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ABSTRACT

Treatment planning for replacing a missing maxillary lateral incisor must consider
and evaluate esthetic expectations, potential ongoing growth of the patient, and well
coordinated interdisciplinary managemdaeally, a singleetainer resirbonded bridge
would be a valuable treatment modality, with highly predictablestneticresults in
cases of complementary rehabilitation after orthodontic treatment in cases of maxillary
lateral incisor agenesis (MLIA) treated with space opening, espegediyingjuvenile

patients.

Among esthetic materials, yttpartially stabilized zirconia has better mechanical
properties and superior resistance to fracture than other dental ceramics; however, despite
investigations, the bonding mechanism between zirconia and veneering ceramics remains
poorly understood, with chipping and debondingovercome this, strategies have been
proposed for adheringpmputeraided design/computeaided manufacturingc@D/CAM
ceramic parts to a CAD/CAdiiconia framework without manual steps or acuiitour
zirconia resiwbonded bridgd-dowever, effective and durabtihesiorto dental structures
remains controversiallhere are tougher and more u$@endly materials, including
zirconiainfiltrated lithium disilicate and polymefiltrated ceramic networks, with easier

clinical protocols.

Adhesive restoratiossich agesinbonded bridgeRBBsjely on bonding systems

and resin cement to form a micromechanical bond with the tooth, although chemical
interactions may occur between functional monomers and some tooth components with
potential benefitsThe enameVaries in thickness, has a higlodulus of elasticityhigh
compressive strength, and low tensile strength, and protects dgatitstmasticatory
forces. If treated with phosphoric acid, it can be infiltrated with a resin material to produce
a micromechanical bonond strength test$o assess the adhesive strength of RBBs to
the toothare important because thermal, mechanical, and passive hydesiysisur in

the mouth, weakening rehabilitation materiaAlsthebaseadherendo mechanicatests,

natural teh, in addition to ethical constraints, may induce results bias due to

heterogeneity inherent to biological diversity.
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Modifications to adhesive protocols and alternative designs for tooth preparation
and resinadhered bridges should be developed to propel new minimally invasive restorative
treatments,and asuitable combination of surface treatment and adhesive cementation
systems, particularly for zircofiased reswbonded bridges (RBBs), requires a

standardized protocol that provides a more efficient and predictable bonding effect.

This work aimed to find the best RBBerms of material and ease of use in the
office, as a definitive or interimoption in clinical situations ofMLIA treated with
orthodontic space opening. Several combinations ofCBWNDrestorative materials and
adhesive lutingementwere assessed by shear bond strength tests, mode of failure, and
surface energy measuremerRarallellyan artificial basedherendwvas searched as an
alternative substrate to natural teeth to be used atandard substratfor shear bond

strength tests in the future.

KeywordsCABCAM monolithic ceramics, maxillary lateral incisor ageabkalslitation,

adhesive cementation, adherend, résinded bridges

Vi



INSTITUTO UNIVERSJTARIO
DE CIENCIAS DA SAUDE

D
$ CESPU

RESUMO

O planeamento do tratamento para a substituicdo de um incisivo lateral maxilar
ausente deve considerar e avaliar as expectativas estéticas e o potencial crescimento
continuo do paciente, bem como uma gestéao interdisciplinar bem coordenada. Idealmente,
uma ponte de apoio Unico unida com resina seria uma modalidade de tratamento valiosa,
com resultados estéticos e previsiveis, como reabilitacdo complementar apds o tratamento
ortodontico de casos de agenesia do incisivo lateral maxilar (MLIA) tratados com abertura

de espaco, especialmente em pacientes jovens em crescimento.

Entre os materiais estéticos, a zirconia parcialmente estabilizada com itria tem
melhores propriedades mecéanicas e resisténcia a fratyr@rior as outras ceramicas
dentarias. No entanto, apesar das investigacdes, o0 mecanismo de ligacao entre zirconia e

ceramicas de revestimento permanece mal compreendido, com lascamento e descolagem.

