo

nd
2

(S
B2

);
G

2
si

la
ne

+
A

dp
er

Si
ng

le
Bo

nd
2

(S
@

SB
2)

;G
3

Si
ng

le
Bo

nd
U

ni
ve

rs
al

(S
BU

);
an

d
G

4
si

la
ne

+
Si

ng
le

Bo
nd

U
ni

ve
rs

al
(S

@
SB

U
).

N
R

M
et

al
lic

SB
ST

In
al

lg
ro

up
s,

th
e

m
ea

n
SB

ST
va

lu
es

w
er

e
st

at
is

ti
ca

lly
si

gn
ifi

ca
nt

ly
lo

w
er

(p
<

0.
00

1)
af

te
r

th
er

m
oc

yc
lin

g
th

an
be

fo
re

.
Fu

rt
he

rm
or

e,
sp

ec
im

en
s

in
gr

ou
ps

S@
SB

2
an

d
S@

SB
U

,b
ot

h
of

w
hi

ch
ha

d
si

la
ne

pr
et

re
at

m
en

t,
sh

ow
ed

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
ly

hi
gh

er
m

ea
n

SB
ST

va
lu

es
th

an
di

d
th

e
co

rr
es

po
nd

in
g

gr
ou

ps
w

it
ho

ut
si

la
ne

pr
et

re
at

m
en

t
(p

<
0.

05
).

Th
e

ap
pl

ic
at

io
n

of
a

si
la

ne
-c

on
ta

in
in

g
un

iv
er

sa
la

dh
es

iv
e

w
it

ho
ut

si
la

ne
pr

et
re

at
m

en
ta

ch
ie

ve
s

ad
eq

ua
te

du
ra

bi
lit

y
of

th
e

bo
nd

of
m

et
al

br
ac

ke
ts

to
de

nt
al

gl
as

s
ce

ra
m

ic
s

189



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

A
bd

el
na

by
,2

01
1

[4
5]

In
vi

tr
o

G
1:

9.
6%

H
F

fo
r

2
m

in
;

G
2:

9.
6%

H
F

fo
r

2
m

in
+

si
la

ne
;

G
3:

sa
nd

bl
as

ti
ng

fo
r

10
s+

9.
6%

H
F

fo
r

2
m

in
;

G
4:

sa
nd

bl
as

ti
ng

fo
r

10
s+

9.
6%

H
F

fo
r

2
m

in
+

si
la

ne
.

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
10

0

Th
e

sp
ec

im
en

s
w

er
e

di
vi

de
d

in
to

fo
ur

eq
ua

lg
ro

up
s

(n
=

25
).

Po
rc

el
ai

n
su

rf
ac

es
w

er
e

co
nd

it
io

ne
d

w
it

h
di

ff
er

en
t

pr
ot

oc
ol

s.
In

G
1,

hy
dr

ofl
uo

ri
c

ac
id

an
d

Em
br

ac
e

Fi
rs

t-
C

oa
tp

ri
m

er
w

er
e

us
ed

.G
2,

hy
dr

ofl
uo

ri
c

ac
id

an
d

si
la

ne
w

er
e

ut
ili

ze
d.

G
3

an
d

G
4,

sa
nd

bl
as

ti
ng

w
it

h
al

um
in

um
ox

id
e

po
w

de
r

w
as

do
ne

in
st

ea
d

of
et

ch
in

g.

N
R

M
et

al
lic

SB
ST

Em
br

ac
e

Fi
rs

t-
C

oa
ta

nd
si

la
ne

ex
hi

bi
te

d
a

co
m

pa
ra

bl
e

SB
ST

.T
he

sa
nd

bl
as

ti
ng

pr
oc

es
s

si
gn

ifi
ca

nt
ly

in
cr

ea
se

d
SB

ST
.

N
o

si
gn

ifi
ca

nt
di

ff
er

en
ce

w
as

fo
un

d
in

bo
nd

SB
ST

ut
ili

zi
ng

ei
th

er
hy

dr
ofl

uo
ri

c
ac

id
an

d
Em

br
ac

e
Fi

rs
t-

C
oa

to
r

sa
nd

bl
as

ti
ng

an
d

si
la

ne
.W

it
h

re
ga

rd
to

C
SB

S,
th

e
us

e
of

sa
nd

bl
as

ti
ng

an
d

Em
br

ac
e

Fi
rs

t-
C

oa
t

re
ve

al
ed

th
e

hi
gh

es
t

si
gn

ifi
ca

nt
C

SB
S

va
lu

e,
fo

llo
w

ed
by

sa
nd

bl
as

ti
ng

an
d

si
la

ne
.

Et
ch

in
g

w
it

h
hy

dr
ofl

uo
ri

c
ac

id
pr

io
r

to
ap

pl
ic

at
io

n
of

ei
th

er
pr

im
er

ex
hi

bi
te

d
th

e
le

as
tC

SB
S

va
lu

es
;h

ow
ev

er
,

no
si

gn
ifi

ca
nt

di
ff

er
en

ce
w

as
fo

un
d

be
tw

ee
n

th
em

.
T

he
SB

ST
w

as
si

gn
ifi

ca
nt

ly
hi

gh
er

th
an

C
SB

S.

Em
br

ac
e

Fi
rs

t-
C

oa
t

pr
im

er
co

ul
d

be
us

ed
su

cc
es

sf
ul

ly
as

an
al

te
rn

at
iv

e
to

si
la

ne
.

Sa
nd

bl
as

ti
ng

pr
ov

id
es

hi
gh

er
bo

nd
st

re
ng

th
th

an
di

d
hy

dr
ofl

uo
ri

c
ac

id
.C

yc
lic

lo
ad

in
g

si
gn

ifi
ca

nt
ly

de
cr

ea
se

d
bo

nd
st

re
ng

th
.

C
ev

ik
et

al
.,

20
17

[4
6]

In
vi

tr
o

G
1:

37
.5

%
or

th
op

ho
sp

ho
ri

c
ac

id
fo

r
4

m
in

;
G

2:
9.

6%
hy

dr
ofl

uo
ri

c
ac

id
fo

r
3

m
in

;
G

3:
N

d:
YA

G
la

se
r

ir
ra

di
at

io
n

fo
r

30
s.

;
G

4:
sa

nd
bl

as
ti

ng
w

it
h

50
µ

m
A

l 2
O

3
pa

rt
ic

le
s

fo
r

10
s;

G
5:

gr
in

di
ng

w
it

h
a

di
am

on
d

bu
r

fo
r

30
s.

A
ll

sa
m

pl
es

w
er

e
pr

im
ed

w
it

h
si

la
ne

be
fo

re
th

e
br

ac
ke

t
bo

nd
in

g,
in

cl
ud

in
g

th
e

co
nt

ro
lg

ro
up

.

Fe
ld

sp
at

hi
c

an
d

lit
hi

um
di

si
lic

at
e

12
0

Fi
ve

su
bg

ro
up

s
de

pe
nd

in
g

on
su

rf
ac

e
tr

ea
tm

en
t

(n
=

10
)G

1:
37

.5
%

or
th

op
ho

sp
ho

ri
c

ac
id

;
G

2:
9.

6%
hy

dr
ofl

uo
ri

c
ac

id
;

G
3:

N
d-

YA
G

la
se

r
ir

ra
di

at
io

n;
G

4:
sa

nd
bl

as
ti

ng
w

it
h

50
µ

m
A

l 2
O

3
pa

rt
ic

le
s;

G
5:

gr
in

di
ng

w
it

h
a

di
am

on
d

bu
r.

C
on

tr
ol

gr
ou

p
(n

=
10

)
M

et
al

lic
SB

ST

G
4

de
m

on
st

ra
te

d
si

gn
ifi

ca
nt

ly
hi

gh
er

sh
ea

r
bo

nd
st

re
ng

th
s

th
an

ot
he

r
gr

ou
ps

Su
rf

ac
e

co
nd

it
io

ni
ng

m
et

ho
ds

,e
xc

ep
tf

or
sa

nd
bl

as
ti

ng
an

d
gr

in
di

ng
,w

er
e

as
so

ci
at

ed
w

it
h

lo
w

er
sh

ea
r

bo
nd

st
re

ng
th

s;
ho

w
ev

er
,

th
er

m
oc

yc
lin

g
m

ay
ha

ve
ha

d
ne

ga
ti

ve
ef

fe
ct

s
on

bo
nd

st
re

ng
th

s
of

sp
ec

im
en

s.
Fu

rt
he

rm
or

e,
in

ea
ch

ce
ra

m
ic

sy
st

em
,

th
er

e
w

as
a

si
gn

ifi
ca

nt
di

ff
er

en
ce

be
tw

ee
n

su
rf

ac
e-

co
nd

it
io

ni
ng

m
et

ho
ds

an
d

su
rf

ac
e

ro
ug

hn
es

s
w

it
h

re
ga

rd
to

sh
ea

r
bo

nd
st

re
ng

th
.

190



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

Sa
ra

ç
et

al
.,

20
11

[4
7]

In
vi

tr
o

G
1:

A
ir

-p
ar

ti
cl

e
ab

ra
si

on
(A

PA
)w

it
h

25
m

m
fo

r
4

s
A

l 2
O

3;
G

2:
si

lic
a

co
at

in
g

w
it

h
30

m
m

A
l 2

O
3

pa
rt

ic
le

s
m

od
ifi

ed
by

si
lic

a
fo

r
4

s.
Th

en
si

la
ne

ap
pl

ic
at

io
n.

Fe
ld

sp
at

hi
c,

flu
or

o-
ap

at
it

e,
an

d
le

uc
it

e-
re

in
fo

rc
ed

ce
ra

m
ic

.

60

20
fe

ld
sp

at
hi

c,
20

flu
or

o-
ap

at
it

e,
an

d
20

le
uc

it
e-

re
in

fo
rc

ed
ce

ra
m

ic
sp

ec
im

en
s

w
er

e
ex

am
in

ed
fo

llo
w

in
g

tw
o

su
rf

ac
e-

co
nd

it
io

ni
ng

m
et

ho
ds

:G
1:

A
PA

w
it

h
25

m
m

A
l 2

O
3

an
d

G
2:

si
lic

a
co

at
in

g
w

it
h

30
m

m
A

l 2
O

3
pa

rt
ic

le
s

m
od

ifi
ed

by
si

lic
a.

N
R

M
et

al
lic

SB
ST

Th
e

lo
w

es
tS

BS
T

w
as

w
it

h
A

PA
fo

r
th

e
flu

or
o-

ap
at

it
e

ce
ra

m
ic

(1
1.

82
M

Pa
),

w
hi

ch
w

as
no

ts
ig

ni
fic

an
tl

y
di

ff
er

en
tf

ro
m

A
PA

fo
r

th
e

fe
ld

sp
at

hi
c

ce
ra

m
ic

(1
3.

58
M

Pa
).

T
he

SB
ST

fo
r

th
e

flu
or

o-
ap

at
it

e
ce

ra
m

ic
w

as
si

gn
ifi

ca
nt

ly
lo

w
er

th
an

th
at

of
le

uc
it

e-
re

in
fo

rc
ed

ce
ra

m
ic

w
it

h
A

PA
(1

4.
82

M
Pa

).
Th

e
hi

gh
es

t
SB

ST
va

lu
e

w
as

ob
ta

in
ed

w
it

h
si

lic
a

co
at

in
g

of
th

e
le

uc
it

e-
re

in
fo

rc
ed

ce
ra

m
ic

(2
4.

17
M

Pa
),

bu
tt

hi
s

w
as

no
ts

ig
ni

fic
an

tl
y

di
ff

er
en

t
fr

om
th

e
SB

ST
fo

r
fe

ld
sp

at
hi

c
an

d
flu

or
oa

pa
ti

te
ce

ra
m

ic
(2

3.
51

an
d

22
.1

8
M

Pa
,

re
sp

ec
ti

ve
ly

).
Th

e
SB

ST
va

lu
es

w
it

h
si

lic
a

co
at

in
g

sh
ow

ed
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

fr
om

th
os

e
of

A
PA

.

C
ha

ir
si

de
tr

ib
oc

he
m

ic
al

si
lic

a
co

at
in

g
si

gn
ifi

ca
nt

ly
in

cr
ea

se
d

m
ea

n
bo

nd
st

re
ng

th
va

lu
es

;W
it

h
al

l
su

rf
ac

e-
co

nd
it

io
ni

ng
m

et
ho

ds
,

le
uc

it
e-

re
in

fo
rc

ed
ce

ra
m

ic
,i

n
ge

ne
ra

l,
sh

ow
ed

a
hi

gh
er

SB
ST

th
an

fe
ld

sp
at

hi
c

an
d

flu
or

o-
ap

at
it

e
ce

ra
m

ic
s.

H
su

et
al

.,
20

15
[4

8]
In

vi
tr

o

G
1:

37
%

ph
os

ph
or

ic
ac

id
so

lu
ti

on
fo

r
60

s,
an

d
po

rc
el

ai
n

pr
im

er
(H

3P
O

4)
w

as
ap

pl
ie

d
to

th
e

et
ch

ed
po

rc
el

ai
n

cr
ow

n
su

rf
ac

e
fo

r
an

ot
he

r
60

s;
G

2:
9%

H
F

ac
id

so
lu

ti
on

fo
r

60
s

an
d

si
la

ne
fo

r
60

s.
;

G
3:

9%
H

F
so

lu
ti

on
fo

r
60

s
an

d
ge

ne
ri

c/
pe

nt
ro

n
si

la
ne

fo
r

60
s;

G
4:

37
%

ph
os

ph
or

ic
ac

id
et

ch
in

g
so

lu
ti

on
fo

r
60

s
an

d
ul

tr
ad

en
ts

ila
ne

fo
r

60
s;

G
5:

37
%

ph
os

ph
or

ic
ac

id
et

ch
in

g
so

lu
ti

on
fo

r
60

s
an

d
ge

ne
ri

c/
pe

nt
ro

n
si

la
ne

fo
r

60
s.

G
la

ze
d

ce
ra

m
ic

po
rc

el
ai

n
fu

se
d

to
m

et
al

(P
FM

)
50

Fi
ve

gr
ou

ps
fo

r
bo

nd
in

g,
ea

ch
gr

ou
p

n
=

10
;

G
1

(H
3P

O
4-

Po
rc

el
ai

n
Pr

im
er

gr
ou

p)
;

G
2

(H
F-

U
lt

ra
de

nt
Si

la
ne

);
G

3
(H

F-
Je

ne
ri

c/
Pe

nt
ro

n
Si

la
ne

);
G

4
(H

3P
O

4-
U

lt
ra

de
nt

Si
la

ne
)U

lt
ra

de
nt

;G
5

(H
3P

O
4-

Je
ne

ri
c/

Pe
nt

ro
n

Si
la

ne
).

N
R

M
et

al
lic

SB
ST

T
he

Po
rc

el
ai

n
Pr

im
er

gr
ou

p
ha

d
th

e
lo

w
es

tb
on

d
st

re
ng

th
s

an
d

th
e

H
3P

O
4-

Je
ne

ri
c/

Pe
nt

ro
n

si
la

ne
gr

ou
p

ha
d

th
e

hi
gh

es
tb

on
d

st
re

ng
th

s
(p

<
0.

00
05

).
C

ro
ss

-m
at

ch
in

g
of

ac
id

an
d

si
la

ne
sh

ow
ed

th
at

ac
id

ha
d

a
st

at
is

ti
ca

lly
si

gn
ifi

ca
nt

ef
fe

ct
on

bo
nd

st
re

ng
th

.T
he

H
3P

O
4-

Je
ne

ri
c/

Pe
nt

ro
n

si
la

ne
gr

ou
p

ha
d

th
e

hi
gh

es
tb

on
d

st
re

ng
th

am
on

g
al

la
ci

d
si

la
ne

gr
ou

ps
.

T
he

Po
rc

el
ai

n
Pr

im
er

gr
ou

p
ha

d
th

e
lo

w
es

t
bo

nd
st

re
ng

th
,s

ho
w

in
g

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
to

th
os

e
of

th
e

Je
ne

ri
c/

Pe
nt

ro
n

gr
ou

ps
(e

it
he

r
ph

os
ph

or
ic

ac
id

or
H

F
ac

id
et

ch
in

g)
(p

<
0.

00
05

).
A

lt
ho

ug
h

ac
id

m
ig

ht
be

m
or

e
im

po
rt

an
tt

ha
n

si
la

ne
(p

=
0.

00
5)

fo
r

bo
nd

st
re

ng
th

,t
he

re
w

er
e

no
st

at
is

ti
ca

lly
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

in
bo

nd
st

re
ng

th
am

on
g

th
e

ot
he

r
fo

ur
et

ch
in

g-
si

la
ne

gr
ou

ps
(p

ho
sp

ho
ri

c
ac

id
vs

.H
F

ac
id

;U
lt

ra
de

nt
vs

.
Je

ne
ri

c/
Pe

nt
ro

n)
.

191



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

D
ur

ge
sh

et
al

.,
20

16
[4

9]
In

vi
tr

o

A
si

la
ne

-b
as

ed
pr

im
er

co
ns

is
ti

ng
of

1.
0

vo
l-

%
of

3
ac

ry
lo

xy
pr

op
y-

lt
ri

m
et

ho
xy

si
la

ne
(A

C
PS

)i
n

95
.0

vo
l-

%
/5

.0
vo

l-
%

et
ha

no
l/

w
at

er
,w

it
h

a
ph

of
4.

5;
ex

pe
ri

m
en

ta
lp

ri
m

er
,a

no
ve

ls
ila

ne
sy

st
em

co
ns

is
ti

ng
of

0.
5

vo
l-

%
of

a
cr

os
s-

lin
ke

r
si

la
ne

m
on

om
er

bi
s-

1,
2-

(t
ri

et
ho

xy
si

ly
l)

et
ha

ne
(B

TS
E)

w
hi

ch
w

as
ad

de
d

to
1.

0
vo

l-
%

of
ac

ps
,

co
rr

es
po

nd
in

g
to

a
fin

al
1.

5
vo

l-
%

of
si

la
ne

s.

G
la

ze
d

ce
ra

m
ic

po
rc

el
ai

n
fu

se
d

to
m

et
al

(P
FM

)
18

0

Tw
o

gr
ou

ps
of

90
sp

ec
im

en
s,

ac
co

rd
in

g
to

th
e

pr
im

er
us

ed
.E

ac
h

gr
ou

p
w

as
fu

rt
he

r
di

vi
de

d
in

to
th

re
e

su
bg

ro
up

s
ac

co
rd

in
g

to
th

e
su

rf
ac

e
tr

ea
tm

en
tt

o
be

re
ce

iv
ed

,
th

us
th

er
e

w
er

e
6

st
ud

y
gr

ou
ps

;
th

re
e

w
it

h
3-

ac
ry

lo
xy

pr
op

yl
tr

im
et

ho
xy

si
la

ne
(A

C
PS

)s
ila

ne
pr

im
er

,
na

m
el

y
1a

(p
re

tr
ea

tm
en

t
w

it
h

hy
dr

ofl
uo

ri
c

ac
id

,H
F)

,
1b

(p
re

tr
ea

tm
en

tw
it

h
gr

it
-b

la
st

in
g)

an
d

1c
(p

re
tr

ea
tm

en
tw

it
h

tr
ib

oc
he

m
ic

al
si

lic
a-

co
at

in
g)

an
d

3
w

it
h

a
no

ve
ls

ila
ne

sy
st

em
(A

C
PS

+
bi

s-
1,

2(
tr

ie
th

ox
ys

ily
l)

et
ha

ne
(B

TS
E)

)a
ss

ig
ne

d
as

2a
(H

F)
,2

b
(g

ri
t-

bl
as

t)
,a

nd
2c

(t
ri

bo
ch

em
ic

al
si

lic
a

co
at

in
g)

.

N
R

N
R

SB
ST

T
he

hi
gh

es
tS

BS
T

at
ba

se
lin

e
(2

6.
8

+
1.

7
M

Pa
)

an
d

af
te

r
th

er
m

oc
yc

lin
g

(2
4.

6
+

1.
7

M
Pa

)w
as

ob
se

rv
ed

in
gr

ou
p

2c
,a

nd
th

e
lo

w
es

t(
9.

6
+

1.
5

M
Pa

an
d

4.
5

+
1.

1
M

Pa
)w

as
fo

un
d

in
G

1a
.

T
he

ap
pl

ic
at

io
n

of
ex

pe
ri

m
en

ta
ls

ila
ne

pr
im

er
sy

st
em

on
sp

ec
im

en
s

pr
et

re
at

ed
w

it
h

tr
ib

oc
he

m
ic

al
si

lic
a-

co
at

in
g

de
m

on
st

ra
te

d
in

cr
ea

se
d

ad
he

si
on

of
or

th
od

on
ti

c
br

ac
ke

ts
m

ak
in

g
it

an
ex

ce
lle

nt
ch

oi
ce

in
or

th
od

on
ti

c
bo

nd
in

g
fo

r
a

re
la

ti
ve

ly
lo

ng
te

rm
us

e.

Ba
vb

ek
et

al
.,

20
14

[5
0]

In
vi

tr
o

A
ir

ab
ra

si
on

w
it

h
30

-µ
m

si
lic

a
co

at
ed

al
um

in
um

ox
id

e
(A

l 2
O

3)
pa

rt
ic

le
s

(c
oj

et
)f

or
20

s;
ai

r
ab

ra
si

on
w

it
h

50
-µ

m
A

l 2
O

3
pa

rt
ic

le
s.