Para superar issfaram propostas estratégias para a adesao de pecas ceramicas de
desenho assistido por computador/fabrico assistido por compu@ABCAM aderidas
sobre uma estrutura CATAM em zidnia sem outras etapas manuais que nao a colagem,
ou pecas enteramica monoliticBlo entanto, a adesao efetiva e duradoura desta ceramica

as estruturas dentarias permanece controversa.

Existem outros materiais ceramicos tenazes e mais faceis de usar e entre eles estado
a ceramica de dissilicato de litio reforcado por zirconia e a rede ceramica infiltrada por

polimero, com protocolos clinicos mais faceis.

Restauracfes adesivas, como pontes aderidas por resina (RBBs), dependem de
sistemas adesivos e de cimento resinosos para formar uma ligacdo micromecanica com o
dente, embora interacdes quimicas possam ocorrer entre monémeros funcionais e alguns
componentes dentarios com potenciais benef@i@smaltenaturalvaria em espessura,
tem um elevadomodulo elasticoelevadaresisténcia compressiva, baixa resisténcia a
tracdo, e protege adentina para suportar forcas mastigatori@etratado com &cido
ortofosférico, pode s&cilmentenfiltrado por materiaksinosgara produzir uma ligacéo
micromecanica0s testes de resisténcia de ligacdo para avaliar a resisténcia adesiva das
RBBs ao dente sdo importantes porque a hidrélise térmica, mecéanica e passiva pode ocorrer

na boca, enfraquecendo os materiais de reabilitagdo. Como base aderente para testes

Vil
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mecanicos, os dentes naturais, além de restricdes éticas, podem induzir viés de resultados

devido a heterogeneidade inerente a diversidade biolégica.

Modificacdes nos protocolos adesivos e projetos de desenho alternativos de
preparacdo dentaria e das pontes aderidas com resina devem ser desenvolvidos para
impulsionamovos tratamentos restauradores minimamente invasivasna combinagéo
adequada de tratamento de superficie e sistemas de cimentagcdo adesiva, particularmente
para pontes unidas a resina a base de zirconia (RBBs), requer um protocolo padronizado

gue forneca um efeito de ligacdo mais eficiente e previsivel.

Este trabalho teve como objetivo encontrar a melhor RBB, em termos de material e
facilidade de uso no consultério, como opc¢éo definitiva ou proviséria, em situacdes clinicas
de MLIA tratadas por abertura de espaco ortodontNGwmias combinacdes de materiais
restauradores CADAM e cimentos adesivos foram avaliadas por testes de resisténcia ao
cisalhamento, modo de falha e medi¢cGes de energia superficial. Paralelamente,sgrocurou
um base aderente artificial para ser utilizado no futuro nos testes de resisténcia ao

cisalhamento, como um substrato padronizado alternativo aos dentes naturais.

Palavraschave: ceramica monolitic® ADCAM agenesia do incisivo lateral maxilar,

reabilitacdo, cimentacdo adesiva, aderpotges aderidas por resina
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CHAPTER
INTRODUCTNO

1 INTRODUCTION
1.1 Setting of the poblemand motivation

Complementaryesthetic rehabilitation after orthodontic treatment iclinical
situations ofmaxillary lateraincisor agenesis (MLIA) may be complex and far from
consensudl? Treatment planning isn MLIA case must consider and evaluate the esthetic
expectations and potential ongoing growsh the patient and wellcoordinated
interdisciplinary manageméitMLIA hasesthetic and functional impacts, thus smile
analysis with different variables estheticperception, coupled with tridimensional data,
and specific planning software are needed to achieve optimal ¥eSuo#tatingskeletal
malocclusiomn teenagerss a difficult task due to changeable final facial growth, and the
challenge becomes even greater in the presence of dental anomalies, which is the case of

MLIAthat frequently compromise normal function and esth#tics.