M
on

ol
it

hi
c

zi
rc

on
iu

m
ox

id
e

ce
ra

m
ic

(m
z)

.
12

0

Tw
o

ty
pe

s
of

M
Z

(B
ru

xZ
ir

So
lid

Z
ir

co
ni

a,
n

=
60

;
Pr

et
ta

u-
Z

ir
ko

n,
n

=
60

)w
it

h
tw

o
ty

pe
s

of
su

rf
ac

e
fin

is
h

(g
la

ze
d,

n
=

30
pe

r
gr

ou
p;

po
lis

he
d,

n
=

30
pe

r
gr

ou
p)

w
er

e
te

st
ed

af
te

r
tw

o
su

rf
ac

e
co

nd
it

io
ni

ng
m

et
ho

ds
:1

.a
ir

ab
ra

si
on

w
it

h
30

-µ
m

si
lic

a
co

at
ed

al
um

in
um

ox
id

e
(A

l 2
O

3)
pa

rt
ic

le
s

(C
oJ

et
),

or
2.

ai
r

ab
ra

si
on

w
it

h
50

-µ
m

A
l 2

O
3

pa
rt

ic
le

s.

Th
e

no
n-

co
nd

it
io

ne
d

gr
ou

p
ac

te
d

as
th

e
co

nt
ro

l.

N
R

SB
ST

M
ea

n
µ

SB
ST

va
lu

es
(M

Pa
)

di
d

no
ts

ho
w

a
si

gn
ifi

ca
nt

di
ff

er
en

ce
be

tw
ee

n
th

e
tw

o
br

an
ds

of
M

Z
(p

>
0.

05
).

In
bo

th
gl

az
ed

(4
4
±

6.
4)

an
d

po
lis

he
d

(4
5.

9
±

4.
8)

gr
ou

ps
,

C
oJ

et
ap

pl
ic

at
io

n
sh

ow
ed

th
e

hi
gh

es
tµ

SB
ST

va
lu

es
(p

<
0.

00
1)

.T
he

co
nt

ro
l

gr
ou

p
(3

4.
4
±

6)
pr

es
en

te
d

si
gn

ifi
ca

nt
ly

be
tt

er
re

su
lt

s
co

m
pa

re
d

to
th

at
of

A
l 2

O
3

(3
0
±

3.
8)

(p
<

0.
05

)o
n

gl
az

ed
su

rf
ac

es
,b

ut
it

w
as

th
e

op
po

si
te

in
th

e
po

lis
he

d
gr

ou
ps

(c
on

tr
ol

:2
0.

3
±

4.
7;

A
l 2

O
3:

33
.8
±

4.
7;

p
<

0.
00

1)
.

A
ir

ab
ra

si
on

w
it

h
C

oJ
et

fo
llo

w
ed

by
th

e
ap

pl
ic

at
io

n
of

un
iv

er
sa

l
pr

im
er

im
pr

ov
ed

th
e

µ
SB

ST
(m

ic
ro

sh
ea

r
bo

nd
st

re
ng

th
)o

fo
rt

ho
do

nt
ic

re
si

n
to

bo
th

th
e

po
lis

he
d

an
d

gl
az

ed
m

on
ol

it
hi

c
zi

rc
on

iu
m

ox
id

e
m

at
er

ia
ls

te
st

ed

192



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

Sa
nd

ov
al

et
al

.,
20

20
[5

1]
In

vi
tr

o

H
yd

ro
flu

or
ic

ac
id

10
%

+
si

la
ne

;s
an

db
la

st
in

g
w

it
h

al
um

in
um

ox
id

e
+

si
la

ne
;

hy
dr

ofl
uo

ri
c

ac
id

10
%

+
Si

ng
le

Bo
nd

U
ni

ve
rs

al
;

bl
as

ti
ng

w
it

h
al

um
in

um
ox

id
e

+
Si

ng
le

Bo
nd

U
ni

ve
rs

al
.

N
R

60

G
1:

hy
dr

ofl
uo

ri
c

ac
id

+
10

%
si

la
ne

;G
2:

bl
as

ti
ng

w
it

h
al

um
in

um
ox

id
e

+
si

la
ne

;
G

3:
hy

dr
ofl

uo
ri

c
ac

id
10

%
+

Si
ng

le
Bo

nd
U

ni
ve

rs
al

an
d

G
4:

bl
as

ti
ng

w
it

h
al

um
in

um
ox

id
e

+
Si

ng
le

Bo
nd

U
ni

ve
rs

al
.

N
R

M
et

al
lic

SB
ST

Th
e

av
er

ag
e

sh
ea

r
st

re
ng

th
s

w
er

e:
G

1
=

24
.2

M
Pa

;
G

2
=

21
.3

M
Pa

;
G

3
=

G
4

=
19

.1
M

Pa
to

14
.2

M
Pa

.T
he

re
w

er
e

di
ff

er
en

ce
s

be
tw

ee
n

al
l

gr
ou

ps
(p

<
0.

05
)e

xc
ep

tf
or

G
3

(p
>

0.
05

).

Si
ng

le
Bo

nd
U

ni
ve

rs
al

tr
ea

te
d

w
it

h
bl

as
ti

ng
al

um
in

um
ox

id
e

ha
d

th
e

be
st

pe
rf

or
m

an
ce

,a
nd

pr
om

ot
ed

go
od

sh
ea

r
st

re
ng

th
,i

tc
au

se
d

le
ss

co
he

si
ve

da
m

ag
e

to
th

e
ce

ra
m

ic
.

N
aj

afi
et

al
.,

20
14

[5
2]

In
vi

tr
o

R
ou

gh
en

ed
w

it
h

a
di

am
on

d
bu

r
an

d
et

ch
ed

w
it

h
hy

dr
ofl

uo
ri

c
ac

id
(H

F)
ge

l
fo

r
4

m
in

;r
ou

gh
en

ed
w

it
h

a
bu

r
an

d
ir

ra
di

at
ed

by
a

C
O

2
la

se
r

w
it

h
a

2W
po

w
er

se
tt

in
g

fo
r

20
s;

C
O

2
la

se
r;

sa
nd

bl
as

te
d

w
it

h
50

µ
m

al
um

in
um

ox
id

e
fo

r
20

s.
Be

fo
re

bo
nd

in
g,

th
e

br
ac

ke
t

si
la

ne
w

as
ap

pl
ie

d
on

th
e

po
rc

el
ai

n
su

rf
ac

es
.

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
fu

se
d

to
m

et
al

.
48

Fo
ur

gr
ou

ps
:

G
1:

D
eg

la
ze

d
+H

F
gr

ou
p;

G
2:

D
eg

la
ze

d
+C

O
2

gr
ou

p;
G

3:
C

O
2

gr
ou

p;
G

4:
Sa

nd
bl

as
te

d
gr

ou
p.

In
th

e
fo

ur
gr

ou
ps

,a
si

la
ne

co
up

lin
g

ag
en

t)
w

as
ap

pl
ie

d.

N
R

M
et

al
lic

SB
ST

A
N

O
VA

re
ve

al
ed

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
in

SB
S

am
on

g
th

e
fo

ur
gr

ou
ps

(p
<

0.
00

1)
.

G
1

de
m

on
st

ra
te

d
si

gn
ifi

ca
nt

ly
hi

gh
er

bo
nd

st
re

ng
th

(1
3.

13
–2

.4
7)

w
he

n
co

m
pa

re
d

w
it

h
th

e
ot

he
r

gr
ou

ps
.G

2
sh

ow
ed

hi
gh

er
bo

nd
st

re
ng

th
(9

.6
0–

1.
91

)
w

he
n

co
m

pa
re

d
w

it
h

G
4

(6
.4

0–
1.

67
)(

p
=

0.
01

6)
.

D
eg

la
zi

ng
co

m
bi

ne
d

w
it

h
H

F
et

ch
in

g
pr

od
uc

ed
th

e
hi

gh
es

tb
on

d
st

re
ng

th
,

bu
tC

O
2

la
se

r
ir

ra
di

at
io

n
pr

ov
id

ed
ad

eq
ua

te
bo

nd
st

re
ng

th
an

d
al

lo
w

ed
fo

r
el

im
in

at
io

n
of

th
e

H
F

st
ep

.D
eg

la
zi

ng
is

no
t

re
co

m
m

en
de

d
as

a
pr

el
im

in
ar

y
st

ep
be

fo
re

C
O

2
la

se
r

co
nd

it
io

ni
ng

.

D
ur

ge
sh

,2
02

0
[2

0]
In

vi
tr

o

G
ri

t-
bl

as
te

d
w

it
h

va
ri

ou
s

di
st

an
ce

(5
m

m
,1

0
m

m
an

d
15

m
m

)w
it

h
1.

0
vo

l.
%

3
m

et
ha

cr
yl

oy
lo

xy
pr

op
yl

tr
im

et
ho

xy
-

si
la

ne
(e

p1
)o

r
th

ei
r

bl
en

ds
w

it
h

0.
5%

(e
p2

),
an

d
1.

0
vo

l.
%

(e
p3

)1
,

2-
bi

s-
(t

ri
et

ho
xy

si
ly

l)
et

ha
ne

(a
ll

in
et

ha
no

l/
w

at
er

).

Z
ir

co
ni

a
18

0

A
to

ta
lo

f1
80

zi
rc

on
ia

sp
ec

im
en

s
w

er
e

us
ed

fo
r

th
re

e
te

st
gr

ou
ps

(n
=

60
),

an
d

th
en

gr
it

-b
la

st
ed

w
it

h
va

ri
ou

s
di

st
an

ce
(5

m
m

,
10

m
m

an
d

15
m

m
).

Th
e

gr
it

-b
la

st
ed

sp
ec

im
en

s
w

er
e

al
lo

ca
te

d
to

th
re

e
si

la
ni

za
ti

on
s

(n
=

30
):

w
it

h
1.

0
vo

l.
%

3
m

et
ha

cr
yl

oy
-

lo
xy

pr
op

yl
tr

im
et

ho
xy

si
la

ne
(E

P1
)o

r
th

ei
r

bl
en

ds
w

it
h

0.
5%

(E
P2

),
an

d
1.

0
vo

l.
%

(E
P3

)1
,2

-b
is

-(
tr

ie
th

ox
ys

ily
l)

et
ha

ne
(a

ll
in

et
ha

no
l/

w
at

er
).

N
R

N
R

A
ST

A
N

O
VA

sh
ow

ed
a

si
gn

ifi
ca

nt
in

flu
en

ce
of

th
e

gr
it

-b
la

st
in

g
di

st
an

ce
,s

ila
ne

bl
en

d
an

d
ar

ti
fic

ia
l

ag
in

g
on

th
e

sh
ea

r
bo

nd
st

re
ng

th
va

lu
es

(p
<

0.
05

).
T

he
hi

gh
es

ta
dh

es
io

n
st

re
ng

th
s

w
er

e
ob

ta
in

ed
fo

r
ba

se
lin

e
sp

ec
im

en
s

ir
re

sp
ec

ti
ve

of
th

e
gr

it
-b

la
st

in
g

di
st

an
ce

or
th

e
si

la
ne

pr
im

er
bl

en
d

sy
st

em
us

ed
.

G
ri

t-
bl

as
ti

ng
at

10
m

m
an

d
si

la
ne

pr
im

er
bl

en
d

of
1.

0
vo

l.
%

3-
M

PS
an

d
0.

5
vo

l.
%

BT
SE

pr
ov

id
ed

ac
ce

pt
ab

le
or

th
od

on
ti

c
bo

nd
in

g
w

it
h

le
as

t
su

rf
ac

e
da

m
ag

e
to

zi
rc

on
ia

su
rf

ac
e.

A
dh

es
io

n
st

re
ng

th
va

lu
es

si
gn

ifi
ca

nt
ly

de
cr

ea
se

d
fo

llo
w

in
g

th
er

m
o-

cy
cl

in
g,

ir
re

sp
ec

ti
ve

of
th

e
gr

it
-b

la
st

in
g

di
st

an
ce

an
d

th
e

si
la

ne
pr

im
er

bl
en

d
sy

st
em

us
ed

.

193



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

G
ar

cí
a-

Sa
nz

et
al

.,
20

19
[5

3]
In

vi
tr

o

A
ir

pa
rt

ic
le

ab
ra

si
on

(A
PA

)
w

it
h

al
um

in
a

pa
rt

ic
le

s
(A

l 2
O

3)
fo

r
20

s;
fe

m
to

se
co

nd
Ti

:s
ap

ph
ir

e
la

se
r

fo
r

12
m

in
.

Z
ir

co
ni

a
18

0

Fi
ve

gr
ou

ps
(n

=
30

)
ac

co
rd

in
g

to
su

rf
ac

e
tr

ea
tm

en
t:

G
1:

ai
r-

pa
rt

ic
le

ab
ra

si
on

(A
PA

);
G

2:
FS

la
se

r
ir

ra
di

at
io

n
(3

00
m

W
ou

tp
ut

po
w

er
,

60
µ

m
in

te
r-

gr
oo

ve
di

st
an

ce
);

G
3:

FS
la

se
r

ir
ra

di
at

io
n

(2
00

m
W

,
10

0
µ

m
);

G
4:

FS
la

se
r

ir
ra

di
at

io
n

(4
0

m
W

,6
0
µ

m
);

G
5:

FS
la

se
r

ir
ra

di
at

io
n

(2
00

m
W

,
60

µ
m

).

G
1-

co
nt

ro
lg

ro
up

:
N

o
tr

ea
tm

en
t

ap
pl

ie
d

(n
=

30
).

N
R

SB
ST

SB
ST

in
gr

ou
ps

3
an

d
6

w
as

si
gn

ifi
ca

nt
ly

hi
gh

er
th

an
th

e
ot

he
r

gr
ou

ps
(5

.9
2
±

1.
12

M
Pa

an
d

5.
68

±
0.

94
M

Pa
).

N
o

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
w

er
e

fo
un

d
be

tw
ee

n
gr

ou
ps

1,
2,

4,
an

d
5

(3
.8

7
±

0.
77

M
Pa

,
4.

25
±

0.
51

M
Pa

,
3.

74
±

0.
10

M
Pa

,a
nd

3.
91

±
0.

53
M

Pa
).

FS
la

se
r

at
20

0
m

W
,

60
µ

m
ca

n
be

re
co

m
m

en
de

d
as

th
e

id
ea

ls
et

ti
ng

s
fo

r
tr

ea
ti

ng
zi

rc
on

ia
su

rf
ac

es
,

pr
od

uc
in

g
go

od
SB

ST
an

d
m

or
e

ec
on

om
ic

al
en

er
gy

us
e.

St
el

la
et

al
.,

20
15

[5
4]

In
vi

tr
o

G
1:

37
%

ge
lp

ho
sp

ho
ri

c
ac

id
et

ch
in

g
fo

r
on

e
m

in
ut

e
+

Si
la

ne
ap

pl
ic

at
io

n
fo

r
on

e
m

in
ut

e;
G

2:
37

%
liq

ui
d

ph
os

ph
or

ic
ac

id
et

ch
in

g
fo

r
on

e
m

in
ut

e+
Si

la
ne

ap
pl

ic
at

io
n

fo
r

on
e

m
in

ut
e;

G
3:

10
%

hy
dr

ofl
uo

ri
c

ac
id

et
ch

in
g

fo
r

on
e

m
in

ut
e;

G
4:

10
%

hy
dr

ofl
uo

ri
c

ac
id

et
ch

in
g

fo
r

on
e

m
in

ut
e

+
Si

la
ne

ap
pl

ic
at

io
n

fo
r

on
e

m
in

ut
e.

N
R

52

Fo
ur

ex
pe

ri
m

en
ta

lg
ro

up
s

(n
=

13
)w

er
e

se
tu

p
ac

co
rd

in
g

to
th

e
ce

ra
m

ic
co

nd
it

io
ni

ng
m

et
ho

d:
G

1:
37

%
ph

os
ph

or
ic

ac
id

et
ch

in
g

fo
llo

w
ed

by
si

la
ne

ap
pl

ic
at

io
n;

G
2:

37
%

liq
ui

d
ph

os
ph

or
ic

ac
id

et
ch

in
g,

no
ri

ns
in

g,
fo

llo
w

ed
by

si
la

ne
ap

pl
ic

at
io

n;
G

3:
10

%
hy

dr
ofl

uo
ri

c
ac

id
et

ch
in

g
al

on
e.

G
4:

10
%

hy
dr

ofl
uo

ri
c

ac
id

et
ch

in
g

fo
llo

w
ed

by
si

la
ne

ap
pl

ic
at

io
n.

N
R

M
et

al
lic

SB
ST

Th
e

hi
gh

es
ts

he
ar

bo
nd

st
re

ng
th

va
lu

es
w

er
e

fo
un

d
in

gr
ou

ps
G

3
an

d
G

4
(2

2.
01

±
2.

15
M

Pa
an

d
22

.8
3
±

3.
32

M
pa

,
re

sp
ec

ti
ve

ly
),

fo
llo

w
ed

by
G

1
(1

6.
42

±
3.

61
M

Pa
)a

nd
G

2
(9

.2
9
±

1.
95

M
Pa

).

A
cc

ep
ta

bl
e

le
ve

ls
of

bo
nd

st
re

ng
th

fo
r

cl
in

ic
al

us
e

w
er

e
re

ac
he

d
by

al
l

m
et

ho
ds

te
st

ed
;h

ow
ev

er
,

liq
ui

d
ph

os
ph

or
ic

ac
id

et
ch

in
g

fo
llo

w
ed

by
si

la
ne

ap
pl

ic
at

io
n

(G
2)

re
su

lt
ed

in
th

e
le

as
t

da
m

ag
e

to
th

e
ce

ra
m

ic
su

rf
ac

e.

Ep
pe

rs
on

et
al

.,
20

21
[5

5]
Ex

vi
vo

9.
6%

H
F

w
as

fo
r

4
m

in
;3

5%
ph

os
ph

or
ic

ac
id

(P
A

)w
it

h
su

bs
eq

ue
nt

si
la

na
ti

on
;5

0
µ

al
um

in
um

ox
id

e
m

ic
ro

et
ch

in
g

(M
IC

)

H
yb

ri
d

ce
ra

m
ic

s
60

G
1:

La
va

(H
F)

;
G

2:
La

va
(P

A
);

G
3

La
va

(M
IC

);
G

1
En

am
ic

(H
F)

;G
2

En
am

ic
(P

A
);

G
3

En
am

ic
(M

IC
).

En
am

el
co

nt
ro

l
gr

ou
p

(n
=

10
)

(3
5%

ph
os

ph
or

ic
ac

id
fo

r
30

s
an

d
ri

ns
ed

fo
r

10
s.

A
n

ad
he

si
ve

pr
im

er
,

Tr
an

sb
on

d™
X

T
Pr

im
er

w
as

ap
pl

ie
d

fo
r

5
s

an
d

lig
ht

ly
ai

r-
th

in
ne

d
fo

r
1

s.

M
et

al
lic

SB
ST

T
he

SB
ST

of
al

lg
ro

up
s,

ex
ce

pt
th

e
H

F
En

am
ic

®

gr
ou

p,
w

er
e

si
gn

ifi
ca

nt
ly

lo
w

er
th

an
th

e
m

ea
n

SB
S

of
th

e
en

am
el

co
nt

ro
lg

ro
up

(8
.8

M
Pa

).
Th

e
m

ea
n

sh
ea

r
bo

nd
st

re
ng

th
va

lu
es

of
En

am
ic

®
w

er
e

si
gn

ifi
ca

nt
ly

hi
gh

er
th

an
th

os
e

of
La

va
™

U
lt

im
at

e
(p

-v
al

ue
s

<
0.

05
).

St
at

is
ti

ca
lly

,o
nl

y
En

am
ic

®
tr

ea
te

d
w

it
h

H
F

ex
hi

bi
te

d
su

ffi
ci

en
tS

BS
T

w
he

n
co

m
pa

re
d

w
it

h
th

e
en

am
el

co
nt

ro
l.

194



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

A
l-

H
it

y
et

al
.,

20
12

[1
9]

In
vi

tr
o

Th
e

in
flu

en
ce

of
us

in
g

di
ff

er
en

tc
om

bi
na

ti
on

s
of

br
ac

ke
t,

ad
he

si
ve

,a
nd

lig
ht

-
cu

ri
ng

so
ur

ce
on

th
e

te
ns

ile
bo

nd
st

re
ng

th
to

po
rc

el
ai

n
Te

ns
ile

te
st

s
w

er
e

pe
rf

or
m

ed
us

in
g:

on
e

ce
ra

m
ic

br
ac

ke
tv

er
su

s
on

e
m

et
al

br
ac

ke
t,

tw
o

or
th

od
on

ti
c

co
m

po
si

te
s;

ty
pe

bi
sp

he
no

l
A

-g
ly

ci
dy

ld
im

et
ha

cr
yl

at
e

an
d

ur
et

ha
ne

di
m

et
ha

cr
yl

at
e

(U
D

M
A

),
an

d
fo

ur
lig

ht
-c

ur
in

g
un

it
s

w
it

h
th

e
sa

m
e

ra
ng

e
of

em
is

si
on

sp
ec

tr
um

bu
t

va
ri

ou
s

lig
ht

in
te

ns
it

ie
s:

th
re

e
lig

ht
-e

m
it

ti
ng

di
od

e
(L

ED
)u

ni
ts

an
d

on
e

ha
lo

ge
n-

ba
se

d
un

it
.

Fl
uo

ra
pa

ti
te

gl
as

s-
ce

ra
m

ic
-

16
0

16
0

po
rc

el
ai

n
sa

m
pl

es
w

er
e

ra
nd

om
ly

di
vi

de
d

in
to

16
eq

ua
lg

ro
up

s.
Th

e
po

rc
el

ai
n

su
rf

ac
e

w
as

co
nd

it
io

ne
d

w
it

h
9%

hy
dr

ofl
uo

ri
c

ac
id

be
fo

re
si

la
ne

ap
pl

ic
at

io
n.