TREATED MLIA EBSCO PubMed Science Direet || Cochrane Seholar
(n=148) n=251) (n=525) {010y (n=1853)

<. - v
¥ LATERAL . RN
e
IDENTIFIED
2787

Orthodontic issues SCRENNED
ORTHODONTIC il

No treatment TREATMENT
SPACE CANINE MESIAL
SPACE DRIFTING BEACE
OPENING CLOSURE
- NO remodeling

DENTAL

- QUALITATIVE
remodeling

DENTAL and
GINGIVAL
remadeling

SPACE
. OPENING
e CONCLUSIONS

CONTROVERSY STILL EXISTS

LAYPEOPLE SPECIALLY VALUE SYMMETRY
ORTHODONTISTS ESTHETICALLY MORE DEMANDING

Definitive Interim GINGIVAL REMODELING < ISOLATED DENTAL REMODELING

] DOUBT => DISCUSSION WITH A LESS DEMANDING PATIENT

ESTHETIC PERCEPTION RESINIEONDEDIERIDOE] IMPLANT AVOID OVERTREATMENT

Figurel - Graphical representation of the treatment decision dilemma in clinical situationg of MLIA

MLIA is alsérequently part of théncisorpremolar hypodonti& and patients with
agenesis of second premolars have a significantly higher prevalence of microdontia of
maxillary lateral incisotdn severe hypodontia cases, the most common patterns include
the agenesis of the maxillary lateral incisor and both pre#$laraking the treatment
even more challenginig. both agenesjshe primary tooth can be retained, but unlike the

mandibular primary second molar, which can be retained with good functional conditions
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for at least up to 25 yeatshe primary lateral incisor is often lost withiiew years duéo
resorption induced bgtraosseous canine mesializatibf.

Modernadhesive techniques with restorative mate¥iaisyally done in cases with
space closure, can becessaryat an early age, with necessary tbagn adaptationsIf
space opening is the option, a tooth implant or a-tesmded bridge (RBBgan be an
option.Dental implants require skeletal maturity, may be contligated, the patient may
not be able to afford it, or there is still no scientific evidence for the best therapy to
follow2*what makes the RBBs an option and a minimally invasive agproach.

Traditionally placed with tooth preparation, RBBs can be placed with minimal or no
tooth preparation, but loss aflhesionnterface can occéfAdvances in adhesive dentistry
and technology have expanded alternative RBBs preparation designs and méteaals.
partially stabilized zirconia -T¥P) has superior mechanical properties and superior
resistance to fracture compared to conventional dental cetabDespite investigations,
the bonding mechanism between zirconia @wedveneering ceramis hazardousvith
chipping and debondingnd remains poorly understatsddOne solution is to not use
veneered ceramic&.CABCAM ceramic adhered to a @M zirconia framework without
manual steps or futtontour zirconia RBBs has been propésmalever, antagonist enamel
wear is a concern and more wéaendly materials are requireBurthermore, -WYZP
suffers from lowtemperature aging degradation, leading tmwuth degradatiofi.

CADBCAM materials are versatile and are emerging as the material of choice for many
restorations Still, properclinicat and researclbased evidence confirming itheuccess
and durability is needed before recommending them as the best for pati&f care.

Adhesive restorations rely on bonding systems to fonraramechanical bond with
the tooth?* although chemical interactions may occur between functional monomers and
some tooth components with potential benéfits.

Enamel varies in thickness, has a high elastic moduiigd) compressive strength,
anda low tensile strength, supports dentin to withstanasticatory forcesandif treated
with phosphoric acid, it can be infiltrated with a resin material to produce a
micromechanical boft.

Resin cemeantare widely used to adher® nonmetallic restoratior’,so bond

strength tests a essentiatoolsto study their mechanical performatfcas mechanical,
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thermal, and passive hydrolysis may occur in the matltltonsequent loss of adhesive
joint performancé

The cement thickness and bonding conditions influence the performance of cemented
ceramic restorations, as demonstrated bgin®Ensionalfinite elements analysiand
physical tests, with the bonding effect disappearing under a large cemefalayeing
us to believe that mechanical bonding may also play a significant role in the integration of
anterior zirconibased restorations, despite the controversial effect of surface treatments
on the bonding strength of porcelain to zircafidhe inherent noempolar nature of
zirconia, which results in poor bonding ability to the tooth structure and/or overlaying
ceramics, and its inert nature with resistance to chemicals that could improve the bond
strength, and also to silane agents becafists absence in silica compounds, makes it a
difficult material to bond in the mouth, causing anxiety to work with, despite its tempting
high esthetic appearante.

This motivated us to pursue more elastic and straightforward materials, such as dual
network structured ceramics or glaesamics enriched with zirconMoreover, despite
the vastamount of adhesiveementand CABCAM materials available, the best match to
achieve a lasting and efficient adhesive joiytiso be foundndis controversiar

A suitable combination afsurface treatment anan adhesive cementation system
requires a standardized prototolallow a good bonding effett.Further advances in
adhesive clinical dentistaynd dternative tooth preparation designs must be developed to

accommodate the new minimally invasive restorative treatthents.

1.2 ojectives
1.2.1 Ceneralobjectives
The main goal of the present study was to analyze the in vitro performance of
monolithic ceramic materials that can be used as besided fixed dental bridges (RBBSs)
in patients withmaxillary lateral incisor agenesis (MLIAfter space opening by

orthodontic treatment.

1.2.2 Soecific objectives
- Determination of shear bond strength of selected monolithic ceramics adhered with

different cement types
- Select the best adhesive strategy to lute the selectedC&ADmonolithic ceramics

with the selecteddhesive cement.
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- Comparison of the effects of different cement luting types on the fracture resistance of
resinbonded bridges

- Comparison of fracture resistance between new monolithic ceramicgtraad
stabilizedzirconia (YTZB.

- Determination of fracture resistance of new monolithic ceramics compared {0 yttria
stabilized zirconia {YZP) when cemented to natural teeth

- ldentify a candidate artificial material to substitute natural incisor teeth in shear bond

tests.

1.3 Research methodology

This work was developed to identify a-CADM monolithic ceramic with good
mechanical properties and a straightforward adhesive protocol for the rehabilitation of
MLIA cases treated with orthodontic space opeGARCAM monolithic ceramics with
different compositions, combined with adheséreentusing different adhesive strategies,
were assesseth parallel, a CADAM hybrid ceramic walso tested as a potential support
substrate for future standardized shear bond tests, as it theoretically has mechanical
properties similar to those of human teefhe work was organized by task, and the

scheme of the work is presented in Figure 2.

TASK 1

Review focusing
MLIA treated with
space opening, and
pertinent aspects to
produce a
long-lasting
adhesive joint
with the tooth

Figure2 - Schematic representation of the workflow of the tasks performed in this work
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Task 1An integrative literature review focusing on pertinent aspects to produce a
longlasting adhesive joint to rehabilitate MLIA cases treated with space opening with CAD
CAM monolithic ceramiddis task searched for scientific evidence to theoretically support
this research. All types of papers were considered because this research aimed at clinical
application.

Task 2:Study of the adhesive jaint

Shear bond testSBS)compression tessurface energy measuremeaarid mode of
failure by digital optical microscopyere used.Several combinations of CEBRM
monolithic ceramics adhered to different cements and substrategssessed.

Task 2.§ Specimen modehdtoring and preliminary tesfsn innovative specimen model

was searched to find a specimen capable of simulating the adhesive joint present in the
MLIA cased.hree models were developed for this study.

Task 2.29 Modulation of the adhesivimterface Several combinations of surface
treatments and coupling agents used to produce adhesive joints betweenrCANCAD
polymerinfiltrated ceramic network block and adhesive cements were assessed.