Th
e

co
m

po
si

te
w

as
ph

ot
o-

po
ly

m
er

iz
ed

fo
r

40
s.

N
R

M
et

al
lic

an
d

ce
ra

m
ic

T
BS

T

Th
e

bo
nd

st
re

ng
th

in
al

l
gr

ou
ps

w
as

su
ffi

ci
en

tt
o

w
it

hs
ta

nd
or

th
od

on
ti

c
tr

ea
tm

en
t(

>6
M

Pa
).

T
he

re
w

as
no

st
at

is
ti

ca
ld

iff
er

en
ce

be
tw

ee
n

th
e

ad
he

si
ve

s,
bu

t
co

m
pa

ri
ng

br
ac

ke
t×

lig
ht

in
te

ra
ct

io
n,

it
w

as
si

gn
ifi

ca
nt

ly
hi

gh
er

w
it

h
th

e
ce

ra
m

ic
br

ac
ke

t.
N

o
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

w
er

e
se

en
be

tw
ee

n
th

e
m

et
al

br
ac

ke
tg

ro
up

s,
bu

tf
or

th
e

ce
ra

m
ic

br
ac

ke
t,

th
e

re
su

lt
s

w
er

e
si

gn
ifi

ca
nt

ly
hi

gh
er

w
it

h
th

e
LE

D
lig

ht

N
o

si
gn

ifi
ca

nt
di

ff
er

en
ce

be
tw

ee
n

ad
he

si
ve

s’
co

m
po

si
ti

on
re

la
te

d
to

th
e

bo
nd

in
g

st
re

ng
th

on
po

rc
el

ai
n.

Bo
nd

in
g

st
re

ng
th

of
ce

ra
m

ic
br

ac
ke

ts
on

po
rc

el
ai

n
is

si
gn

ifi
ca

nt
ly

hi
gh

er
th

an
m

et
al

br
ac

ke
t.

Bo
nd

in
g

st
re

ng
th

of
ce

ra
m

ic
br

ac
ke

ti
s

si
gn

ifi
ca

nt
ly

hi
gh

er
w

he
n

an
LE

D
LC

U
of

hi
gh

lig
ht

in
te

ns
it

y
is

us
ed

co
m

pa
re

d
to

ha
lo

ge
n-

ba
se

d
or

LE
D

LC
U

w
it

h
lo

w
in

te
ns

it
y.

G
ho

zy
et

al
.,

20
20

[1
3]

In
vi

tr
o

9.
5%

H
F

fo
r

1
m

in
;3

7%
PA

ge
lf

or
1

m
in

.

V
IT

A
BL

O
C

S
M

ar
k

II
,V

IT
A

EN
A

M
IC

,
an

d
IP

S
e.

m
ax

C
A

D
.

12
0

12
0

C
A

D
/C

A
M

ce
ra

m
ic

bl
oc

ks
in

12
gr

ou
ps

w
er

e
fa

br
ic

at
ed

fr
om

th
re

e
di

ff
er

en
tC

A
D

/C
A

M
ce

ra
m

ic
m

at
er

ia
ls

:
V

IT
A

BL
O

C
S

M
ar

k
II

,
V

IT
A

EN
A

M
IC

,a
nd

IP
S

e.
m

ax
C

A
D

.E
ac

h
ce

ra
m

ic
m

at
er

ia
lg

ro
up

w
as

di
vi

de
d

in
to

tw
o

et
ch

in
g

gr
ou

ps
:

60
m

et
al

(B
M

)a
nd

ce
ra

m
ic

br
ac

ke
ts

(C
B)

of
th

e
up

pe
r

ri
gh

tc
en

tr
al

in
ci

so
r

w
er

e
bo

nd
ed

to
th

e
H

F-
tr

ea
te

d
bl

oc
ks

.A
no

th
er

60
m

et
al

an
d

C
Bs

w
er

e
bo

nd
ed

to
th

e
PA

tr
ea

te
d

bl
oc

ks
.

N
R

M
et

al
lic

an
d

ce
ra

m
ic

SB
ST

T
he

re
w

er
e

no
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

in
SB

S
va

lu
es

be
tw

ee
n

th
e

th
re

e
C

A
D

/C
A

M
ce

ra
m

ic
m

at
er

ia
ls

.T
he

H
F-

tr
ea

te
d

sp
ec

im
en

s
ex

hi
bi

te
d

si
gn

ifi
ca

nt
ly

hi
gh

er
SB

S
va

lu
es

th
an

th
e

PA
-t

re
at

ed
sp

ec
im

en
s.

A
ls

o,
th

e
SB

S
va

lu
es

of
C

Bs
w

er
e

si
gn

ifi
ca

nt
ly

hi
gh

er
th

an
th

e
BM

.

Th
e

C
A

D
/C

A
M

ce
ra

m
ic

ty
pe

di
d

no
ti

nfl
ue

nc
e

SB
ST

;h
ow

ev
er

,H
F

ex
hi

bi
te

d
si

gn
ifi

ca
nt

ly
hi

gh
er

SB
ST

co
m

pa
re

d
to

PA
.

195



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

R
am

os
et

al
.,

20
12

[5
6]

Ex
vi

vo

G
2:

D
ia

m
on

d
bu

r
an

d
pr

oc
es

se
d

w
it

h
ph

os
ph

or
ic

ac
id

37
%

fo
r

30
s;

G
3:

Et
ch

in
g

w
it

h
H

F
10

%
fo

r
1

m
in

;
G

4:
et

ch
in

g
w

it
h

H
F

10
%

fo
r

1
m

in
an

d
ap

pl
ic

at
io

n
of

2
la

ye
rs

of
si

la
ni

za
ti

on
ag

en
t.

N
R

40

n
=

10
fo

r
ea

ch
gr

ou
p.

G
2:

fin
e

di
am

on
d

bu
r

+
or

th
op

ho
sp

ho
ri

c
ac

id
ge

l
37

%
;G

3:
H

F
10

%
;

G
4:

H
F

10
%

+
si

la
ne

.

G
1-

co
nt

ro
lg

ro
up

:
N

o
su

rf
ac

e
tr

ea
tm

en
t(

n
=

10
).

C
er

am
ic

SB
ST

T
he

re
w

as
a

si
gn

ifi
ca

nt
di

ff
er

en
ce

(p
<

0.
05

)
be

tw
ee

n
th

e
co

nt
ro

lg
ro

up
an

d
al

lo
th

er
gr

ou
ps

.T
he

re
w

as
no

si
gn

ifi
ca

nt
di

ff
er

en
ce

(p
<

0.
05

)
be

tw
ee

n
tr

ea
te

d
po

rc
el

ai
n

su
rf

ac
e

w
it

h
di

am
on

d
bu

r
+

or
th

op
ho

sp
ho

ri
c

ac
id

ge
l

37
%

(4
.8

M
Pa

)a
nd

H
F

10
%

(6
.1

M
Pa

),
bu

tt
he

gr
ou

p
tr

ea
te

d
w

it
h

H
F

10
%

ha
d

cl
in

ic
al

ly
ac

ce
pt

ab
le

bo
nd

st
re

ng
th

va
lu

es
.T

he
gr

ou
p

tr
ea

te
d

w
it

h
H

F
10

%
+

si
la

ne
(1

7.
5

M
Pa

)r
es

ul
te

d
in

a
st

at
is

ti
ca

lly
si

gn
ifi

ca
nt

hi
gh

er
te

ns
ile

bo
nd

st
re

ng
th

(p
<

0.
05

).
In

G
4,

20
%

of
th

e
po

rc
el

ai
n

fa
ce

ts
di

sp
la

ye
d

da
m

ag
e.

Et
ch

in
g

of
th

e
su

rf
ac

e
w

it
h

H
F

10
%

in
cr

ea
se

d
th

e
bo

nd
st

re
ng

th
va

lu
es

.
Si

la
ne

ap
pl

ic
at

io
n

w
as

re
co

m
m

en
de

d
to

bo
nd

a
ce

ra
m

ic
br

ac
ke

tt
o

th
e

po
rc

el
ai

n
su

rf
ac

e
to

ac
hi

ev
e

bo
nd

st
re

ng
th

s
th

at
ar

e
cl

in
ic

al
ly

ac
ce

pt
ab

le
.

M
eh

m
et

ie
ta

l.,
20

18
[5

7]
In

vi
tr

o

G
1:

5%
H

F
fo

r
2

m
in

;
G

2:
37

%
ph

os
ph

or
ic

ac
id

fo
r

2
m

in
,a

nd
su

bs
eq

ue
nt

ly
,

si
la

ne
.

Fe
ld

sp
ar

-b
as

ed
po

rc
el

ai
n

PF
M

.
48

Fo
ur

gr
ou

ps
(n

=
12

):
G

1:
M

et
al

br
ac

ke
tb

on
de

d
af

te
r

su
rf

ac
e

co
nd

it
io

ni
ng

w
it

h
37

pe
r

ce
nt

ph
os

ph
or

ic
ac

id
an

d
si

la
ne

;
G

2:
M

et
al

br
ac

ke
tb

on
de

d
af

te
r

su
rf

ac
e

co
nd

it
io

ni
ng

w
it

h
5%

H
F

an
d

si
la

ne
;

G
3:

C
er

am
ic

br
ac

ke
t

bo
nd

ed
af

te
r

su
rf

ac
e

co
nd

it
io

ni
ng

w
it

h
37

%
ph

os
ph

or
ic

ac
id

an
d

si
la

ne
;

G
4:

C
er

am
ic

br
ac

ke
t

bo
nd

ed
af

te
r

su
rf

ac
e

co
nd

it
io

ni
ng

w
it

h
5%

H
F

an
d

si
la

ne
.

N
R

M
et

al
lic

an
d

ce
ra

m
ic

SB
ST

SB
ST

va
lu

es
of

th
e

gr
ou

ps
et

ch
ed

w
it

h
H

F
an

d
si

la
ne

,
co

m
pa

re
d

to
th

e
gr

ou
ps

et
ch

ed
w

it
h

ph
os

ph
or

ic
ac

id
an

d
si

la
ne

,a
re

no
t

si
gn

ifi
ca

nt
ly

in
cr

ea
se

d.
H

ow
ev

er
,c

er
am

ic
br

ac
ke

ts
sh

ow
si

gn
ifi

ca
nt

ly
hi

gh
er

SB
ST

va
lu

es
th

an
m

et
al

lic
br

ac
ke

ts
.

Bo
th

ty
pe

s
of

ce
ra

m
ic

su
rf

ac
e

co
nd

it
io

ni
ng

pr
oc

ed
ur

es
ha

ve
si

m
ila

r
fe

at
ur

es
an

d
pr

ov
id

e
st

ro
ng

en
ou

gh
SB

ST
va

lu
es

to
re

al
iz

e
th

e
or

th
od

on
ti

c
tr

ea
tm

en
t.

A
ls

o,
th

e
as

su
m

pt
io

n
th

at
on

ly
th

e
ty

pe
of

br
ac

ke
t

si
gn

ifi
ca

nt
ly

af
fe

ct
s

th
e

SB
ST

va
lu

e
ca

n
be

ac
ce

pt
ed

.

196



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

Ba
es

he
n,

20
21

[5
8]

In
vi

tr
o

G
1:

Er
-Y

A
G

la
se

r
fo

r
ab

ou
t

30
s

+
S

co
up

lin
g

ag
en

tf
or

30
s;

G
2:

Ph
ot

od
yn

am
ic

th
er

ap
y

(P
D

T)
us

in
g

m
et

hy
le

ne
bl

ue
(M

B)
ph

ot
os

en
si

ti
ze

r
at

a
co

nc
en

tr
at

io
n

of
10

0
m

g/
L;

G
3:

9.
5%

of
H

F
ac

id
fo

r
60

s
+S

co
up

lin
g

ag
en

tw
as

ap
pl

ie
d

an
d

ai
r

dr
ie

d
fo

r
60

s;
G

4:
9.

5%
H

F
ac

id
fo

r
60

s
+

ul
tr

as
on

ic
ba

th
U

B
al

on
g

w
it

h
di

st
ill

ed
w

at
er

an
d

ai
r

dr
ie

d
fo

r
12

0
s

+
S;

G
5:

Sa
nd

bl
as

ti
ng

w
it

h
A

l 2
O

3
pa

rt
ic

le
s

fo
r

15
s;

G
6:

SE
C

P
(M

on
ob

on
d

et
ch

an
d

pr
im

e)
fo

r
60

s
fo

llo
w

ed
by

ri
ns

e
fo

r
20

s;
G

7:
Er

,C
r:

Y
SG

G
fo

r
60

s
+

S.

Li
th

iu
m

di
si

lic
at

e
(L

D
C

)
70

Se
ve

n
gr

ou
ps

ac
co

rd
in

g
to

ce
ra

m
ic

su
rf

ac
e

co
nd

it
io

ni
ng

.
G

1:
su

rf
ac

e
tr

ea
te

d
w

it
h

Er
-Y

A
G

la
se

r
an

d
sa

lin
e

(S
);

G
2:

PD
T

us
in

g
M

BP
+

S;
G

3:
H

F
(H

yd
ro

flu
or

ic
ac

id
)

+s
al

in
e,

G
4:

H
F

(H
yd

ro
flu

or
ic

ac
id

)
+u

lt
ra

so
ni

c
ba

th
(U

B)
+

S;
G

5:
sa

nd
bl

as
ti

ng
th

e
gl

as
s

ce
ra

m
ic

su
rf

ac
e

w
it

h
12

0
um

A
l 2

O
3;

G
6:

LD
C

su
rf

ac
e

co
nd

it
io

ne
d

w
it

h
SE

C
P

(E
tc

h
an

d
Pr

im
e)

;
G

7:
Er

,C
r:

Y
SG

G
+

S
on

w
as

ir
ra

di
at

ed
on

LD
C

.

G
3

H
F

+
S

(c
on

tr
ol

).
M

et
al

lic
SB

ST

SB
ST

va
lu

es
of

G
2

H
F

ac
id

+
S

di
sp

la
ye

d
hi

gh
es

tb
on

d
du

ra
bi

lit
y

(2
2.

28
±

1.
09

M
Pa

).
W

he
re

as
,s

pe
ci

m
en

s
in

G
4

su
rf

ac
e

tr
ea

te
d

w
it

h
12

0
µ

m
A

l 2
O

3
di

sp
la

ye
d

lo
w

es
tS

BS
T

sc
or

es
(1

1.
81

±
0.

55
M

Pa
)a

nd
th

es
e

bo
nd

sc
or

es
w

er
e

co
m

pa
ra

bl
e

to
PD

T
us

in
g

M
BP

+
S

(1
2.

54
±

1.
09

M
Pa

)
(p

>
0.

05
).

LD
C

su
rf

ac
e

tr
ea

te
d

by
Er

,C
r:

Y
SG

G
+

S
(2

1.
11

±
3.

85
M

Pa
),

H
F

+
U

B
+

S
(1

9.
28

±
0.

52
M

Pa
)

ex
hi

bi
te

d
re

su
lt

s
co

m
pa

ra
bl

e
to

H
F

ac
id

+
S

(p
>

0.
05

).

LD
C

co
nd

it
io

ne
d

w
it

h
H

F–
S

st
ill

re
m

ai
ns

as
go

ld
st

an
da

rd
.U

se
of

PD
T

fo
r

su
rf

ac
e

tr
ea

tm
en

t
of

LD
C

an
d

bo
nd

ed
to

m
et

al
lic

br
ac

ke
ti

s
no

t
re

co
m

m
en

de
d

as
it

re
su

lt
s

in
de

cr
ea

se
d

bo
nd

du
ra

bi
lit

y.
U

se
of

Er
,C

r:
Y

SG
G

-S
an

d
H

F
+

U
B

+
S

ha
s

a
po

te
nt

ia
lt

o
be

us
ed

al
te

rn
at

iv
el

y
to

H
F–

S
fo

r
LD

C
co

nd
it

io
ni

ng
.

Ta
hm

as
bi

et
al

.,
20

20
[9

]
In

vi
tr

o

G
1:

un
iv

er
sa

la
dh

es
iv

e
(S

co
tc

hb
on

dTM
U

ni
ve

rs
al

ad
he

si
ve

)2
0

s,
ai

r
sp

ra
y

5
s,

lig
ht

cu
re

d
10

s
65

0
m

W
/c

m
3 ;

G
2:

un
iv

er
sa

l
ad

he
si

ve
/s

ila
ne

1m
in

,a
ir

sp
ra

y
30

s,
Sc

ot
ch

bo
nd

U
ni

ve
rs

al
ad

he
si

ve
20

s,
ai

r
sp

ra
y

5
s,

lig
ht

cu
ri

nf
10

s;
G

3:
co

nv
en

ti
on

al
ad

he
si

ve
–t

w
o

la
ye

rs
of

Si
ng

le
Bo

nd
2

co
nv

en
ti

on
al

ad
he

si
ve

20
s,

ai
r

sp
ra

ye
d

5
s,

lig
ht

cu
re

d
10

s;
G

4:
co

nv
en

ti
on

al
ad

he
si

ve
/s

ila
ne

–s
ila

ne
1

m
in

,a
ir

sp
ra

y
30

s,
tw

o
la

ye
rs

of
Si

ng
le

Bo
nd

2
co

nv
en

ti
on

al
ad

he
si

ve
20

s,
ai

r
sp

ra
y

5
s,

lig
ht

cu
re

d
10

s.

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
56

n
=

14
–u

ni
ve

rs
al

ad
he

si
ve

;
n

=
14

–u
ni

ve
rs

al
ad

he
si

ve
/s

ila
ne

;
n

=
14

–c
on

ve
nt

io
na

l
ad

he
si

ve
;

n
=

14
–c

on
ve

nt
io

na
l

ad
he

si
ve

/s
ila

ne
.

N
R

N
R

SB
ST

Th
e

hi
gh

es
tS

BS
T

w
as

no
te

d
in

th
e

un
iv

er
sa

l
ad

he
si

ve
/s

ila
ne

gr
ou

p
(1

2.
7

M
Pa

)f
ol

lo
w

ed
by

co
nv

en
ti

on
al

ad
he

si
ve

/s
ila

ne
(1

1.
9

M
Pa

),
co

nv
en

ti
on

al
ad

he
si

ve
w

it
ho

ut
si

la
ne

(7
.6

M
Pa

),
an

d
un

iv
er

sa
la

dh
es

iv
e

w
it

ho
ut

si
la

ne
(4

.4
M

Pa
).

SB
ST

of
br

ac
ke

tt
o

po
rc

el
ai

n
m

ai
nl

y
de

pe
nd

s
on

th
e

us
e

of
si

la
ne

ra
th

er
th

an
th

e
ty

pe
of

ad
he

si
ve

.B
ot

h
un

iv
er

sa
la

nd
co

nv
en

ti
on

al
ad

he
si

ve
s

yi
el

d
si

gn
ifi

ca
nt

ly
hi

gh
er

SB
ST

in
th

e
pr

es
en

ce
of

si
la

ne
co

m
pa

re
d

to
th

at
in

th
e

ab
se

nc
e

of
si

la
ne

197



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

M
eh

m
et

ie
ta

l.,
20

17
[5

9]
In

vi
tr

o

Ph
os

ph
or

ic
ac

id
12

0
s,

co
m

po
si

te
re

si
n-

ba
se

d
bo

nd
in

g
sy

st
em

,T
lig

ht
cu

re
d

40
s

us
in

g
lig

ht
-e

m
it

ti
ng

di
od

e.

A
ll-

zi
rc

on
iu

m
ce

ra
m

ic
20

n
=

10
–m

et
al

lic
br

ac
ke

t;
n

=
10

–c
er

am
ic

po
ly

cr
ys

ta
lli

ne
br

ac
ke

t.
N

R

M
et

al
lic

an
d

ce
ra

m
ic

po
ly

cr
ys

-
ta

lli
ne

SB
ST

Fo
rc

e
ne

ce
ss

ar
y

to
de

bo
nd

m
et

al
lic

br
ac

ke
ts

(s
um

of
10

te
st

s
=

70
,7

97
N

)o
ft

he
zi

rc
on

iu
m

cr
ow

ns
w

er
e

hi
gh

er
th

an
th

os
e

of
ce

ra
m

ic
br

ac
ke

ts
(s

um
of

10
te

st
s

=
59

,7
70

N
),

w
it

h
a

si
gn

ifi
ca

nt
di

ff
er

en
ce

.

M
et

al
lic

br
ac

ke
ts

co
m

pa
re

d
w

it
h

ce
ra

m
ic

po
ly

cr
ys

ta
lli

ne
br

ac
ke

ts
,

se
em

to
cr

ea
te

st
ro

ng
er

ad
he

si
on

w
it

h
al

l-
zi

rc
on

iu
m

su
rf

ac
es

du
e

to
th

ei
r

be
tt

er
ba

se
su

rf
ac

e
de

si
gn

or
re

te
nt

io
n

m
od

e.
A

ls
o,

ce
ra

m
ic

br
ac

ke
ts

sh
ow

hi
gh

er
fr

ag
ili

ty
du

ri
ng

de
bo

nd
in

g.

Ya
ss

ae
ie

ta
l.,

20
13

[6
0]

In
vi

tr
o

G
1:

9.
6%

H
F;

G
2,

3
an

d
4:

Er
:Y

A
G

la
se

rs
of

1.
6,

2,
an

d
3.

2
W

.
Po

rc
el

ai
n

10
0

Fo
ur

gr
ou

ps
:

G
1:

n
=

25
–H

F;
G

2:
n

=
25

–E
r:

YA
G

la
se

rs
of

1.
6;

G
3:

n
=

25
–E

r:
YA

G
la

se
rs

of
2;

G
4:

n
=

25
–E

r:
YA

G
la

se
rs

of
3.

2

N
R

M
et

al
lic

SB
ST

Th
e

m
ea

n
sh

ea
r

bo
nd

st
re

ng
th

in
th

e
la

se
r

gr
ou

p
w

it
h

po
w

er
of

1.
6

W
(7

.8
8

M
Pa

)w
as

m
or

e
th

an
th

at
of

th
e

H
F

(7
.4

M
Pa

),
2-

W
po

w
er

(7
.5

2
M

Pa
),

an
d

3.
2-

W
po

w
er

(7
.4

5
M

Pa
)

gr
ou

ps
,b

ut
th

is
di

ff
er

en
ce

w
as

no
ts

ta
ti

st
ic

al
ly

si
gn

ifi
ca

nt
.

Er
:Y

A
G

la
se

r
ca

n
be

a
su

it
ab

le
m

et
ho

d
fo

r
bo

nd
in

g
of

or
th

od
on

ti
c

br
ac

ke
ts

to
po

rc
el

ai
n

su
rf

ac
es

.

G
ar

di
ne

r
et

al
.,

20
19

[5
]

In
vi

tr
o

H
yd

ro
flu

or
ic

ac
id

et
ch

Z
ir

co
ni

a;
lit

hi
um

di
si

lic
at

e
(I

PS
e.

m
ax

);
lit

hi
um

si
lic

at
e

in
fu

se
d

w
it

h
zi

rc
on

ia
(C

EL
TR

A
D

U
O

)

60

Z
ir

co
ni

a
(n

=
20

):
9.

6%
H

F+
si

la
ne

(n
=

10
),

si
la

ne
(n

=
10

);
IP

S
e.

m
ax

(n
=

20
):

9.
6%

H
F+

si
la

ne
(n

=
10

),
si

la
ne

(n
=

10
);

C
EL

TR
A

D
U

O
(n

=
20

):
9.

6%
H

F
+

si
la

ne
(n

=
10

),
si

la
ne

(n
=

10
).

En
am

el
(n

=
10

):
35

%
PA

et
ch

M
et

al
lic

SB
ST

SB
ST

of
th

e
lit

hi
um

si
lic

at
e

in
fu

se
d

w
it

h
zi

rc
on

ia
gr

ou
ps

w
er

e
si

gn
ifi

ca
nt

ly
le

ss
th

an
th

e
ch

em
ic

al
ly

pr
e-

tr
ea

te
d

lit
hi

um
di

si
lic

at
e

gr
ou

p,
ho

w
ev

er
bo

th
m

at
er

ia
ls

,w
he

n
ch

em
ic

al
pr

e-
tr

ea
tm

en
t

pr
ot

oc
ol

w
as

us
ed

,w
er

e
no

t
st

at
is

ti
ca

lly
di

ff
er

en
tt

ha
n

th
e

en
am

el
co

nt
ro

l.

O
rt

ho
do

nt
ic

bo
nd

in
g

to
lit

hi
um

si
lic

at
e

in
fu

se
d

w
it

h
zi

rc
on

ia
yi

el
de

d
a

w
ea

ke
r

sh
ea

r
bo

nd
st

re
ng

th
th

an
bo

nd
in

g
to

tr
ad

it
io

na
ll

it
hi

um
di

si
lic

at
e,

ho
w

ev
er

,w
he

n
th

e
su

rf
ac

e
w

as
pr

e-
tr

ea
te

d
w

it
h

hy
dr

ofl
uo

ri
c

ac
id

et
ch

it
pr

ov
id

es
a

bo
nd

st
re

ng
th

th
at

is
w

it
hi

n
an

ac
ce

pt
ab

le
cl

in
ic

al
ra

ng
e.

198



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

G
ol

sh
ah

et
al

.,
20

18
[4

]
In

vi
tr

o

10
%

H
F

ac
id

2
m

in
an

d
th

e
fo

llo
w

in
g

bo
nd

in
g

pr
ot

oc
ol

s:
G

1:
Tr

an
sb

on
d

X
T

bo
nd

in
g

ag
en

tc
ur

ed
10

s;
G

2:
si

la
ne

pl
us

Tr
an

sb
on

d
X

T
bo

nd
in

g
ag

en
tc

ur
ed

10
s;

G
3:

si
la

ne
pl

us
un

iv
er

sa
l

ad
he

si
ve

(G
-P

re
m

io
bo

nd
)

cu
re

d
10

s;
G

4:
un

iv
er

sa
la

dh
es

iv
e

cu
re

d
10

s.

G
la

ze
d

fe
ld

sp
at

hi
c

po
rc

el
ai

n
40

G
1:

Tr
an

sb
on

d
X

T
bo

nd
in

g
ag

en
t(

n
=

10
);

G
2:

si
la

ne
pl

us
Tr

an
sb

on
d

X
T

bo
nd

in
g

ag
en

t(
n

=
10

);
G

3:
si

la
ne

pl
us

un
iv

er
sa

l
ad

he
si

ve
(G

-P
re

m
io

bo
nd

)
(n

=
10

);
G

4:
un

iv
er

sa
la

dh
es

iv
e

(n
=

10
).

N
R

M
et

al
lic

SB
ST

T
he

hi
gh

es
ta

nd
th

e
lo

w
es

t
SB

ST
va

lu
es

w
er

e
no

te
d

in
gr

ou
ps

si
la

ne
pl

us
un

iv
er

sa
l

ad
he

si
ve

(1
7.

06
±

2.
58

M
Pa

)
an

d
un

iv
er

sa
la

dh
es

iv
e

(9
.8

5
±

4.
76

M
Pa

),
re

sp
ec

ti
ve

ly
.T

yp
e

of
ad

he
si

ve
ha

d
no

si
gn

ifi
ca

nt
ef

fe
ct

on
SB

ST
(p

=
0.

61
1)

.
H

ow
ev

er
,t

he
ef

fe
ct

of
ap

pl
ic

at
io

n
of

si
la

ne
on

SB
ST

w
as

si
gn

ifi
ca

nt
(p

=
0.

00
0)

.G
ro

up
s

su
bj

ec
te

d
to

th
e

ap
pl

ic
at

io
n

of
si

la
ne

sh
ow

ed
hi

gh
er

SB
ST

va
lu

es
th

an
ot

he
rs

.

U
ni

ve
rs

al
ad

he
si

ve
an

d
Tr

an
sb

on
d

X
T

w
er

e
no

t
si

gn
ifi

ca
nt

ly
di

ff
er

en
ti

n
SB

ST
.

H
ow

ev
er

,a
pp

lic
at

io
n

of
si

la
ne

si
gn

ifi
ca

nt
ly

in
cr

ea
se

d
th

e
bo

nd
st

re
ng

th
.

H
os

se
in

ie
ta

l.,
20

13
[6

1]
In

vi
tr

o

0.
75

-,
1-

,1
.2

5-
,1

.5
-a

nd
2-

W
ne

od
ym

iu
m

-d
op

ed
yt

tr
iu

m
al

um
in

um
ga

rn
et

(N
d:

YA
G

)
la

se
r

10
s;

hy
dr

ofl
uo

ri
c

ac
id

9,
6%

4
m

in

G
la

ze
d

po
rc

el
ai

n
72

n
=

12
–H

F;
n

=
12

–0
.7

5-
N

d:
YA

G
la

se
r;

n
=

12
–1

-N
d:

YA
G

la
se

r;
n

=
12

–1
.2

5-
N

d:
YA

G
la

se
r;

n
=

12
–1

.5
-N

d:
YA

G
la

se
r;

n
=

12
–2

-N
d:

YA
G

la
se

r.

N
R

M
et

al
lic

SB
ST

Th
e

m
ea

n
±

SD
of

th
e

sh
ea

r
bo

nd
st

re
ng

th
in

th
e

la
se

r
gr

ou
p

0.
75

,1
,1

.2
5,

1.
5,

an
d

2
W

an
d

H
F

gr
ou

p
w

as
2.

2
±

0.
9,

4.
2
±

1.
1,

4.
9
±

2.
4,

7
±

1.
7,

9.
6
±

2.
7,

an
d

9.
4
±

2.
5,

re
sp

ec
ti

ve
ly

.
To

ge
th

er
w

it
h

th
e

in
cr

ea
se

d
po

w
er

of
la

se
r,

th
e

m
ea

n
sh

ea
r

bo
nd

st
re

ng
th

w
as

in
cr

ea
se

d
co

nt
in

uo
us

ly
an

d
no

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
w

er
e

fo
un

d
be

tw
ee

n
th

e
H

F
gr

ou
p

an
d

th
e

la
se

r
gr

ou
ps

w
it

h
po

w
er

of
1.

5
or

2
W

.

1.
5

an
d

2
W

po
w

er
s

of
N

d:
YA

G
la

se
r

ca
n

be
us

ed
as

an
al

te
rn

at
iv

e
m

et
ho

d
fo

r
po

rc
el

ai
n

et
ch

in
g.

N
as

eh
et

al
.,

20
18

[1
0]

In
vi

tr
o

9.
6%

hy
dr

ofl
uo

ri
c

ac
id

an
d

di
vi

de
d

in
to

tw
o

gr
ou

ps
:

si
la

ne
,a

ir
-d

ri
ed

,T
ra

ns
bo

nd
X

T
pr

im
er

lig
ht

-c
ur

ed
;

A
ss

ur
e

Pl
us

,a
ir

-d
ri

ed
.

Fe
ld

sp
at

hi
c;

lit
hi

um
di

si
lic

at
e

40

n
=

10
–f

el
ds

pa
th

ic
w

it
h

A
ss

ur
e

Pl
us

;
n

=
10

–I
PS

E-
m

ax
w

it
h

A
ss

ur
e

Pl
us

n
=

10
–f

el
ds

pa
th

ic
w

it
h

si
la

ne
+T

ra
ns

bo
n;

n
=

10
–I

PS
E-

m
ax

w
it

h
si

la
ne

+T
ra

ns
bo

nd
.

M
et

al
lic

SB
ST

Br
ac

ke
tb

on
d

to
lit

hi
um

di
si

lic
at

e
by

A
ss

ur
e

Pl
us

w
as

si
gn

ifi
ca

nt
ly

st
ro

ng
er

th
an

th
at

to
Fe

ld
sp

at
hi

c
po

rc
el

ai
n

(p
=

0.
04

1)
.

A
ss

ur
e

Pl
us

pr
ov

id
ed

hi
gh

bo
nd

st
re

ng
th

be
tw

ee
n

ce
ra

m
ic

an
d

br
ac

ke
ts

an
d

m
in

im
iz

ed
da

m
ag

e
to

lit
hi

um
di

si
lic

at
e

ce
ra

m
ic

du
ri

ng
de

bo
nd

in
g.

A
ss

ur
e

Pl
us

is
re

co
m

m
en

de
d

fo
r

us
e

in
or

th
od

on
ti

c
tr

ea
tm

en
t

of
ad

ul
ts

w
it

h
ce

ra
m

ic
re

st
or

at
io

ns
.

199



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

C
ev

ik
et

al
.,

20
18

[1
7]

In
vi

tr
o

G
1:

37
%

ph
os

ph
or

ic
ac

id
4

m
in

;
G

2:
9.

6%
hy

dr
ofl

uo
ri

c
ac

id
3

m
in

;
G

3:
gr

in
di

ng
w

it
h

di
am

on
d

bu
rs

20
µ

m
w

it
h

a
hi

gh
-s

pe
ed

ha
nd

pi
ec

e
30

s
in

w
et

co
nd

it
io

ns
;G

4:
N

d:
YA

G
la

se
r

15
H

z
1

W
30

s
w

it
h

pu
ls

e
du

ra
ti

on
ra

ng
e

w
as

30
0
µ

s;
G

5:
A

ir
bo

rn
e-

pa
rt

ic
le

ab
ra

si
on

50
µ

m
al

um
in

a
(A

l 2
O

3)
pa

rt
ic

le
s

2.
5

ba
rs

of
pr

es
su

re
10

s
at

a
di

re
ct

io
n

pe
rp

en
di

cu
la

r
to

th
e

su
rf

ac
e

w
it

h
th

e
di

st
an

ce
of

10
m

m
.

Fe
ld

sp
at

hi
c

po
rc

el
ai

n
60

G
1:

37
%

ph
os

ph
or

ic
ac

id
(n

=
10

);
G

2:
9.

4%
hy

dr
ofl

uo
ri

c
ac

id
(n

=
10

);
G

3:
gr

in
di

ng
w

it
h

di
am

on
d

bu
rs

(n
=

10
);

G
4:

N
d:

YA
G

la
se

r
(n

=
10

);
G

5:
A

ir
bo

rn
e-

pa
rt

ic
le

ab
ra

si
on

(n
=

10
).

W
it

ho
ut

su
rf

ac
e

tr
ea

tm
en

t(
n

=
10

).
C

er
am

ic
SB

ST

U
si

ng
G

5
sp

ec
im

en
s

re
su

lt
ed

in
th

e
hi

gh
es

ts
he

ar
bo

nd
st

re
ng

th
va

lu
e

of
8.

58
M

Pa
fo

r
fe

ld
sp

at
hi

c
po

rc
el

ai
n.

H
ow

ev
er

,t
he

ot
he

r
sp

ec
im

en
s

sh
ow

ed
lo

w
er

va
lu

es
:G

3
(6

.5
1

M
Pa

),
G

4
(3

.3
7

M
Pa

),
G

2
(2

.7
1

M
Pa

),
G

1
(1

.1
7

M
Pa

),
an

d
co

nt
ro

l
gr

ou
p

(0
.9

3
M

Pa
).

A
ir

bo
rn

e-
pa

rt
ic

le
ab

ra
si

on
an

d
gr

in
di

ng
ca

n
be

us
ed

as
su

rf
ac

e
tr

ea
tm

en
tt

ec
hn

iq
ue

s
on

th
e

po
rc

el
ai

n
su

rf
ac

e
fo

r
a

du
ra

bl
e

bo
nd

st
re

ng
th

.
H

yd
ro

flu
or

ic
ac

id
an

d
ph

os
ph

or
ic

ac
id

et
ch

in
g

m
et

ho
ds

w
er

e
no

t
co

nv
en

ie
nt

as
su

rf
ac

e
tr

ea
tm

en
tm

et
ho

ds
fo

r
th

e
fe

ld
sp

at
hi

c
po

rc
el

ai
n.

Ju
nt

av
ee

et
al

.,
20

18
[7

]
In

vi
tr

o

Er
-Y

A
G

la
se

r
po

w
er

20
0

m
J,

10
W

,2
0

H
z,

10
s-

pu
ls

e
le

ng
th

fo
r

20
s;

Et
ch

in
g

w
it

h
9.

5%
H

F
ac

id
ge

l5
s

(E
5)

or
15

s
(E

15
).

M
ac

hi
ne

d
ce

ra
m

ic
sp

ec
im

en
s:

Em
pr

es
s®

C
A

D
,

an
d

e.
m

ax
®

C
A

D
;

C
er

am
ic

ve
ne

er
in

g
m

et
al

(d
.S

ig
n®

po
rc

el
ai

n
(1

.2
7

m
m

th
ic

kn
es

s)
ov

er
d.

Si
gn

®
10

m
et

al
(0

.2
3

m
m

th
ic

kn
es

s)
).

45
n

=
15

–E
r-

YA
G

la
se

r;
n

=
15

–H
F

5
s;

n
=

15
–H

F
15

s.
N

R
C

er
am

ic
SB

ST

Si
gn

ifi
ca

nt
di

ff
er

en
ce

s
in

bo
nd

st
re

ng
th

am
on

g
gr

ou
ps

w
er

e
fo

un
d

re
la

te
d

to
su

rf
ac

e
tr

ea
tm

en
t

(p
<

0.
05

),
bu

tn
ot

si
gn

ifi
ca

nt
di

ff
er

en
ce

up
on

ty
pe

of
ce

ra
m

ic
s

(p
>

0.
05

).
E1

5
pr

ov
id

ed
hi

gh
er

bo
nd

st
re

ng
th

th
an

Er
-Y

A
G

la
se

r
an

d
E5

(p
<

0.
05

).

Bo
nd

st
re

ng
th

w
as

af
fe

ct
ed

by
su

rf
ac

e
tr

ea
tm

en
t.

Bo
th

Er
-Y

A
G

la
se

r
an

d
E1

5
tr

ea
te

d
su

rf
ac

e
pr

ov
id

ed
hi

gh
er

bo
nd

st
re

ng
th

th
an

E5
.

C
on

si
de

ri
ng

po
ss

ib
ly

in
du

ci
ng

de
fe

ct
on

ce
ra

m
ic

su
rf

ac
e,

Er
-Y

A
G

la
se

r
se

em
s

to
pr

ov
id

e
be

tt
er

fa
vo

ra
bl

e
su

rf
ac

e
pr

ep
ar

at
io

n
th

an
ot

he
rs

.
Tr

ea
te

d
ce

ra
m

ic
su

rf
ac

e
w

it
h

Er
-Y

A
G

pr
io

r
to

br
ac

ke
tb

on
di

ng
is

re
co

m
m

en
de

d.

200



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

Sa
bu

nc
uo

gl
u

et
al

.,
20

16
[6

2]
In

vi
tr

o

G
1:

C
yl

in
dr

ic
al

di
am

on
d

bu
r

ro
ta

te
at

40
,0

00
rp

m
3

s;
G

2:
37

%
O

rt
ho

sp
ho

ri
c

ac
id

2
m

in
;

G
3:

9,
6%

H
F

2
m

in
;

G
4:

SB
w

it
h

50
µ

m
al

um
in

um
ox

id
e

at
60

ps
i

fo
r

3
s

at
a

di
st

an
ce

of
10

m
m

;
G

5:
SB

+H
F;

G
6:

N
d:

YA
G

la
se

r
w

av
el

en
gt

h
10

64
nm

(3
00

µ
m

fib
er

),
2

W
po

w
er

an
d

fr
eq

ue
nc

y
of

10
H

z
fo

r
10

s
in

a
pu

ls
e

m
od

e
(1

00
µ

s)
us

in
g

a
sw

ee
pi

ng
m

ot
io

n
at

ap
pr

ox
im

at
el

y
2

m
m

di
st

an
ce

;
G

7:
Er

:Y
A

G
la

se
r

2
W

,
10

H
z,

10
s,

2
m

m
.

Fe
ld

sp
at

hi
c

70

G
1:

D
ia

m
on

d
bu

r
(n

=
10

);
G

2:
O

rt
ho

sp
ho

ri
c

ac
id

(n
=

10
);

G
3:

H
yd

ro
flu

or
ic

ac
id

(n
=

10
);

G
4:

Sa
nd

bl
as

te
d

w
it

h
al

um
in

um
ox

id
e

(n
=

10
);

G
5:

SB
+H

F
(n

=
10

);
G

6:
N

d:
YA

G
la

se
r

(n
=

10
);

G
7:

Er
:Y

A
G

la
se

r
(n

=
10

).

N
R

N
R

SB
ST

T
he

hi
gh

es
tS

BS
T

va
lu

es
w

er
e

ob
se

rv
ed

fo
r

SB
+

H
F,

w
it

h
no

si
gn

ifi
ca

nt
di

ff
er

en
ce

be
tw

ee
n

SB
+H

F
an

d
H

F.
SB

ST
va

lu
es

fo
r

D
ia

m
on

d
bu

r
w

er
e

si
gn

ifi
ca

nt
ly

lo
w

er
th

an
th

os
e

of
al

lo
th

er
gr

ou
ps

te
st

ed
.

D
ia

m
on

d
bu

r
al

on
e

is
un

ab
le

to
su

ffi
ci

en
tl

y
et

ch
po

rc
el

ai
n

su
rf

ac
es

fo
r

br
ac

ke
tb

on
di

ng
.S

B+
H

F
re

su
lt

s
in

a
si

gn
ifi

ca
nt

ly
hi

gh
er

sh
ea

r-
bo

nd
st

re
ng

th
th

an
H

F
or

SB
al

on
e.

N
d:

YA
G

or
Er

:Y
A

G
la

se
r

w
as

fo
un

d
to

be
m

or
e

ef
fe

ct
iv

e
an

d
le

ss
ti

m
e-

co
ns

um
in

g
th

an
bo

th
H

F
ac

id
an

d
SB

.

A
ks

ak
al

li
et

al
.,

20
15

[6
3]

Ex
vi

vo

G
1:

SB
w

it
h

al
um

in
a

pa
rt

ic
le

s
50

µ
m

,a
t

65
–7

0
ps

i,
10

s,
10

m
m

(S
B)

;
G

2:
9.

6%
H

F
4

m
in

;
G

3:
Er

:Y
A

G
ir

ra
di

at
io

n
fr

om
1

m
m

di
st

an
ce

,2
W

,
10

H
z,

20
0

m
J,

10
0-
µ

s
pu

ls
e

le
ng

th
,e

ne
rg

y
de

ns
it

y
of

25
.3

1
J/

cm
2

fo
r

10
s.

Po
rc

el
ai

n
la

m
in

at
e

ve
ne

er
39

G
1:

SB
(n

=
13

);
G

2:
H

F
(n

=
13

);
G

3:
Er

:Y
A

G
(n

=
13

).
N

R
N

R
SB

ST

Th
e

hi
gh

es
ts

he
ar

bo
nd

st
re

ng
th

va
lu

es
w

er
e

ob
ta

in
ed

w
it

h
gr

ou
p

H
F

(1
0.

8
±

3.
8

M
Pa

)a
nd

gr
ou

p
ER

(9
.3
±

1.
5

M
Pa

),
w

he
re

as
gr

ou
p

SB
re

ve
al

ed
th

e
lo

w
es

tv
al

ue
s.