Task 2.3) Search for an industrial alternative to human te&th.artificial substrate
(Frasacd tooth) was tested as a base substrate for the assessment of adhesive cement
shear strength, surface energy measurement, and mode of failure by digital optical
microscopy.

Task 3Testing a new RBB specimen model.

Data collected in Task 2 allowed us to test a new model fabricated with dimensions
more similar to the mesiodistal space left by an absent maxillary lateral Tin@smodel
was equated to reduce bending during the tests, and thre€&MDnonolithic ceramics
adhered to théest performingadhesive cememteretested in Task 2.

Task 4Human teettshear bond strength assessment.

As an alternative industrial material intended to replace human teeth as a substrate,
it is essential to have shear bond strength test values for human teeth as a reference.

Task 5Testing the simulated RBB for MLIA rehabilitation.

RBBs produced with four different GM materials (three fabricated by drilling
and one by 3D additive technology) were assessed by shear bond tests using the best

performing adhesive cement identified in Task 2.
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1.4 CQutline of the thesis

This thesis isupportedoy seven papersix of which have already been published,
andonesubmitted for publication.

Chapter Tontains a brief description of the problem addressed, the motifaation
this work, and its objectives.summary othe experimental tasks aedch paper is also
providedChapter ZTask 1lpresents a literature revideacused on th€ ABCAM ceramic
candidates to rehabilitate MLIA cases, as well as the mechanisms, substrates, and
modulation agents that intervene in the adhesive Ohapter ITask 2g 5) clarifies the
experimental procedures used throughout this work to assess the different combinations of
components of this specific adhesive joint, as well as the strategy to identify a candidate
material for future dental shear strength tes@hapter 4presents some global
consideration®nd main conclusions about the research topics,Glvapters presents
suggestions for future work on these topldeAppendicesomprehend the publications
developed within the scope of this thesis, which represent the research developed in detail

and supplementary information.

TASK 2

2.

1

Paper §

29

2

PaEer 1

_Paper 2|
Paver 3 |

Paéer 4

T
A
S
K
4

Published 2.3

Submitted [Paper 8 |
In draft Paper 7

Figure3 - Correspondence between tasks proposed and papdused
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1.5 Abstracts of the publications

Paper 1

Calheirod.obo MJCosta F, Pinho T. Infraocclusion level and root resorption of the primary
molar in secongdremolar agenesis: A retrospective esassional study in the Portuguese
populationDent Med Prold022, 59, 19207, DOI:10.17219/dmp/146{38)

Abstract of Paper. AAn initial extensive review of the literature focused on dental
agenesis, including MLIA, assessed the etiology, epidemiology, diagnosis, treatment options,
prognosis, and functional aspects of this condifiostudy evaluated the lifespan of the
primary molar as a substitute, with root quality and occlusal adaptation, inotases
agenesis oM2Pin a lowincome population to determine whether the attitude of just
vigilance could be the best clinical optidren other clinical problems are absene
agenesis of theecond premolar (M2Randibularesultsin the retention othe second
primary molaf2pm),nfraocclusion, a reduced alveolar height and veidga eruptionof
antagonists,or movementof adjacent teeth. Infraocclusion affects the survival of the
retained 2pm to a greater extent than root resorption. A total of 12,949 orthopantomograms
were analyzed®ixtyone patients (25 males and 36 females ag&b ¥ears) were divided
into group 1 (first permanent molar in occlusion) and group 2 (second permanent molar in
occlusion)Vertical positioning to the occlusal plane, root condarmahthe movement of
the adjacent teeth were evaluatédthoughthe studyhasa crosssectional design, root
resorption, infraocclusion, the distance between the first permanent molar and the first
primary molar or the first permanent premolar, and the width of the 2pm were correlated
with age. The 2pm root resorption increased with age, which was more pronounced when
the second permanent molar was also in occlusion. The mesial movement of the adjacent
teeth was absent in all grou@spmwas often occluded, btite infra occlusiorincreased
with age. Age periods ofyllb years and @25 years were criticédr primary tooth loss.

The second primary molar remains functional in the mandibular arch for up to 25 years. A
welldocumented nantervention attitude based on clinical and radiographic data must be

weighed in cases without orthodontic issues or with financial constraints.
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Keywords:oot resorption, infraocclusion, second primary molar, second premolar agenesis,
mesial movement

Paper 2

Calheirod.obo MJ Calheirod.obo M Pinho, T. Esthetigerception ofdifferent clinical
situations ofmaxillarylateral incisoragenesisaccording topopulations withdental and
non-dental backgrounds: Aystematicreview andmeta-analysis.DentJ 2023, 11, 105,
DOI:10.3390/dj110401(@32)

Abstract of Paper: Zreatment of unilateral or bilateral maxillary lateral incisor
agenesis is challengingime-consuming,expensive, and requires careful treatment
planning, predictability, and esthetics. This review aimed to identify differences in esthetic
perceptionbetweenorthodontists, general dentists, differentiated dentists laymeople
which may interfere with treatment options. EBSCO, PubMed, ScienceDirect, Cochrane
Library databases, and Google Scholar were searched using keyword pairing and a Boolean
expression, H(congenitally missing OR ager
incisors) AND (esthetic perception OR smile) AND (laypersons OR dental professional OR
gener al denti st OR orthodontists).h Revi ew:
studies were selected for qualitative analysis (adapted RpBHdSL1 were selected for
metaanalysis (p < 0.05) after beisgbgroupednto the groups '‘Openings.Closureand
'‘No remodeling vs. Dental remodeling vs. Dental and giegnadeling’A metaanalysis
evaluated the magnitude of the difference between groups based on differences in means
and effect sizeg| (= 0.05; 95% CI;-¥alue 1.96), revealing that the esthetic perception of
maxillary lateral incisor agenesis treatment remains controversial even among
professionals. Gingival remodeling was not valued compared to isolated dental remodeling.
Studies lack rigorously comparable methodologies. Discussion with the patient is pertinent
in doubtful situations, as the best treatment option remains unclear, and overtreatment

should be avoided.

Keywordsmaxillary lateral incisor agenesis; esthetic perception; laypersons; general dentist;

dental professional; orthodontist
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Paper 3
Calheirod.obo MJCarbas R, da Silva LFM, Pinho T. Impactigbifindings on clinical
protocols for the adhesion of GEBM blocks: A systematic integrative review and meta
analysisJ Prosthet Den2022, S0023913(22)005501 DOI:10.1016j.prosdent.2022.08

024(Q1)

Abstract of Paper. 8omputefaided design and comput@ided manufacturing (CAD
CAM) blocks have evolved rapidly, making it difficult to establish the best clinical protocol
for bonding a given block and whether an established protepgrigporiate for a newly
introduced producthis integrative systematic review and regtalysis aimed to clarify
whether the clinician can select the most efficient adhesion protocols f@AGADBIocks
by reading published in vitro studies and implementing them in daily practice. Based on the
population, intervention, comparison, and outcome (PICO) strategy, 3 databases were
searched for in vitro studies, randomized clinical trials, prospective or retrospective studies,
and case reports from January 1, 2015, to July 31, 202t.ahatysia analyzed 28 studies
to calculate the mean difference betwédembest and worst protocols for each author and
block with a randoreffects modell.05).From 508 relevant studies, 37 in vitro studies, 2
clinical studies, and 1 clinical report were selected for data extraction and qualitative
analysis. Vita Enamic, IPS e.max CAD, LAVA Ultimate, and Vita Mark Il blocks were the most
studied and RelyX Ultimate was the most used luting cement. Thanayais confirmed
the null hypothesis that the evidertoased efficacy of clinical protocols to bond CAM
blocksremainscontroversial (P<.05). There are objective standards for individual in vitro
tests, but studies lack standardization. Some tested protocols were more efficient than
others. Randomized clinical trials and-detumented clinical situations were almost

nonexistentmaking thedirect application of in vitro findings in clinical practice impossible.