T
he

sa
nd

bl
as

ti
ng

m
et

ho
d

di
d

no
td

em
on

st
ra

te
an

y
id

ea
l

bo
nd

st
re

ng
th

va
lu

es
;

ho
w

ev
er

,t
he

9.
6%

hy
dr

ofl
uo

ri
c

ac
id

et
ch

in
g

an
d

Er
:Y

A
G

la
se

r
di

d.

Th
e

Er
:Y

A
G

la
se

r
ca

n
be

se
le

ct
ed

fo
r

bo
nd

in
g

br
ac

ke
ts

to
po

rc
el

ai
n

su
rf

ac
es

w
it

h
ac

ce
pt

ab
le

bo
nd

st
re

ng
th

an
d

m
in

im
al

su
rf

ac
e

da
m

ag
e

as
co

m
pa

re
d

to
th

e
ot

he
r

m
et

ho
ds

.

201



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

Le
st

ra
de

et
al

.,
20

21
[6

4]
In

vi
tr

o/
Ex

vi
vo

G
1:

Bo
nd

en
ha

nc
er

(A
ss

ur
e,

R
el

ia
nc

e,
IL

,U
SA

);
G

2:
G

re
en

st
on

e
at

25
.0

00
rp

m
;

G
3:

D
ia

m
on

d
bu

r
at

25
.0

00
rp

m
;G

4:
SB

25
µ

m
al

um
in

um
ox

id
e

pa
rt

ic
le

s,
di

st
an

ce
10

m
m

,1
0

s;
SB

w
it

h
R

oc
at

ec
(3

M
ES

PE
,

M
N

,U
SA

)1
00

µ
m

al
um

in
um

ox
id

e
pa

rt
ic

le
s

tr
ea

te
d

w
it

h
si

lic
on

di
ox

id
e.

Li
th

iu
m

di
si

lic
at

e
70

G
1:

Po
rc

-E
tc

h,
9.

6%
H

F,
Po

rc
el

ai
n

C
on

di
ti

on
er

,
si

la
ne

,b
on

d
en

ha
nc

er
(A

ss
ur

e,
R

el
ia

nc
e,

IL
,U

SA
)

(n
=

10
);

G
2:

gr
ee

n
st

on
e

(n
=

10
);

G
3:

di
am

on
d

bu
rr

(n
=

10
);

G
4:

SB
(n

=
10

);
G

5:
SB

w
it

h
R

oc
at

ec
(n

=
10

).

n
=

10
–H

F
+

si
la

ne
;

n
=

10
–t

ee
th

w
it

h
37

%
ph

os
ph

or
ic

ac
id

+
se

lf
-e

tc
hi

ng
+

pr
im

er
+

ad
he

si
ve

.

M
et

al
lic

SB
ST

N
o

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
w

er
e

fo
un

d
in

SB
ST

va
lu

es
,

w
it

h
th

e
ex

ce
pt

io
n

of
su

rf
ac

e
ro

ug
he

ni
ng

w
it

h
a

gr
ee

n
st

on
e

pr
io

r
to

H
F

an
d

si
la

ne
tr

ea
tm

en
t.

Th
is

pr
ot

oc
ol

yi
el

de
d

sl
ig

ht
ly

hi
gh

er
bo

nd
st

re
ng

th
w

hi
ch

w
as

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt

T
he

pr
es

en
ti

n-
vi

tr
o

st
ud

y
fo

un
d

th
at

SB
ST

va
lu

es
fo

r
ce

ra
m

ic
pr

et
re

at
m

en
ta

ll
fe

ll
w

it
hi

n
an

ac
ce

pt
ab

le
cl

in
ic

al
ra

ng
e

an
d

si
m

ila
r

to
th

e
bo

nd
st

re
ng

th
of

en
am

el
.N

o
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

w
er

e
fo

un
d

in
th

e
SB

ST
va

lu
es

,w
it

h
th

e
ex

ce
pt

io
n

of
ro

ug
he

ni
ng

w
it

h
a

gr
ee

n
st

on
e

pr
io

r
to

H
F

an
d

si
la

ne
tr

ea
tm

en
t,

w
hi

ch
yi

el
de

d
sl

ig
ht

ly
hi

gh
er

bo
nd

st
re

ng
th

.

Po
os

ti
et

al
.,

20
12

[6
5]

In
vi

tr
o

Tu
ng

st
em

ca
rb

id
e

bu
rr

s;
9.

6%
H

yd
ro

flu
or

ic
ac

id
4

m
in

;
Er

:Y
A

G
;

N
eo

dy
m

iu
m

-d
op

ed
yt

tr
iu

m
al

um
in

um
ga

rn
et

la
se

r
(N

d:
YA

G
)1

0
s.

G
la

ze
d

po
rc

el
ai

n
10

0

G
1:

tu
ng

st
en

ca
rb

id
e

bu
rs

(n
=

20
);

G
2:

tu
ng

st
en

ca
rb

id
e

bu
rs

+
9.

6%
hy

dr
ofl

uo
ri

c
ac

id
(n

=
20

);
G

3:
0.

8-
W

N
d:

YA
G

la
se

r
(n

=
20

);
G

4:
2W

Er
:Y

A
G

la
se

r
(n

=
20

);
G

5:
3-

W
Er

:Y
A

G
la

se
r

(n
=

20
).

N
R

M
et

al
lic

SB
ST

A
lt

ho
ug

h
Tu

ke
y’

s
te

st
sh

ow
ed

SB
ST

in
tu

ng
st

en
ca

rb
id

e
bu

rs
+

9.
6%

hy
dr

ofl
uo

ri
c

ac
id

an
d

N
d:

YA
G

la
se

r
w

er
e

si
gn

ifi
ca

nt
ly

hi
gh

er
th

an
th

e
ot

he
r

gr
ou

ps
,t

he
y

di
d

no
t

di
ff

er
w

it
h

ea
ch

ot
he

r
si

gn
ifi

ca
nt

ly
(p

>
0.

05
).

Th
e

re
su

lt
s

re
ve

al
ed

th
at

SB
ST

of
9.

6%
hy

dr
ofl

ou
ri

c
ac

id
an

d
N

d:
YA

G
La

se
r

w
as

in
an

ac
ce

pt
ab

le
ra

ng
e

fo
r

or
th

od
on

ti
c

tr
ea

tm
en

t.

N
d:

YA
G

la
se

r
w

as
sh

ow
n

to
be

an
ac

ce
pt

ab
le

su
bs

ti
tu

te
fo

r
hy

dr
ofl

uo
ri

c
ac

id
w

hi
le

Er
:Y

A
G

la
se

r
w

it
h

th
e

m
en

ti
on

ed
po

w
er

an
d

du
ra

ti
on

w
as

no
ta

su
it

ab
le

op
ti

on
.

A
lS

ha
hr

an
ie

ta
l.,

20
19

[6
6]

In
vi

tr
o

G
1:

9.
6%

H
yd

ro
flu

or
ic

ac
id

+
S

60
s;

G
2:

Er
,C

r:
Y

SG
G

la
se

r
2

m
m

,
4.

5
W

,3
0

H
z,

60
s;

G
3:

Fr
ac

ti
on

al
ca

rb
on

di
ox

id
e

(C
O

2)
la

se
r

10
W

,
20

0
H

z,
3

m
m

,6
0s

,p
ul

se
du

ra
ti

on
1.

75
m

s;
G

4:
SB

A
l 2

O
3

10
m

m
,

2.
8

M
Pa

,2
0

s;
G

5:
M

on
ob

on
d

et
ch

&
pr

im
e,

Iv
oc

la
r

V
iv

ad
en

t,
Sc

ha
an

,L
ie

ch
te

ns
te

in
.

Li
th

iu
m

di
si

lic
at

e
50

G
2:

Er
,C

r:
Y

SG
G

la
se

r+
S

(n
=

10
);

G
3:

C
O

2
la

se
r

+
S

(n
=

10
);

G
4:

SB
(n

=
10

);
G

5:
Se

lf
-E

tc
h

G
la

ss
C

er
am

ic
Pr

im
er

(n
=

10
).

G
1:

H
F+

S
(n

=
10

).

M
et

al
lic

an
d

ce
ra

m
ic

po
ly

cr
ys

-
ta

lli
ne

SB
ST

T
he

hi
gh

es
tS

BS
T

va
lu

es
w

er
e

pr
es

en
te

d
by

H
F

+
S

(2
1.

08
±

1.
06

).
Th

e
lo

w
es

t
SB

ST
va

lu
es

w
er

e
di

sp
la

ye
d

by
A

l 2
O

3
(1

2.
61

±
0.

45
).

SB
ST

of
sa

m
pl

es
co

nd
it

io
ne

d
w

it
h

se
lf

-e
tc

h
gl

as
s

ce
ra

m
ic

pr
im

er
sh

ow
ed

si
gn

ifi
ca

nt
di

ff
er

en
ce

am
on

gs
ta

ll
ex

pe
ri

m
en

ta
lg

ro
up

s
(1

6.
76

±
0.

81
).

Li
th

iu
m

di
si

lic
at

e
ce

ra
m

ic
s

ph
ot

os
en

si
ti

ze
d

w
it

h
C

O
2

an
d

Er
,C

r:
Y

SG
G

ha
s

a
po

te
nt

ia
lt

o
be

re
co

m
m

en
de

d
in

cl
in

ic
al

se
tt

in
gs

al
te

rn
at

e
to

H
F+

S
w

he
n

bo
nd

ed
to

m
et

al
lic

br
ac

ke
t.

202



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

M
ay

et
al

.,
20

15
[6

7]
In

vi
tr

o

10
%

H
F

20
s;

al
um

in
um

ox
id

e
bl

as
ti

ng
15

s,
pr

es
su

re
at

80
ps

i,
5

m
m

;3
5%

ph
os

ph
or

ic
ac

id
30

s;
C

oJ
et

bl
as

ti
ng

;S
.

Er
is

ce
ra

m
ic

;d
.

Si
gn

ce
ra

m
ic

12
0

n
=

60
–E

ri
s

C
er

am
ic

;n
=

15
-1

0%
H

F;
n

=
15

–1
0%

H
F

+
S;

n
=

15
-a

lu
m

in
um

ox
id

e
bl

as
ti

ng
+

35
%

ph
os

ph
or

ic
ac

id
+

S;
n

=
15

-C
oJ

et
bl

as
ti

ng
+

35
%

ph
os

ph
or

ic
ac

id
+

S)
;

n
=

60
–d

.S
ig

n
C

er
am

ic
;

n
=

15
-1

0%
H

F;
n

=
15

–1
0%

H
F

+
S;

n
=

15
-a

lu
m

in
um

ox
id

e
bl

as
ti

ng
+

35
%

ph
os

ph
or

ic
ac

id
+

S;
n

=
15

-C
oJ

et
bl

as
ti

ng
+

35
%

ph
os

ph
or

ic
ac

id
+

S)
.

N
R

M
et

al
lic

SB
ST

T
he

re
w

er
e

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
am

on
g

th
e

ce
ra

m
ic

s
(p

=
0.

01
)a

nd
su

rf
ac

e
tr

ea
tm

en
ts

(p
=

0.
00

01
),

bu
t

it
di

d
no

ts
ho

w
in

te
ra

ct
io

n
am

on
g

th
em

(p
=

0.
14

).

T
he

te
st

ed
ce

ra
m

ic
s

pe
rf

or
m

ed
si

m
ila

rl
y

in
te

rm
s

of
bo

nd
st

re
ng

th
;

th
e

us
e

of
S

af
te

r
H

F
w

as
re

sp
on

si
bl

e
fo

r
th

e
in

cr
ea

se
of

bo
nd

st
re

ng
th

va
lu

es
;H

F+
S,

as
w

el
la

s
al

um
in

um
ox

id
e

+p
ho

sp
ho

ri
c

ac
id

+S
pr

ov
id

ed
si

gn
ifi

ca
nt

ly
hi

gh
er

bo
nd

st
re

ng
th

va
lu

es
to

m
et

al
lic

br
ac

ke
ts

;t
he

C
oJ

et
sy

st
em

di
d

no
tr

es
ul

ti
n

si
gn

ifi
ca

nt
ly

hi
gh

er
va

lu
es

th
an

th
os

e
ob

se
rv

ed
fo

r
al

um
in

um
ox

id
e

bl
as

ti
ng

,b
ec

om
in

g
si

m
ila

r
to

th
e

gr
ou

ps
tr

ea
te

d
w

it
h

H
F

w
it

ho
ut

S;
al

um
in

um
ox

id
e

bl
as

ti
ng

fo
llo

w
ed

by
ph

os
ph

or
ic

ac
id

et
ch

in
g

an
d

S
pr

es
en

te
d

re
su

lt
s

si
m

ila
r

to
th

e
tr

ea
tm

en
t

w
it

h
H

F
+

S.

A
lq

er
ba

n,
20

21
[6

8]
In

vi
tr

o

G
2:

S;
G

3:
H

F
9.

5%
60

s;
G

4:
SB

50
um

A
l 2

O
3

1
m

m
,

2.
8

at
m

,1
5

s;
G

5:
Se

lf
-e

tc
h

ce
ra

m
ic

pr
im

er
(M

on
ob

on
d

et
ch

&
pr

im
e,

Iv
oc

la
r

V
iv

ad
en

t,
Sc

ha
an

,L
ie

ch
te

ns
te

in
)

(S
EC

P)
60

s;
G

6:
Er

,C
r:

Y
SG

G
la

se
r

4.
5

W
,

30
H

z,
1

m
m

.

Li
th

iu
m

di
si

lic
at

e
90

G
2:

S
30

s
(n

=
15

);
G

3:
H

F
+

U
B

+
S

20
s

(n
=

15
);

G
4:

SB
(n

=
15

);
G

5:
SE

C
P

(n
=

15
);

G
6:

Er
,C

r:
Y

SG
G

la
se

r
+

S
20

s
(n

=
15

).

G
1:

H
F

+
S

20
s

(n
=

15
).

M
et

al
lic

SB
ST

T
he

hi
gh

es
tS

BS
T

va
lu

es
w

er
e

ob
se

rv
ed

in
H

F+
U

B
+

S
(1

8.
21

±
1.

24
1)

an
d

th
e

lo
w

es
tS

BS
T

va
lu

es
IN

S
on

ly
(5

.2
1
±

0.
23

).
Sp

ec
im

en
s

su
rf

ac
e

co
nd

it
io

ne
d

w
it

h
H

F+
S

(1
7.

85
±

1.
25

),
H

F+
U

B
+

S
(1

8.
21

±
1.

24
1)

an
d

Er
,C

r:
Y

SG
G

la
se

r+
S

(1
7.

09
±

1.
11

4)
un

ve
ile

d
co

m
pa

ra
bl

e
SB

ST
va

lu
es

(p
>

0.
05

).

Li
th

iu
m

di
si

lic
at

e
co

nd
it

io
ne

d
w

it
h

Er
,C

r:
Y

SG
G

la
se

r
ha

s
a

po
te

nt
ia

lt
o

be
us

ed
in

cl
in

ic
al

se
tt

in
gs

al
te

rn
at

e
to

H
F.

203



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

El
sa

ka
,2

01
6

[6
9]

In
vi

tr
o

9%
H

F
1

m
in

;
37

%
H

3P
O

4
1

m
in

;
D

ia
m

on
d

ce
ra

m
ic

gr
in

di
ng

bu
r

(V
O

C
O

,C
ux

ha
ve

n,
G

er
m

an
y)

60
00

–1
0,

00
0

rp
m

;
Si

lic
a

co
at

in
g

us
in

g
C

oJ
et

sy
st

em
(C

J)
.

V
it

a
En

am
ic

(V
E)

C
A

D
/C

A
M

hy
br

id
ce

ra
m

ic
24

0

n
=

12
0–

ce
ra

m
ic

br
ac

ke
t

(n
=

30
-H

F;
n

=
30

-H
3P

O
4;

n
=

30
–d

ia
m

on
d

ce
ra

m
ic

gr
in

di
ng

bu
r;

n
=

30
-C

J)
.

n
=

12
0–

m
et

al
br

ac
ke

t
(n

=
30

-H
F;

n
=

30
-H

3P
O

4;
n

=
30

-d
ia

m
on

d
ce

ra
m

ic
gr

in
di

ng
bu

r;
n

=
30

–C
J)

.

N
R

C
er

am
ic

an
d

m
et

al
br

ac
ke

ts

SB
ST

SB
ST

w
as

si
gn

ifi
ca

nt
ly

af
fe

ct
ed

by
th

e
ty

pe
of

br
ac

ke
ta

nd
by

ty
pe

of
tr

ea
tm

en
t(

p
<

0.
00

1)
.

Sp
ec

im
en

s
tr

ea
te

d
w

it
h

C
J

pr
es

en
te

d
w

it
h

si
gn

ifi
ca

nt
ly

hi
gh

er
SB

ST
co

m
pa

re
d

to
ot

he
r

gr
ou

ps
(p

<
0.

05
).

Im
pr

ov
em

en
ts

in
SB

ST
va

lu
es

(M
Pa

)w
er

e
fo

un
d

in
th

e
fo

llo
w

in
g

or
de

r:
C

J[
H

F
[B

ur
[H

3P
O

4.
C

er
am

ic
br

ac
ke

ts
ho

w
ed

hi
gh

er
SB

ST
co

m
pa

re
d

to
m

et
al

br
ac

ke
t.

Su
rf

ac
e

tr
ea

tm
en

to
fV

E
C

A
D

/C
A

M
hy

br
id

ce
ra

m
ic

w
it

h
si

lic
a

co
at

in
g

en
ha

nc
ed

th
e

ad
he

si
on

w
it

h
ce

ra
m

ic
an

d
m

et
al

br
ac

ke
ts

.
C

er
am

ic
br

ac
ke

t
pr

ov
id

ed
hi

gh
er

bo
nd

st
re

ng
th

co
m

-p
ar

ed
to

m
et

al
br

ac
ke

t.

Fa
lk

en
sa

m
m

er
et

al
.,

20
12

[7
0]

In
vi

tr
o

5%
H

F
60

/3
0

s,
9.

6%
bu

ff
er

ed
H

F
9.

6%
,6

0/
30

s;
SB

A
l 2

O
3/

Si
O

2
pa

rt
ic

le
s.

M
et

al
-a

nd
al

l-
ce

ra
m

ic
ve

ne
er

in
g:

fe
ld

sp
at

hi
c;

le
uc

it
e;

le
uc

it
e-

fr
ee

;
flu

or
ap

at
it

e.

96
0

Th
e

fo
ur

ty
pe

s
of

ce
ra

m
ic

w
er

e
al

lo
ca

te
d

to
ea

ch
of

th
e

si
x

co
nd

it
io

ni
ng

gr
ou

ps
,

re
su

lt
in

g
in

24
su

bg
ro

up
s

of
40

br
ac

ke
ts

ea
ch

.

N
R

N
R

SB
ST

H
F

5%
or

SB
re

su
lt

ed
in

si
gn

ifi
ca

nt
ly

(p
<

0.
00

1)
hi

gh
er

bo
nd

st
re

ng
th

s
(m

ea
n

va
lu

es
:3

4.
11

an
d

32
.8

6
M

Pa
,r

es
pe

ct
iv

el
y)

th
an

w
it

h
H

F
9.

6%
(m

ea
n

va
lu

e:
12

.4
9

M
Pa

).
Et

ch
in

g
ti

m
e

or
SB

pa
rt

ic
le

s
ha

d
no

st
at

is
ti

ca
l(

p
>

0.
00

1)
in

flu
en

ce
on

bo
nd

st
re

ng
th

.

D
iff

er
en

tc
on

di
ti

on
in

g
pr

oc
ed

ur
es

ha
ve

an
ef

fe
ct

on
ce

ra
m

ic
m

ic
ro

st
ru

ct
ur

es
an

d
br

ac
ke

ta
dh

es
io

n.
H

ig
h

SB
ST

(2
9.

74
–3

6.
80

M
Pa

)
w

er
e

fo
un

d
fo

r
al

l
ce

ra
m

ic
su

rf
ac

es
w

he
n

H
F

5%
or

SB
,i

nd
ic

at
in

g
a

hi
gh

er
ri

sk
of

ce
ra

m
ic

fr
ac

tu
re

.T
he

H
F

9.
6%

ap
pe

ar
ed

to
ha

ve
a

m
in

or
co

nd
it

io
ni

ng
ef

fe
ct

,
re

su
lt

in
g

in
a

lo
w

er
SB

ST
(9

.3
4–

15
.9

2
M

Pa
),

bu
t

fe
w

er
ce

ra
m

ic
fr

ac
tu

re
s.

A
sh

or
te

tc
hi

ng
ti

m
e

(3
0

s)
w

as
as

ef
fe

ct
iv

e
as

st
an

da
rd

et
ch

in
g

(6
0

s)
.

SB
Si

O
2

sh
ow

ed
no

ad
va

nt
ag

e
as

co
m

pa
re

d
w

it
h

SB
A

L 2
O

3.

204



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

K
im

et
al

.,
20

17
[7

1]
In

vi
tr

o

SB
A

l 2
O

3
an

d
C

O
(C

ol
et

TM
);

S;
Z

ir
co

ni
a

Pr
im

e
Pl

us
(Z

PP
)

an
d

SB
U

.

Z
ir

co
ni

a
12

0

n
=

10
–A

l 2
O

3
+

S-
T;

n
=

10
–A

l 2
O

3
+

S-
N

;
n

=
10

–A
l 2

O
3

+
Z

PP
-T

;
n

=
10

–A
l 2

O
3

+
Z

PP
-N

;
n

=
10

–A
l 2

O
3

+
SB

U
-T

;
n

=
10

–A
l 2

O
3

+
SB

U
-N

;
n

=
10

–C
O

+
S-

T;
n

=
10

–C
O

+
S-

N
;

n
=

10
–C

O
+

Z
PP

-T
;

n
=

10
–C

O
+

Z
PP

-N
;

n
=

10
–C

O
+

SB
U

-T
;

n
=

10
–C

O
+

SB
U

-N
.

N
R

M
et

al
lic

SB
ST

C
O

-S
BU

ha
d

th
e

hi
gh

es
t

bo
nd

st
re

ng
th

af
te

r
T.

C
O

-S
si

gn
ifi

ca
nt

ly
hi

gh
er

SB
ST

th
an

A
l 2

O
3-

S.
C

O
-Z

PP
lo

w
er

bo
nd

st
re

ng
th

th
an

A
l 2

O
3-

Z
PP

be
fo

re
th

er
m

oc
yc

lin
g,

bu
tt

he
SB

ST
in

cr
ea

se
d

af
te

r
T.

C
O

-S
BU

sh
ow

ed
th

e
hi

gh
es

ts
he

ar
bo

nd
st

re
ng

th
.S

an
db

la
st

in
g

w
it

h
ei

th
er

A
L

or
C

O
im

pr
ov

ed
th

e
m

ec
ha

ni
ca

l
bo

nd
in

g
by

in
cr

ea
si

ng
th

e
su

rf
ac

e
ar

ea
,a

nd
al

l
pr

im
er

gr
ou

ps
sh

ow
ed

cl
in

ic
al

ly
ac

ce
pt

ab
le

in
cr

ea
se

of
SB

ST
fo

r
or

th
od

on
ti

c
tr

ea
tm

en
t.

A
la

qe
el

,2
02

0
[7

2]
In

vi
tr

o
H

ea
t-

tr
ea

tm
en

t
Li

th
iu

m
di

si
lic

at
e

gl
as

s-
ce

ra
m

ic
12

0

n
=

60
–h

ea
tt

re
at

ed
sp

ec
im

en
s

(n
=

15
–n

eu
tr

al
iz

ed
,b

on
de

d
w

it
h

re
si

n
ba

se
d

ce
m

en
t;

n
=

15
–n

eu
tr

al
iz

ed
,b

on
de

d
w

it
h

w
at

er
ba

se
d

ce
m

en
t;

n
=

15
–n

on
-n

eu
tr

al
iz

ed
,

bo
nd

ed
w

it
h

re
si

n
ba

se
d

ce
m

en
t;

n
=

15
–n

on
-n

eu
tr

al
iz

ed
,

bo
nd

ed
w

it
h

w
at

er
ba

se
d

ce
m

en
t)

.

n
=

60
–n

on
-h

ea
t

tr
ea

te
d

sp
ec

im
en

s
(n

=
15

–
ne

ut
ra

liz
ed

,
bo

nd
ed

w
it

h
re

si
n

ba
se

d
ce

m
en

t;
n

=
15

–n
eu

tr
al

iz
ed

,
bo

nd
ed

w
it

h
w

at
er

ba
se

d
ce

m
en

t;
n

=
15

–
no

n-
ne

ut
ra

liz
ed

,
bo

nd
ed

w
it

h
re

si
n

ba
se

d
ce

m
en

t;
n

=
15

–n
on

-
ne

ut
ra

liz
ed

,
bo

nd
ed

w
it

h
w

at
er

ba
se

d
ce

m
en

t)
.

N
R

SB
ST

Th
e

he
at

-t
re

at
ed

sh
ow

ed
st

at
is

ti
ca

lly
si

gn
ifi

ca
nt

hi
gh

er
bo

nd
st

re
ng

th
in

al
l

th
e

su
b-

gr
ou

ps
,a

nd
th

e
ac

id
-n

eu
tr

al
iz

ed
sa

m
pl

es
sh

ow
ed

hi
gh

er
bo

nd
st

re
ng

th
us

in
g

bo
th

ty
pe

s
of

ce
m

en
t;

ho
w

ev
er

,t
he

in
cr

ea
se

w
as

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
on

ly
in

re
si

n-
ba

se
d

ce
m

en
t-

bo
nd

ed
sa

m
pl

es
.R

es
in

-b
as

ed
ce

m
en

t-
bo

nd
ed

sa
m

pl
es

sh
ow

ed
hi

gh
er

bo
nd

st
re

ng
th

th
an

w
at

er
-b

as
ed

ce
m

en
t-

bo
nd

ed
sa

m
pl

es
.

Pr
e-

et
ch

in
g

he
at

tr
ea

tm
en

ta
nd

po
st

-e
tc

hi
ng

ac
id

ne
ut

ra
liz

at
io

n
of

th
e

ce
m

en
ti

ng
su

rf
ac

e
of

lit
hi

um
di

si
lic

at
e

gl
as

s-
ce

ra
m

ic
si

gn
ifi

ca
nt

ly
im

pr
ov

e
th

e
in

it
ia

lb
on

d
st

re
ng

th
to

or
th

od
on

ti
c

br
ac

ke
ts

.

205



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

G
ui

da
et

al
.,

20
19

[7
3]

In
vi

tr
o

10
%

H
F

60
s;

S
3

m
in

;H
F

+
S;

M
D

P–
Th

e
ad

he
si

ve
sy

st
em

(A
m

ba
r,

FG
M

,J
oi

nv
ill

e,
Br

az
il—

pr
im

er
an

d
ad

he
si

ve
co

m
bi

ne
d

in
on

e
bo

tt
le

)c
on

ta
in

in
g

M
D

P
(1

0-
m

et
ha

cr
yl

oy
lo

xy
de

cy
l

di
hy

dr
og

en
ph

os
ph

at
e)

ap
pl

ie
d

in
tw

o
la

ye
rs

.
Th

e
fir

st
dr

op
of

ad
he

si
ve

w
as

vi
go

ro
us

ly
br

us
he

d
on

th
e

bo
nd

in
g

su
rf

ac
e

fo
r

10
s,

ai
r-

th
in

ne
d

be
fo

re
th

e
se

co
nd

la
ye

r
of

ad
he

si
ve

w
as

ap
pl

ie
d

fo
r

10
s,

ai
r-

th
in

ne
d,

an
d

lig
ht

cu
re

d
fo

r
10

s.

Li
th

iu
m

di
si

lic
at

e-
ba

se
d

gl
as

s–
ce

ra
m

ic
.

24
0

n
=

20
–B

M
-H

F;
n

=
20

–B
M

-S
;

n
=

20
–B

M
-H

F
+

S;
n

=
20

–B
M

-M
D

P;
n

=
20

–B
C

p-
H

F;
n

=
20

–B
C

p-
S;

n
=

20
–B

C
p-

H
F

+
S;

n
=

20
–B

C
p–

M
D

P;
n

=
20

–B
C

m
-H

F;
n

=
20

–B
C

m
-S

;
n

=
20

–B
C

m
-H

F
+

S;
n

=
20

–B
C

m
-M

D
P.

BM
—

St
ai

nl
es

s
st

ee
l,

m
et

al
br

ac
ke

t(
A

bz
il,

3M
Br

az
il,

Sã
o

Jo
se

do
R

io
Pr

et
o,

SP
,

Br
az

il)
w

it
h

a
tr

ad
it

io
na

lm
es

h
fo

r
m

ec
ha

ni
ca

l
re

te
nt

io
n

M
et

al
lic

(B
M

)a
nd

ce
ra

m
ic

br
ac

ke
ts

(m
on

oc
ry

s-
ta

lli
ne

(B
C

m
)

an
d

po
ly

cr
ys

-
ta

lli
ne

(B
C

p)
.

SB
ST

BC
m

w
it

h
H

FS
or

H
F

sh
ow

ed
th

e
hi

gh
es

tm
ed

ia
n

σ
va

lu
es

,1
0.

5
M

Pa
an

d
8.

5
M

Pa
re

sp
ec

ti
ve

ly
.I

n
co

nt
ra

st
,t

he
BC

p
w

it
h

M
D

P
sh

ow
ed

th
e

lo
w

es
tm

ed
ia

n
σ

va
lu

e
(0

.8
M

Pa
),

w
hi

ch
w

as
no

ts
ta

ti
st

ic
al

ly
di

ff
er

en
tf

ro
m

ot
he

r
M

D
P-

tr
ea

te
d

gr
ou

ps
.

Th
e

fa
ilu

re
m

od
e

w
as

go
ve

rn
ed

by
th

e
gl

as
s–

ce
ra

m
ic

su
rf

ac
e

tr
ea

tm
en

t,
no

tb
y

th
e

br
ac

ke
tt

yp
e.

Q
ua

nt
it

at
iv

e
(σ

va
lu

es
)

an
d

qu
al

it
at

iv
e

(f
ra

ct
ur

e
m

od
e)

da
ta

su
gg

es
te

d
a

m
in

im
um

of
5

M
Pa

fo
r

br
ac

ke
ts

bo
nd

ed
to

gl
as

s–
ce

ra
m

ic
,w

hi
ch

is
th

e
lo

w
er

cr
it

ic
al

lim
it

bo
nd

st
re

ng
th

fo
r

a
co

m
pr

eh
en

si
ve

or
th

od
on

ti
c

tr
ea

tm
en

t.

M
ar

ta
lia

et
al

.,
20

20
[7

4]
In

vi
tr

o

9%
H

F;
Si

la
ne

U
lt

ra
de

nt
;

O
rt

ho
So

lo
bo

nd
in

g
an

d
G

re
ng

lo
o;

ad
he

si
ve

br
ac

ke
t;

Si
ng

le
Bo

nd
U

ni
ve

rs
al

3
M

ES
PE

.

Po
rc

el
ai

n
ve

ne
er

s
28

n
=

7–
9%

H
F

90
s,

aq
ua

de
s

5
s,

ai
r

sp
ra

y
5

s,
Si

la
ne

,a
ir

sp
ra

y
60

s,
O

rt
ho

So
lo

,
G

re
ng

lo
ad

he
si

ve
,

lig
ht

-c
ur

in
g

20
s;

n
=

7–
9%

H
F

90
s,

aq
ua

de
s

5
s,

ai
r

sp
ra

y
5

s,
Si

ng
le

Bo
nd

,l
ig

ht
-c

ur
in

g
10

s,
G

re
ng

lo
ad

he
si

ve
,l

ig
ht

-
cu

ri
ng

fo
r

20
s;

n
=

7–
9%

H
F

90
s,

aq
ua

de
s

5
s,

ai
r

sp
ra

y
5

s,
O

rt
ho

So
lo

,
G

re
ng

lo
ad

he
si

ve
,l

ig
ht

-
cu

ri
ng

fo
r

20
s.

n
=

7–
Si

ng
le

Bo
nd

,
lig

ht
-c

ur
in

g
10

s,
ap

pl
y

G
re

ng
lo

ad
he

si
ve

to
br

ac
ke

tm
es

s
an

d
th

e
la

st
st

ep
do

lig
ht

-c
ur

in
g

fo
r

20
s.

M
et

al
lic

SB
ST

T
he

sh
ea

r
bo

nd
st

re
ng

th
s

be
tw

ee
n

gr
ou

ps
w

er
e

si
gn

ifi
ca

nt
ly

di
ff

er
en

t
(p

<
0.

05
).

Th
e

gr
ea

te
st

br
ac

ke
ts

he
ar

bo
nd

st
re

ng
th

an
d

lo
w

es
tp

or
ce

la
in

su
rf

ac
e

ro
ug

hn
es

s
w

er
e

fo
un

d
in

hy
dr

ofl
uo

ri
c

ac
id

,
si

la
ne

,b
on

di
ng

,a
nd

ad
he

si
ve

.

Si
la

ne
ap

pl
ie

d
se

pa
ra

te
ly

fr
om

bo
nd

in
g

an
d

ac
id

ha
s

gr
ea

ts
he

ar
bo

nd
st

re
ng

th
an

d
lo

w
po

rc
el

ai
n

su
rf

ac
e

ro
ug

hn
es

s.

Ji
va

ne
sc

u
et

al
.,

20
14

[7
5]

In
vi

tr
o

R
el

yx
U

20
0

du
al

cu
re

re
si

n
ce

m
en

t;
Bl

ug
lo

o
lig

ht
cu

re
co

m
po

si
te

Po
rc

el
ai

n-
fu

se
d-

to
-

m
et

al
16

n
=

8-
R

el
yx

U
20

0
du

al
cu

re
re

si
n

ce
m

en
t;

n
=

8-
Bl

ug
lo

o
lig

ht
cu

re
co

m
po

si
te

.

N
R

M
et

al
lic

T
BS

T

N
o

st
at

is
ti

ca
lly

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
am

on
g

th
e

tw
o

ce
m

en
ts

in
te

rm
s

of
te

ns
ile

bo
nd

st
re

ng
th

.

Bo
th

de
nt

al
m

at
er

ia
ls

m
ay

be
re

co
m

m
en

de
d

fo
r

or
th

od
on

ti
c

br
ac

ke
t

bo
nd

in
g

to
ce

ra
m

ic
su

rf
ac

es
,w

it
h

eq
ua

lly
su

cc
es

sf
ul

re
su

lt
s.

H
ow

ev
er

,f
ur

th
er

te
st

in
g

on
an

in
cr

ea
se

d
nu

m
be

r
of

sp
ec

im
en

s
m

ay
be

co
ns

id
er

ed
fo

r
m

or
e

ac
cu

ra
te

da
ta

.

206



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

Pa
rk

et
al

.,
20

13
[7

6]
In

vi
tr

o

37
%

Ph
os

ph
or

ic
ac

id
1

m
in

,
w

as
h,

dr
y

w
it

h
el

ec
tr

ic
lig

ht
5

m
in

,l
ig

ht
cu

ri
ng

40
s,

Tr
an

sb
on

d
37

◦ C
of

w
at

er
ba

th
fo

r
24

h.
La

se
r

ir
ra

di
at

io
n–

Er
:Y

A
G

la
se

r
14

0
µ

m
of

th
e

w
av

e
le

ng
th

an
d

20
%

of
ai

r
w

at
er

ra
ti

o,
20

H
z

pe
r

se
co

nd
,2

W
,

1
m

m
di

st
an

ce
,2

0
s

ir
ra

di
at

io
n,

dr
y

5
s,

Tr
an

sb
on

d
40

s
en

lig
ht

en
in

g
37

◦ C
of

w
at

er
ba

th
fo

r
24

h.

Z
ir

co
ni

a
an

d
C

er
am

ic
15

0

n
=

10
-M

et
al

w
it

h
ph

os
ph

or
ic

ac
id

;
n

=
10

-M
et

al
w

it
h

la
se

r
ac

id
;

n
=

10
-M

et
al

w
it

h
la

se
r

+
ph

os
ph

or
ic

ac
id

;
n

=
10

-C
er

am
ic

w
it

h
ph

os
ph

or
ic

ac
id

;
n

=
10

-C
er

am
ic

w
it

h
la

se
r

ac
id

;
n

=
10

-C
er

am
ic

w
it

h
la

se
r

+
ph

os
ph

or
ic

ac
id

;
n

=
10

-Z
ir

co
ni

a
w

it
h

ph
os

ph
or

ic
ac

id
;

n
=

10
-Z

ir
co

ni
a

w
it

h
la

se
r

ac
id

;
n

=
10

-Z
ir

co
ni

a
w

it
h

la
se

r
+

ph
os

ph
or

ic
ac

id
.

n
=

10
-T

oo
th

w
it

h
Ph

os
ph

or
ic

ac
id

;
n

=
10

-T
oo

th
w

it
h

La
se

r
ac

id
;

n
=

10
-T

oo
th

w
it

h
La

se
r

+
ph

os
ph

or
ic

ac
id

.

N
R

SB
ST

C
ha

ng
ed

as
th

e
m

os
ti

n
ce

ra
m

ic
in

la
se

r
ir

ra
di

at
io

n.
Bo

nd
in

g
st

re
ng

th
ac

co
rd

in
g

to
th

e
et

ch
in

g
m

et
ho

d
w

as
th

e
m

os
ti

n
la

se
r

ir
ra

di
at

io
n

an
d

ac
id

et
ch

in
g

in
ce

ra
m

ic
an

d
in

zi
rc

on
ia

.

C
er

am
ic

cr
ow

n
w

it
h

ac
id

tr
ea

tm
en

tw
as

re
co

m
m

en
de

d
be

ca
us

e
of

re
la

ti
ve

ly
hi

gh
in

bo
nd

in
g

st
re

ng
th

.

H
el

la
k

et
al

.,
20

16
[7

7]
In

vi
tr

o/
Ex

vi
vo

Se
lf

-e
tc

hi
ng

no
-m

ix
ad

he
si

ve
s

(i
Bo

nd
TM

an
d

Sc
ot

ch
bo

nd
TM

);
To

ta
le

tc
h

sy
st

em
Tr

an
sb

on
d

X
T

TM
.

G
la

ss
-c

er
am

ic
ve

ne
er

in
g

(I
PS

e.
m

ax
TM

Pr
es

s,
IP

S
e-

m
ax

Z
ir

C
A

D
fo

r
in

La
bT

M
w

as
us

ed
as

hi
gh

-s
tr

en
gt

h
zi

rc
on

ia
an

d
V

IT
A

bl
oc

sT
M

M
ar

k
II

,C
2I

I4
fo

r
C

ER
EC

TM
/i

nL
ab

(V
IT

A
Z

ah
nf

ab
ri

k,
Ba

d
Sa

ck
in

ge
n,

G
er

m
an

y)
w

as
us

ed
as

a
m

on
oc

hr
om

at
ic

fe
ld

sp
at

hi
c

ce
ra

m
ic

.

27
0

n
=

24
0

di
vi

de
d

in
to

ei
gh

t
re

st
or

at
iv

e
su

rf
ac

e
gr

ou
ps

(n
=

30
),

of
w

hi
ch

G
la

ss
-c

er
am

ic
ve

ne
er

in
g

(n
=

90
)a

nd
al

lo
ft

he
su

rf
ac

es
w

er
e

di
vi

de
d

in
to

th
re

e
su

bg
ro

up
s

w
it

h
di

ff
er

en
ta

dh
es

iv
es

(n
=

10
).

n
=

30
-H

um
an

en
am

el
w

it
h

Tr
an

sb
on

d
X

T
pr

im
er

;
n

=
30

-H
um

an
en

am
el

w
it

h
iB

on
d.

n
=

30
-H

um
an

en
am

el
w

it
h

Sc
ot

hc
hb

on
d

U
ni

ve
rs

al

M
et

al
lic

SB
ST

Si
gn

ifi
ca

nt
di

ff
er

en
ce

s
in

SB
ST

w
er

e
fo

un
d

be
tw

ee
n

th
e

co
nt

ro
lg

ro
up

an
d

ex
pe

ri
m

en
ta

lg
ro

up
s.

Tr
an

sb
on

d
X

T
sh

ow
ed

th
e

hi
gh

es
tS

BS
T

on
hu

m
an

en
am

el
.

Sc
ot

ch
bo

nd
U

ni
ve

rs
al

on
av

er
ag

e
pr

ov
id

es
th

e
be

st
bo

nd
in

g
on

al
lo

th
er

ty
pe

s
of

su
rf

ac
e

(m
et

al
,

co
m

po
si

te
,a

nd
po

rc
el

ai
n)

,w
it

h
no

ne
ed

fo
r

ad
di

ti
on

al
pr

im
er

s.
It

m
ig

ht
th

er
ef

or
e

be
he

lp
fu

lf
or

si
m

pl
if

yi
ng

bo
nd

in
g

in
or

th
od

on
ti

c
pr

oc
ed

ur
es

on
re

st
or

at
iv

e
m

at
er

ia
ls

in
pa

ti
en

ts
.

207



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

,Y
ea

r
St

ud
y

D
es

ig
n

Ty
pe

of
A

dh
es

io
n

Te
ch

ni
qu

e
(T

yp
e,

Ti
m

e,
C

li
ni

ca
lA

pp
li

ca
ti

on
)

Ty
pe

of
Po

rc
el

ai
n

Sa
m

pl
e

Si
ze

(n
)

Te
st

G
ro

up
C

on
tr

ol
G

ro
up

B
ra

ck
et

Ty
pe

In
te

rv
en

ti
on

Te
st

R
es

ul
ts

C
on

cl
us

io
ns

Le
e

et
al

.,
20

15
[3

2]
In

vi
tr

o

G
1:

SB
50

µ
m

,5
s

at
pr

es
su

re
of

40
ps

i,
5

m
m

;
G

2:
9%

H
F

ac
id

4
m

in
;

G
3:

po
rc

el
ai

n
pr

im
er

(P
P)

th
in

co
at

;
G

4:
zi

rc
on

ia
pr

im
er

(Z
P)

th
in

co
at

.

Z
ir

co
ni

a
40

G
1:

no
ng

la
ze

d
zi

rc
on

ia
tr

ea
te

d
w

it
h

SB
+

Z
P

(n
=

10
);

G
2:

gl
az

ed
zi

rc
on

ia
tr

ea
te

d
w

it
h

SB
+

et
ch

in
g

+
Z

P
(n

=
10

);
G

3:
gl

az
ed

zi
rc

on
ia

tr
ea

te
d

w
it

h
SB

+
et

ch
in

g
+

PP
(n

=
10

);
G

4:
gl

az
ed

zi
rc

on
ia

tr
ea

te
d

w
it

h
SB

+
et

ch
in

g
+

Z
P

+
PP

(n
=

10
).

N
R

M
et

al
lic

SB
ST

G
ro

up
G

2
sh

ow
ed

si
gn

ifi
ca

nt
ly

lo
w

er
sh

ea
r

bo
nd

st
re

ng
th

th
an

di
d

th
e

ot
he

r
gr

ou
ps

.
N

o
st

at
is

ti
ca

lly
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

w
er

e
fo

un
d

am
on

g
gr

ou
ps

G
1,

G
3,

an
d

G
4.

Po
rc

el
ai

n
pr

im
er

is
th

e
m

or
e

ap
pr

op
ri

at
e

ch
oi

ce
fo

r
bo

nd
in

g
a

m
et

al
br

ac
ke

tt
o

th
e

su
rf

ac
e

of
a

fu
ll-

co
nt

ou
r

gl
az

ed
zi

rc
on

ia
cr

ow
n

w
it

h
re

si
n

ce
m

en
t.

A
C

P
S—

3-
ac

ry
lo

xy
pr

op
yl

tr
im

et
ho

xy
si

la
ne

;A
l2

O
3—

al
u

m
in

iu
m

ox
id

e;
A

N
O

V
A

—
on

e-
w

ay
an

al
ys

is
of

va
ri

an
ce

;A
PA

—
A

ir
-p

ar
ti

cl
e

ab
ra

si
on

;A
R

I—
ad

he
si

ve
R

em
na

nt
In

d
ex

;A
ST

—
ad

he
si

on
st

re
ng

th
te

st
;a

tm
—

st
an

d
ar

d
at

m
os

p
he

re
;B

C
m

—
m

on
oc

ry
st

al
lin

e
br

ac
ke

ts
;B

C
p

—
p

ol
yc

ry
st

al
lin

e
br

ac
ke

ts
;B

IS
-E

M
A

—
bi

sp
he

no
lA

d
ig

ly
ci

d
yl

m
et

ha
cr

yl
at

e
et

ho
xy

la
te

d
;

B
IS

-G
M

A
—

bi
sp

he
no

lA
-g

ly
ci

d
yl

m
et

ha
cr

yl
at

e;
B

M
—

m
et

al
lic

br
ac

ke
ts

;B
T

SE
—

bi
s-

1,
2-

(t
ri

et
ho

xy
si

ly
l)

et
ha

ne
;C

B
—

ce
ra

m
ic

br
ac

ke
ts

;C
j—

C
oJ

et
sy

st
em

;C
O

—
C

ol
et

T
M

;C
O

2—
ca

rb
on

d
io

xi
d

e;
C

SB
S—

cy
cl

ic
sh

ea
r

bo
nd

st
re

ng
th

;D
B

—
d

eg
la

zi
ng

us
in

g
d

ia
m

on
d

bu
r;

d
f—

d
eg

re
es

of
fr

ee
d

om
;E

15
—

hy
d

ro
flu

or
ic

ac
id

15
s;

E
5—

hy
d

ro
flu

or
ic

ac
id

5s
;E

r:
C

rY
SG

G
—

er
bi

um
,

ch
ro

m
iu

m
:y

tt
ri

u
m

-s
ca

nd
iu

m
-g

al
liu

m
-g

ar
ne

t;
E

r:
YA

G
—

E
rb

iu
m

:y
tt

ri
u

m
-a

lu
m

in
u

m
-g

ar
ne

t;
FC

—
fe

ld
sp

at
hi

c
ce

ra
m

ic
;G

—
gr

ou
p;

H
3P

O
4—

or
th

op
ho

sp
ho

ri
c

ac
id

;H
F—

hy
d

ro
fl

u
or

ic
ac

id
;H

z—
he

rt
z;

IP
—

IP
S

e.
m

ax
C

A
D

;L
D

C
—

lit
hi

um
d

is
ili

ca
te

;L
ed

—
lig

ht
—

em
it

ti
ng

d
io

d
e;

L
U

—
la

va
ul

ti
m

at
e;

M
B

—
m

et
hy

le
ne

bl
ue

;M
D

P—
10

-m
et

ha
cr

yl
oy

lo
xy

d
ec

yl
d

ih
yd

ro
ge

n
ph

os
ph

at
e;

M
EP

—
m

on
ob

on
d

et
ch

&
pr

im
e;

M
IC

—
al

um
in

um
ox

id
e

m
ic

ro
et

ch
in

g;
m

in
—

m
in

ut
e(

s)
;m

j—
m

ill
ijo

ul
e;

m
m

—
m

ill
im

et
er

;M
Pa

—
m

eg
ap

as
ca

lp
re

ss
ur

e
un

it;
m

z—
M

on
ol

ith
ic

zi
rc

on
iu

m
ox

id
e

ce
ra

m
ic

;N
d:

YA
G

—
ne

od
ym

iu
m

-d
op

ed
yt

tr
iu

m
al

um
in

iu
m

ga
rn

et
;n

p—
no

-p
ri

m
er

;N
R

—
no

tr
ep

or
te

d;
p—

p-
va

lu
e;

PA
—

ph
os

ph
or

ic
ac

id
;P

D
T—

ph
ot

od
yn

am
ic

th
er

ap
y;

PF
M

—
po

rc
el

ai
n

fu
se

d
to

m
et

al
;P

P—
po

rc
el

ai
n

pr
im

er
;p

si
—

po
un

ds
of

fo
rc

e
pe

r
sq

ua
re

in
ch

of
ár

ea
;r

pm
—

re
vo

lu
tio

ns
pe

r
m

in
ut

e;
s—

se
co

nd
(s

);
S—

si
la

ne
;S

@
SB

2—
ad

pe
r

si
ng

le
bo

nd
2;

S@
SB

U
—

si
la

ne
+

si
ng

le
bo

nd
un

iv
er

sa
l;

SB
—

sa
nd

bl
as

tin
g;

SB
2—

si
ng

le
bo

nd
2;

SB
ST

—
sh

ea
r

bo
nd

st
re

ng
th

te
st

;S
BU

—
si

ng
le

bo
nd

un
iv

er
sa

l;
sd

—
st

an
da

rd
de

vi
at

io
n;

SE
C

P—
m

on
ob

on
d

et
ch

an
d

p
ri

m
e;

Si
O

2—
si

lic
on

d
io

xi
d

e;
sp

—
sh

or
tp

u
ls

e;
ss

p
—

su
p

er
sh

or
tp

u
ls

e;
T—

th
er

m
oc

yc
le

d
;T

B
ST

—
te

ns
ile

bo
nd

st
re

ng
th

te
st

;T
E

G
D

M
A

—
tr

ie
th

yl
en

e
gl

yc
ol

d
im

et
ha

cr
yl

at
e;

TS
—

tr
ib

oc
he

m
ic

al
si

lic
a

co
at

in
g

U
B—

ul
tr

as
on

ic
ba

th
;U

D
M

A
—

bi
sp

he
no

lA
-g

ly
ci

dy
ld

im
et

ha
cr

yl
at

e
an

d
ur

et
ha

ne
di

m
et

ha
cr

yl
at

e;
V

E—
V

ita
En

am
ic

;V
M

—
V

IT
A

M
ar

k
II

;Z
P—

zi
rc

on
ia

pr
im

er
;Z

PP
—

zi
rc

on
ia

pr
im

e
pl

us
.

208



Bi
oe

ng
in

ee
ri

ng
20

22
,9

,1
4

Bi
oe

ng
in

ee
rin

g 
20

22
, 9

, x
 F

O
R 

PE
ER

 R
EV

IE
W

 
46

 o
f 

55
 

 

 
Fi

gu
re

 2
. Y

—
ye

s;
 N

—
no

. R
is

k 
of

 b
ia

s 
of

 th
e 

in
cl

ud
ed

 s
tu

di
es

.

St
ru

ct
ur

ed
 su

m
m

ar
y

Sc
ie

nt
ifi

c 
ba

ck
gr

ou
nd

 a
nd

 ra
tio

na
le

O
bj

ec
tiv

es
 a

nd
/o

r h
yp

ot
he

se
s

In
te

rv
en

tio
n 

of
 e

ac
h 

gr
ou

p
O

ut
co

m
es

 d
ef

in
iti

on
Sa

m
pl

e 
si

ze
 d

et
er

m
in

at
io

n
A

llo
ca

tio
n 

se
qu

en
ce

 g
en

er
at

io
n

A
llo

ca
tio

n 
co

nc
ea

lm
en

t m
ec

ha
ni

sm
Im

pl
em

en
ta

tio
n

Bl
in

di
ng

St
at

is
tic

al
 m

et
ho

ds
O

ut
co

m
es

 a
nd

 e
st

im
at

io
n

Li
m

ita
tio

ns
Fu

nd
in

g 
in

fo
rm

at
io

n
Pr

ot
oc

ol
 (i

f a
va

ila
bl

e)

Alqerban, 2019 Y Y Y Y Y N N N N N Y N Y Y N
Goldshah et al., 2018 Y Y Y Y Y Y Y Y N N Y N Y Y N
Mirhashemi et al., 2018 Y Y Y Y Y N N N N N Y N N Y N
Hellak et al., 2016 Y Y Y Y Y N N N N N Y N Y Y N
Lestrade et al., 2016 Y Y Y Y Y N N N N N Y N N N N
Mehmeti et al., 2017 N Y Y N N N N N N N Y N Y Y N
Cevik et al., 2017 Y Y Y Y Y N N N N N Y Y N Y N
Martalia et al., 2020 Y Y Y Y Y Y N N N N Y N N N Y
Sabuncuoglu et al., 2016 Y Y Y Y Y N N N N N Y N Y N N
Falkensammer et al., 2012 Y Y Y Y N N N N N N Y N N N N
AlShahrani et al., 2019 Y Y Y N Y N N N N N Y N N N N
Kim et al., 2017 Y Y Y Y Y N N N N N Y N Y Y N
Jivanescu et al., 2014 N Y N N Y N N N N N Y N N N N
Lee et al., 2015 Y Y Y Y Y N N N N N Y N N N N
Juntavee et al., 2018 Y Y Y Y Y N N N N N Y Y N Y N
Park et al., 2013 Y N N N Y N N N N N Y N N N N
Guida et al., 2019 Y Y Y Y Y N N N N N Y N Y Y N
Poosti et al., 2012 Y Y Y Y N N N N N N Y N Y N N
Hosseini et al., 2013 Y Y Y Y N N N N N N N N N N N
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Baeshen, 2021 Y Y Y Y Y N N N N N Y N Y Y N
Ihsan et al., 2019 Y Y Y Y Y N N N N N Y N N Y N
Saraç et al., 2011 Y Y Y Y Y Y Y N N N Y N N N N
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Alavi et al., 2020 Y Y Y Y Y N N N N N Y N Y Y N
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Yu et al., 2021 Y Y Y Y Y N N N N N Y N N Y N
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Only two studies not reported a structured abstract, calculation of the sample size [59,75]
or scientific background and rationale [38,76]. Regarding the randomization process, only
two studies reported these items [4,23,47]. All studies not reported researcher blinding
to the interventions. Y—yes; N—no. Only a few studies reported the estimated size of
outcomes [5,7,27,30,46]. No studies reported information relative to the protocol domain,
except for three [15,43,74].

3.2. Meta-Analysis

For the quantitative analysis, only studies that used metallic brackets adhered to fels-
pathic ceramics and lithium disilicate were selected. These studies were pooled regarding
the main surface treatment used, although different protocols (concentrations, applications
times, energies . . . ) were used. Studies that presented other bracket types presented highly
heterogeneous methodologies, making impossible its comparison. Also, regarding the
other ceramic types, it was not possible to find studies with similar methodologies to
be compared.

The meta-analysis regarding the feldspathic ceramics (Figure 3) presents the lower
adhesion values for the treatments with fine bur (T1) and orthophosphoric acid (T3), with-
out statistically significant differences between them, but significantly lower than all other
treatments (p < 0.001). With increased adhesion values the sandblasting technique alone
(T2), presents statistically significant differences (p < 0.001) for all groups, including the
sandblasting + hydrofluoric acid group (T6), although less significant (p < 0.05). The group
that uses LASER (T5) for surface preparation presents the following highest adhesion
value with statistically significant differences (p < 0.001) T1, T2, T3, T4 and T7 groups and
p < 0.05 to T5 group. The highest adhesion values were found in the LASER with hy-
drofluoric acid (T7) or hydrofluoric acid alone (T4) groups, without statistically significant
differences between them, but being significantly higher than the others (p < 0.001).
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< 0.001). Still with low adhesion values, but higher than the previous ones, we find the 
fine bur group (T1), with statistically significant differences regarding all the other groups 
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Figure 3. Forest plot of brackets adhesion to feldspathic ceramics with diverse superficial treatments.
T1: Fine bur group; T2: Sandblasting (Al2O3) group; T3: orthophosphoric acid group; T4: hydrofluoric
acid group; T5: LASER group; T6: Sandblasting (Al2O3) with hydrofluoric acid group; T7: LASER
with hydrofluoric acid group. For each surface treatment, the number of studies included, the totality
of samples evaluated, mean and standard deviation (SD), and 95% confidence intervals are described.
Adhesion values are presented in MPa.

The meta-analysis that evaluates lithium disilicate ceramics (Figure 4) presents the
statistically significant lowest adhesion values for the orthophosphoric acid (T3) group
(p < 0.001). Still with low adhesion values, but higher than the previous ones, we find
the fine bur group (T1), with statistically significant differences regarding all the other
groups (p < 0.001). With increased adhesion values, we have the sandblasting technique
(T2) and the hydrofluoric acid alone (T4) groups, without statistically significant differences
between them, but with statistically significant differences (p < 0.001) with all other groups.
The highest adhesion values are found in the LASER alone group (T5), with statistically
significant differences from all other groups (p < 0.001).
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superficial treatments. T1: Fine bur group; T2: Sandblasting (Al2O3) group; T3: orthophosphoric
acid group; T4: hydrofluoric acid group; T5: LASER group. For each surface treatment, the number
of studies included, the totality of samples evaluated, mean and standard deviation (SD), and 95%
confidence intervals are described. Adhesion values are presented in MPa.

For the two ceramic types evaluated in the meta-analysis, the surface presenting the
lowest results is the orthophosphoric acid, with adhesion values close to 0 MPa, such as
3.99 MPa ± 0.48 for felspathic ceramics and 0.7 MPa ± 0.07 for lithium disilicate. These
low adhesion results are also observed in surface treatments using only fine drill wear,
with 5 MPa ± 0.51 and 6.9 MPa ± 0.91; and sandblasting with 9.13 MPa ± 0.97 and
9.7 MPa ± 1.05 for feldspathic ceramics and lithium disilicate respectively.

The treatment with the highest values for lithium disilicate ceramics is the LASER
treatment with 19.87 MPa ± 2.01, while for feldspathic ceramics it is the LASER treatment
with hydrofluoric acid with 26.79 MPa ± 2.7 and the treatment with hydrofluoric acid alone
with 27.32 MPa ± 2.89.

When comparing the same surface treatments on the two types of ceramics, substan-
tially different adhesion values are obtained, as an example of hydrofluoric acid with such
different performances as 27.32 MPa ± 2.89 for feldspathic and 9.18 MPa± 1.05 for disili-
cate. The LASER treatment also presents some differences when we compare feldspathic
ceramics with lithium disilicate with 13.56 MPa ± 1.38 and 19.87 MPa ± 2.01, respectively.

4. Discussion

The main purpose of this review was to identify the most efficient and reliable bonding
protocol for orthodontic brackets to ceramic surfaces. As this is a complex and sensitive
process it is essential to determine the best protocol to achieve the best results [2,4,10,12].

The last systematic review regarding this topic was published in 2014. This previ-
ous paper, that solely included in vitro studies, concluded that the best protocol would
be etching with 9.6% hydrofluoric acid for 60 s, rinsing for 30 s, air-drying, and finally
applying the silane [78]. With new articles emerging in recent years a new systematic
review is warranted. Since we included papers published from 2011, all recent literature
was scrutinized and included if relevant.

As previously stated, to ensure an acceptable shear bond strength (SBS) capable
of resisting not only chewing but also forces induced by orthodontic appliances, opti-
mal ceramic surface conditioning techniques are necessary. The present results revealed
that the most studied conditioning methods include 37%/37.5% orthophosphoric acid,
4%/9%/9.5%/9.6%/10% hydrofluoric acid, silane application, sandblasting/air abrasion
with aluminum oxide, diamond bur roughening, single bond universal adhesive and the
use of different types of LASER, such as Er:YAG laser, CO2 laser, Er:CrYSGG laser, Nd:YAG
laser, Cr:YSGG laser, FS laser.

4.1. Design and Bracket Material

The included studies present several different combinations of ceramic surface con-
ditioning techniques to understand which one achieves a better SBS value. Some studies
prove that although the ceramic surface conditioning method is the most important factor
in achieving acceptable clinical values for SBS, it is not exclusive. Factors such as the
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material and design of the bracket, type of ceramic surface, and etch time also affect SBS.
Mehmeti et al. states that the bracket type used significantly affects the SBS value and
is a valid clinical concern [57]. On the other hand, Guida et al. showed that the failure
rate is closely related to the glass-ceramic surface conditioning and that the bracket type
is inconsequential [73]. According to Mehmeti et al., metallic brackets seemingly provide
stronger adhesion with all-zirconium surfaces when compared to ceramic polycrystalline
brackets, which can be attributed to their improved base surface design [59]. However, this
is opposed to the findings of Al-Hity et al. which revealed that bonding strength of ceramic
brackets on porcelain significantly exceeds that of metal brackets [19]. Different testing
protocols and materials used can explain the contradictory results, since these two factors
have a profound impact on the obtained results.

4.2. Orthophosphoric Acid, Fine Burr and Sandblasting

In our systematic analysis, the lowest adhesion values were verified with orthophos-
phoric acid, fine burr, and with slightly higher values, sandblasting treatments. Although
these treatments created microroughness that could improve adhesion, their use alone
presented unsatisfactory results. According to three authors (Mohammed et al., Mehta
et al. and Girish et al.), the sandblasting method in association with the application of
silane reaches the maximum SBS, while the use of 37% orthophosphoric acid has the lowest
SBST and is deemed unsuitable for bonding ceramic brackets [21,27,31]. In this situation,
we can attribute the good SBS scores to the use of silane, which alone presents high bond
strength forces.

Other studies, regarding surface roughening revealed that the use of sandblasting or
diamond burs along with the application of hydrofluoric acid significantly improved bond
strength [52]. Sandblasting with SiO2 was shown to have no advantage when compared to
sandblasting with AL2O3 [70].

4.3. Hydrofluoric Acid

The etching process partially dissolves the ceramic matrix, increasing the surface area
by creating microchannels, this allows for the penetration of resin cement, thus providing
finer conditions for increased bond strength.

However, since the available brands of porcelain have dissimilar particle sizes and
crystalline structure, different outcomes are to be expected when testing various ceramic
surfaces and brands. The heterogeneity of the reviewed studies can be attributed to
structural differences in porcelain surfaces (besides the brackets’ base designs), which may
result in higher or lower bond strength. As example, a paper by Kurt et al. published in 2019,
reported that the highest SBS value was found in feldspathic ceramics previously treated
with hydrofluoric acid [24]; however, Saraç et al. demonstrated that for any conditioning
method, leucite-reinforced ceramic, in general, showed a higher SBS when compared to
feldspathic and fluoroapatite ceramics [47].

As stated above, the etching agent HF increases the available surface area for adhesion.
Higher HF concentrations promote more ceramic dissolution, which may be linked to
higher bond strength values [79]. Such results support the use of HF as surface treatments
when bonding ceramic restorations [80]. This can explain the results obtained in the
feldspathic ceramics group, where the HF groups (alone or in combination with a laser)
presented higher adhesion values. However, the HF promoted significantly lower adhesion
values in the disilicate lithium group. Lithium silicate is more susceptible to HF action than
feldspathic. HF concentrations above 5% used for more than 20 s significantly influence
the characteristics of the material, promoting a decrease in the material strength [81].
Additionally, higher HF concentrations can also result in worse adhesion, as shown in an
in vitro study by Pérez et al. [82].

The use of HF also produces insoluble fluorosilicate salts that remain on the material’s
surface (if not removed by other methods, such as ultrasonic cleaning), which can affect
the adhesion [83]. Also, the overall reduced number of studies included for this material
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and the different experimental methodologies used can affect the observed results. Taken
together, such factors and differences in the material composition regarding feldsphatic
ceramics can explain the obtained values for the disilicate lithium group.

Also, the acid etching time was inconsistent as different studies used different method-
ologies. According to Falkensammer et al. this factor is not preponderant for achieving SBS,
according to their study an etching time of 30 s was as effective as standard conditioning
(60 s) [70]. However, Costa et al. revealed that an etching time of 60 s significantly improved
the SBS of brackets to feldspathic ceramic surfaces [34].

4.4. Silane

The use of silane improves the bond strength of brackets to ceramic surfaces [23,67].
Silane forms chemical bonds with both organic and inorganic surfaces, resulting in a
stronger connection between surfaces. Furthermore, Zhang et al. reported that HF acid
etching followed by silane was the best suited method for bonding on silica based ceramics
and, according to Tahmasbi et al. SBS of bracket to porcelain mainly relies on the use of
silane rather than the type of adhesive chosen [9,25].

4.5. Adhesive System

The chosen adhesive protocol will influence the bond strength of brackets to ceramic
surfaces. According to the results of the studies reviewed, ceramic surfaces treated with
blasting aluminum oxide followed by Single Bond Universal™ application had an im-
proved SBS and caused less cohesive damage to the ceramic [51].

4.6. LASER

Recent publications studied alternatives that involve irradiating the ceramic surface
with different laser types. The bond strength obtained through the combination of Er:YAG
laser and HF acid on the ceramic surface may be sufficient for bonding brackets [28].
Also, according to Cevik et al. hydrofluoric acid and phosphoric acid etching methods
were not suitable as surface treatment methods for feldspathic porcelains [17]. Contrarily,
other studies revealed that the Er:YAG laser with the recommended settings (intensity and
duration) is not a suitable alternative to the application of HF, however the laser Nd: YAG
has been shown more promising results [30,65].

The results of this systematic review indicated that laser irradiation and/or HF-
etching are the two surface treatments that allow greater resin-ceramic bonding. Laser
irradiation emits a wavelength which is absorbed by ceramic materials, creating micro-
retentions which improve resin-ceramic bonding [84]. Feitosa et al. compared 5 types of
surface treatment and have found that Er:YAG laser promotes higher surface roughness,
producing an improvement in the tensile strength. Regarding laser application time, these
authors suggested times greater than 5 s, since some regions on the laser-treated surface
had a similar morphologic appearance to the control group [85]. An article published
in 2013 compared fractional CO2 laser with different intensities with hydrofluoric acid,
showing that 10 and 15 W laser were higher shear bond strength than HF-etching with
better results in deglazed specimens [29]. More recently, Mirhashemi et al. suggested that
laser combined with HF promotes higher shear bond strength than laser groups only [30].

In lithium disilicate ceramic crowns, the results revealed that irradiation with different
types of lasers can be effective in obtaining an adequate SBS. Conditioning with Er,Cr:YSGG
and CO2 laser has the potential to be used in clinical settings alternative to HF+S when
bonding to metallic brackets [66]. However, contrary to the previously mentioned state-
ments, the study by Alavi et al. concluded that neither CO2 nor Nd:YAG lasers resulted in
adequate surface changes for bonding ceramic brackets when compared to conditioned
samples with HF [16]. This is also confirmed by Mirhashemi et al. who demonstrated that
although conditioning with Er:CrYSGG met SBS requirements for orthodontic brackets, the
SBS must be improved through refinement of the irradiation details [30]. Regarding zirco-

213



Bioengineering 2022, 9, 14

nia crowns, FS laser at 200 mW and 60 µm is ideal treatment for conditioning, producing
good SBS while also having a more sustainable energy consumption [53].

Importantly, no studies regarding the combined use of HF with laser (T7) included
lithium disilicate ceramics, so we cannot ascertain if high bond values similar to the ones
observed in the feldspathic ceramics could be obtained, or if the ceramic type is a decisive
factor, like for the HF treatment.

Due to the lack of homogeneity in methodology within the currently available litera-
ture investigating the bond strength of orthodontic brackets to ceramic surfaces, the present
review results present some limitations. To overcome this, calibrated studies analyzing the
same parameters using the same protocols should be performed, hence providing stronger
evidence. Further research focusing on surface changes, the architecture of the bracket base
and the type of the adhesive resin should be performed.

5. Conclusions

Surface treatment protocols cannot be universal for all ceramic and/or all bracket
types. Based on our results, we can conclude that for felspathic ceramics, the surface
treatment which provides the best adhesion values is the use of hydrofluoric acid alone
or concomitantly with LASER. For lithium disilicate ceramics, the treatment with the best
results is the use of LASER alone, although combination with HF was not evaluated.

Lower bond strengths were observed in the orthophosphoric acid and fine burr groups.
Further high-quality studies with similar methodologies regarding the ceramic type, surface
protocol, surface changes, the architecture of the bracket base and the type of the adhesive
resin are required.
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Abstract: Three-dimensional (3D) resin medical-dental devices have been increasingly used in recent
years after the emergence of digital technologies. In Orthodontics, therapies with aligners have gained
popularity, mainly due to the aggressive promotion policies developed by the industry. However,
their systemic effects are largely unknown, with few studies evaluating the systemic toxicity of
these materials. The release of bisphenol A and other residual monomers have cytotoxic, genotoxic,
and estrogenic effects. This systematic review aims to analyze the release of toxic substances from
3D resins used in Orthodontics and their toxic systemic effects systematically. The PICO question
asked was, “Does the use of 3D resins in orthodontic devices induce cytotoxic effects or changes
in estrogen levels?”. The search was carried out in several databases and according to PRISMA
guidelines. In vitro, in vivo, and clinical studies were included. The in vitro studies’ risk of bias was
assessed using the guidelines for the reporting of pre-clinical studies on dental materials by Faggion
Jr. For the in vivo studies, the SYRCLE risk of bias tool was used, and for the clinical studies, the
Cochrane tool. A total of 400 articles retrieved from the databases were initially scrutinized. Fourteen
articles were included for qualitative analysis. The risk of bias was considered medium to high.
Cytotoxic effects or estrogen levels cannot be confirmed based on the limited preliminary evidence
given by in vitro studies. Evidence of the release of bisphenol A and other monomers from 3D resin
devices, either in vitro or clinical studies, remains ambiguous. The few robust results in the current
literature demonstrate the absolute need for further studies, especially given the possible implications
for the young patient’s fertility, which constitutes one of the largest groups of patients using these
orthodontic devices.

Keywords: aligner; cytotoxicity; estrogenicity; invisalign; monomer; retainer; 3D resin

1. Introduction

Clear aligner systems have been around for many years in the Orthodontic practice;
however, in recent years, the rapid development in this area led to the creation of large
production facilities, increasing their availability to the population. With the launch of
the Tooth Positioner (TP Orthodontics) in the mid-20th century, which allowed for only
slight orthodontic movements, many advances were made within clear aligner systems
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to allow for more complex tooth movements and occlusal corrections [1–3]. Moreover,
since Align Technology’s FDA approval in 1998, the popularity of orthodontic aligners
within the general public has risen, creating a market demand and increasing the number
of companies that offer these services [2,4–6].

These systems improved throughout the years and also retained some advantages
compared to conventional orthodontic treatment. As orthodontists treat an increasingly
older population, there is a rise in aesthetic concerns, favoring the use of these systems [1,2].
Another advantage is that the clear aligner systems were noted by Cardoso et al. [7] to
be less painful when compared to the conventional bracket system. Reduced chair time
and fewer emergencies are also listed as advantages, and treatment time seems to decrease
compared to conventional systems, albeit only in mild to moderate and non-extraction
cases [8,9]. Regarding oral hygiene, there is no consensual standpoint as some authors
describe similar outcomes in aligner and conventional bracket patients, and others observe
better hygiene and less plaque build-up in aligner patients and fewer enamel lesions as a
result [3–6,8].

Although some of the clear aligner systems may seem to replace conventional
appliances completely, these systems also present some drawbacks compared to their
older counterparts [1]. Some studies indicate that clear aligner systems are less effective
in controlling anterior buccolingual inclination and rotation movements in rounder
teeth, and some difficulties may also be experienced to establish ideal occlusal con-
tacts. As mentioned above, although general treatment time is decreased, in extraction
cases, it is increased when compared to conventional systems [1,4,5,8,9]. As recently as
2020, concerns about the toxicity of clear aligners rose depending on their fabrication
method. Studies revealed that the plastics used in clear aligner systems might have
adverse effects on the activity and viability of the gingival cells and severe reproductive
toxicity in an in vitro environment, highlighting potential future risks of their use in
humans [10,11].

These devices are made using thermoformed, which is usually made with polyurethane
with an integrated elastomer, or 3D printed plastics through different processes. Each
of these manufacturing techniques presents its own set of advantages and handicaps.
For example, the thermoformed method produces aligners with an irregular thickness
which can create difficulties within the treatment itself. This approach is also associated
with increased cytotoxicity, which is most likely due to the heating process required
during the fabrication process [3,10]. As for the 3D printed plastics, these are thought
to be less unsustainable and cheaper in the long run. The 3D printed plastics man-
ufacturing method uses computer-aided design and computer-aided manufacturing
technology (CAD/CAM) through additive methods (adding layers successively), sub-
tractive methods (grinding or milling of industrially prefabricated materials), or through
liquid materials (e.g., stereolithography). Although they are usually fabricated with
highly cytotoxic materials such as polymethyl methacrylate (PMMA), the curing process
seems to reduce this incidence but not eliminate it completely [2,3,12,13]. However,
these findings are not consensual. Post processing procedures of these devices (e.g.,
polishing) or their sterilization (e.g., autoclaving or gamma irradiation) can also remove
the uncured monomer. However, these procedures can lead to a decrease in mechanical
strength. Incomplete conversion of monomers into polymers, with a marked decrease in
the degree of conversion, can enhance the release of monomers, namely methyl methacry-
late (MMA), triethylene glycol dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate
(HEMA), and bisphenol A glycidyl methacrylate (Bis-GMA) [14,15]. These monomers
can induce local negative effects such as cytotoxicity and mutagenicity, and systemic
ones such as teratogenicity and estrogenicity [16–18]. Degradation and metaboliza-
tion of these monomers can cause irreversible damage to cellular DNA. Other authors
demonstrated the induction of glutathione sequestration and an increase in oxidative
stress [19,20]. These phenomena can lead to changes in the cell cycle and eventually cell
death by apoptosis [21–23]. Rogers et al. [11] reported severe reproductive toxicity after
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exposing murine oocytes to the materials used in clear aligner manufacturing regard-
less of their ISO-certification of biocompatibility or marketing ploys. On the opposite
side, Eliades et al. [10] found no cytotoxicity from aligners (Invisalign) after soaking
them in a saline solution for two months in a glass container set at 37 ◦C. These are
both stand-alone research projects that have not been replicated, making it impossible
for comparisons.

The purpose of this review is to assess the release of toxic substances from 3D resins
used in Orthodontics and their toxic systemic effects.

2. Materials and Methods

This systematic review was registered in PROSPERO with the ID 282126 number
and was drawn up following the Preferring Items for Systematic and Meta-Analyses and
Meta-Analyses (PRISMA) guidelines. The Population, Intervention, Comparison, and
Outcome (PICO) question asked was “Does the use of 3D resins in orthodontic devices
induce cytotoxic effects or changes in estrogen levels?”.

The literature search was carried out in several databases such as PubMed (www.
ncbi.nlm.nih.gov/pubmed), Cochrane Library (www.cochranelibrary.com), Scopus (www.
scopus.com), Web of Science Core Collection (webofknowledge.com/WOS), and EMBASE
(www.embase.com).

The last search was performed on 1 September 2021, and the language filter was ap-
plied: English, Portuguese, and Spanish. The search formula for the PubMed database was:
(“3D resins” OR “3D print *” OR “invisalign” OR “Suresmile” OR “essix” OR “aligners” OR
“thermoplastic aligner” OR “vacuum-formed retainer” OR “clear aligner” OR “orthodontic
aligners”) AND (“bisphenol-A” OR “BPA” OR “monomer” OR “release” OR “ethoxy-
lated bisphenol A-dimethacrylate” OR “Bis-EMA” OR “urethane dimethacrylate” OR
“UDMA” OR “triethylene glycol dimethacrylate” OR “TEGDMA” OR “polyethylene glycol
diacrylate” OR “PEGDA”) AND (“estrogenicity” OR estrogen OR “toxicity”[Subheading]
OR toxicity[Text Word] OR “cytotoxicity”). Similar search formulas were used for the
remaining databases. The references of the included studies were searched for additional
relevant studies.

Three independent reviewers scrutinized the studies by title and abstract. Potential
eligible studies were selected in accordance with the defined inclusion criteria: in vitro,
in vivo, ex vivo, and clinical studies; and studies evaluating the release monomers from 3D
resins such as 3D printed or thermoformed orthodontic devices. Studies that only presented
a chemical analysis of the aligners or considerations about the synthesis of the polymers
that constitute them were excluded. Studies describing fixed orthodontic retainers with
composite resins were also excluded. Two external elements were consulted in case of
doubt or in the absence of consensus.

After the eligibility process, the articles were divided into categories according to the
study type: in vitro, in vivo, or clinical. For each, the following information was extracted:
author and date, study design, fabrication technique, resin composition, cell line type,
sample size, test group, exposure time, assay type, results, and main conclusions. In
addition, for the in vivo and clinical studies, the intervention group (time of use), study
measure, and the outcome data were also recorded.

The in vitro studies’ risk of bias was assessed using the guidelines for the reporting
of pre-clinical studies on dental materials by Faggion Jr. [24]. For the in vivo studies, the
Systematic Review Centre for Laboratory animal Experimentation (SYRCLE) risk of bias
tool was used. For the clinical studies, the Cochrane tool was used.

3. Results

The search, scrutiny, and eligibility processes are described in Figure 1. The initial
search resulted in 400 articles, to which five papers identified in cross-references were
added. After removing the duplicates, 283 articles remained. These were scrutinized by
title and abstract, resulting in 24 papers. Finally, 19 studies were read in full, and fourteen
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articles were included in the qualitative assessment, from which several data were analyzed,
and the study of bias was carried out. The disparity of methodologies and different
types of aligners/splints did not allow a quantitative analysis, so a meta-analysis was not
carried out.
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3.1. Cytotoxicity Evaluation

Of the 14 studies included in the qualitative analysis, one was a clinical study (RCT),
one was an in vivo model, and the remaining 12 were in vitro studies. To assess cytotoxicity
in vitro studies, those using cell lines, cell cultures, or a chemical analysis of extracts
were included [10,11,25–34]. This evaluation was carried out through several assays,
namely, the MTT assay, XTT assay, morphology, mass spectroscopy, gas chromatography,
among others.
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With the in vivo studies, the evaluation of cytotoxicity was carried out through the
investigation of chemical and metallic elements in blood samples after exposure to align-
ers [35]. Similarly, in the included RCT, BPA levels in saliva samples from individuals
exposed to aligners were assessed [36].

3.1.1. In Vitro Studies

The materials used in the included studies are thermoformable resins, either printed
on 3D devices or made with cold acrylics manually (Table 1). The methodology of in vitro
studies is very diverse. Some studies only chemically assess the release of monomers
into the medium through the extracts technique [10,25,26,28–30,32–34]. Most use these
enriched media to assess their effect on cell culture through indirect contact assays. The cell
lines used are mostly fibroblasts [10,27,32,33], progenitor cells such as oocytes, or estrogen
sensitive cell lines [10,11,30]. Other studies also mechanically assess structural changes in
aligners or retainers. Most studies report the release of monomers, especially bisphenol A
(BPA), from all the devices. In some of them, these values are below the levels considered
toxic. Thermoformable devices have lower monomer release values than those 3D printed,
and devices made manually with heat polymerization. Another study by Alifui et al. states
that only resinous materials, whether thermoformable or 3D printed, with authorization to
be used for medical devices, should be recommended [34].

3.1.2. In Vivo Studies

The animal study included in the systematic review evaluated some metals’ levels
after using aligners or retainers in Wistar rats (Table 2). The evaluation was carried out
using blood samples after several times of use. This study concluded an increase in metal
levels, mainly with retainers, but they are not considered toxic. Furthermore, there is a
decrease in these elements’ levels after 2 weeks. Although conducted in an animal model,
this study makes an extrapolation to the levels in humans, supporting that its clinical use is
safe [35].

3.1.3. Clinical Studies

As mentioned above, only one clinical study evaluated the monomers’ release af-
ter retainer placement (Table 3) [36]. This analysis measured BPA levels in the patients’
saliva before placement and after 1 day, 1 week, and 1 month. All retainer types show
increased levels of BPA, but only thermoformable retainers (VFRs) show statistically sig-
nificant increases. Hawley retainers, either thermal or chemical polymerize, are the most
recommended for clinical use.

3.2. Risk of Bias

The quality assessment of the in vitro and in vivo studies is summarized in
Figures 2 and 3, respectively. Concerning in vitro studies, only one study [30] reported the
process of allocation sequence generation. All in vitro studies did not describe the mecha-
nism used to implement the random allocation sequence, how researchers were blinded
after assignment to the intervention, and where the full trial protocol can be accessed. All
studies stated objectives and/or hypotheses except for two [11,34]. Regarding the in vivo
study, half of the items evaluated were not presented (allocation concealment, random
housing, caregiver and/or researcher blinding, random outcome assessment, and outcome
assessor blinding) [35].

The included RCT was considered to have a high risk of bias due to deviations from
the randomization process and intended interventions (Figure 4) [36].
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cytotoxic potential of 3D printed products is yet to be comprehensively researched as 
there is currently scarce information on this subject, and publications do not seem to reach 
consensual conclusions [37]. According to Eliades et al. [10], when assessing Invisalign’s 
cytotoxicity and estrogenicity, there were no discerning results regarding these biological 
effects. These results are confirmed by Iliadi et al. [37] in their systematic review of clinical 
and in vitro research of thermoplastic materials used in clear aligner systems, which did 
not report there were proven cytotoxic or estrogenic effects associated with these devices. 
These results agree with the findings of this systematic review. However, the qualitative 
report of the included studies did not allow for the establishment of a definitive consensus 
on the reactivity and biological properties of the clear aligners. The disparity between the 
results of the included studies can be explained by the methodological differences across 
the studies, namely the absence of sample randomization, intervention protocols, and fol-
low-up times (varying from 24 h to 2 months).  
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after direct and indirect exposure.  
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4. Discussion

The present systematic review is set to appraise the release of toxic substances from
3D resins used in Orthodontics and its toxic systemic effects [11,13].

The development of 3D printing and advancements made in biocompatible resin
materials propelled an expeditious evolution in several areas of Medicine. Nonetheless,
the cytotoxic potential of 3D printed products is yet to be comprehensively researched as
there is currently scarce information on this subject, and publications do not seem to reach
consensual conclusions [37]. According to Eliades et al. [10], when assessing Invisalign’s
cytotoxicity and estrogenicity, there were no discerning results regarding these biological
effects. These results are confirmed by Iliadi et al. [37] in their systematic review of clinical
and in vitro research of thermoplastic materials used in clear aligner systems, which did
not report there were proven cytotoxic or estrogenic effects associated with these devices.
These results agree with the findings of this systematic review. However, the qualitative
report of the included studies did not allow for the establishment of a definitive consensus
on the reactivity and biological properties of the clear aligners. The disparity between the
results of the included studies can be explained by the methodological differences across
the studies, namely the absence of sample randomization, intervention protocols, and
follow-up times (varying from 24 h to 2 months).

Kurzmann et al. [27] studied the biocompatibility and the response of the oral soft
tissues to 3D printed resins. This study was set out to reveal whether 3D printed resins
such as Clear Resin and Dental SG resin have an impact on human gingival fibroblasts at
different processing stages. It was later concluded that the effect depends on the processing
stage; in a liquid stage, the clear resin was shown to be more impactful in cell activity when
compared to Dental SG resin. The in vitro study by Kopperud et al. [25] analyzed leachable
monomers, additives, and degradation products from three different kinds of materials
(heat-cured resin, light-cure resin, and thermoplastic) and concluded that thermoplastic
materials are the least leachable out of the three.

Presently, there are concerns regarding environmental pollution promoted by the
excessive use of plastics and how this affects most, if not all, ecosystems, and, in turn, how
these man-made disruptions affect human health. Over time, plastic can degrade, generat-
ing micro- or nanoparticles, which leads to a plastic additives release and the absorption
of environmental chemicals. This breakdown means that humans and other animals are
constantly exposed to these particles through their own food or water sources, possibly
causing endocrine disruption and other issues associated with plastic toxicity [38–40]. In
addition, with the increased use of these systems and a varying number of aligners per
patient, there is a rising sustainability concern, as the materials used in their fabrication
are non-recyclable. Rogers et al. [11] evaluated the cytotoxic potential of 3D printed dental
resins using mouse oocytes in vivo. The tested resins were Dental SG resins (DSG) and
Dental LT Clear (DLT), classified as biocompatible for medical use and currently used in
dental surgical guides and oral retainers. This publication concluded that although these
resins are considered biocompatible, they exhibit reproductive toxicity in mouse oocytes
after direct and indirect exposure.

The articles that were included in this paper have inherent limitations. With reviews
such as these, one must always account for bias risks, as different methodologies were
used, assessment criteria, and accessibility to the literature. For instance, some studies
compare the conventional bracket system with clear aligners with no consideration for
the severity of the malocclusion nor patient cooperation, which can lead to uneven results
when such studies are replicated, which is not possible many times, fueling the current
replication crisis we face as investigators in a scientific field [5,9]. Furthermore, the aging of
clear aligners in the oral cavity is not equal to in vitro conditions since the intra-oral envi-
ronment can expose the aligners to various heat shocks, as from the ingestion of hot drinks.
The oral cavity also has an alkaline environment that might promote BPA release [10].
However, identifying BPA release in clinical studies is a complex evaluation, as it requires
ethical considerations.
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It should also be considered that most patients using aligners are in their reproductive
years. Although most of the studies report that the monomers’ release is below the toxic
level, these systems require a constant change of trays, thus exposing the same individual
to additive sources of BPA regularly [31].

Given the lack of literature on this subject, it is necessary to conduct further studies
with similar methods focusing on the same aligner manufacturing processes and resin com-
position to achieve more homogeneous results, matching protocols and setting evaluation
timings. Most articles published are based on in vitro studies, and despite their scientific
contribution, in vivo and mainly clinical studies are required since there is increasing uti-
lization of these systems. While further studies are not available, the orthodontists must
act with caution, using the aligners for simple cases that require short treatment periods
or only in non-fertile ages. In addition, orthodontists should advise patients not to ingest
hot foods and instruct them on how to correctly care for the aligners to avoid the release of
cytotoxic monomers.

5. Conclusions

Within the scope of this review, it was noted that studies evaluating the biological
effects of 3D resins in orthodontics are mostly conducted in vitro. Although mixed results
are described, 3D printed aligners may present higher levels of cytotoxicity and genotoxicity
when compared to thermoplastic resins, particularly those that have not been subjected to
a final surface treatment. As such, clinical studies analyzing saliva, blood, or even urine
samples must be carried out in the future to determine the levels of monomers released in
humans upon the use of these devices.
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