KeywordsCABCAM, ceramics, blocks, adhesion, bonding, protocol, cement.
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Paper 4
Calheirod.obo MJVieira T, Carbas R, da Silva LFM, Pinho T. Effectiveaissibésive
resinluting cement in CAITAM Blocks: gystematicreview andmeta analysis Materials
2023, 16, DOI:10.3390/mal60829@a2)

Abstract of Paper. &elfadhesive resin cements (SARCs) are used because of their
mechanical properties, easieuse ofcementation protocols, and lack of requirements for
acid conditioning or adhesive systems. SARCs are generallyetligbhotoactivated, and
selfcuredwith a slight increase in acidic @owing forselt adhesiveness and increasing
resistance to hydrolysis. This systematic review assessed the adhesive strength of SARC
systems luted to different substrates and compaiged design and manufacturing
(CAD/CAM) ceramic blocks. The PubMed/MedLine and Science Direct databases were
searched using the Boolean formula [((dental or tooth) AN&dseHfive) AND (luting or
cement) AND CADAM) NOT (endodontics or implants)]. Of the 199 articles obtained, 31
were selected for the quality assessment. Lava Ultimate (resin matrix filled with
nanoceramic) and Vita Enamic (polymidtrated ceramic) blocks were the most tested.
Rely X Unicem 2 wiee resin cemennosttested,followed by Rely X Unicem > Ultimate >
U200, and pTBS wabe most widely used testThe metaanalysis confirmed the
substratedependent adhesive strength of SARCs, with significant differences between
them and between SARCs and conventionalrasad adhesive cement< 0.05). SARCs
are promising. However, one must be aware of the differences in the adhesive strengths. An
appropriate combination of materials must be considered to improve the durability and

stability of restorations.

Keywordsdental, tooth, seladhesive, luting, cement, CGBAM, monolithic ceramics,

blocks
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Paper 5
Calheirod.obo MJCalheirod_obo 8/, Carbas R, da Silva LFM, Pirh®dlymeinfiltrated
Ceramic as Base Adherent in an Experimental Specimen Model to Test the Shear Bond
Strength of CABAM Monolithic Ceramics Used in Rgsnded Dental Bridgé€3oatings
2023, 13, 1218. https:// doi.org/10.3390/coatings130 ({218

Abstract of Paper SExperimental fabrication, similar to prosthetic laboratory and
clinical procedures, best predicts future clinical performance. A hybrid ceramic adherend,
mechanically similar to a human tooth, was tested by comparing the shear bond strength
(SBS) and fracture mode of four restorative materials adhered withcarduatihesive
cement. Surface energy, shear bond strength (SBS), and fracture mode were assessed. Vita
Enamic (ENA), Vita Suprinity (SUP), VITaZY(YZT), and a nanohybrid composite (RES)
(control group) cylinders, adhered with RelyX Ultimate to ENA blocks were assembled in
experimental specimens simulating an resinbonded dental bridge. The ENA adherend
was ground or treated with 5% hydrofluoric acid fos&fbndsMonobond Plus was used
as the coupling agent. Mean shear stress (MPa) was calculated for each group. Forest plots
by material elaborated after calculating the difference in means and effegtEsizes
95% CI; Zalue = 1.96) revealed significant differences in the shear force behavior between
materials (p < 0.01). RES (69.10 + 24.58 MPa) > ENA (18.38 + 8.51 MPa) > SUP (11.44 + 4.04
MPa) > ¥ZT (18.48 + 12.12 MPaXTYand SUP exhibited ftest failures. SBS was not
related to surface energy. The failure mode in-th& §roup was materddependent and
exclusively adhesive. ENA is a potential adherend for dental materials SBS tests. In this

experimental design, it withstood 103 MPa of adhesive stress before cohesive failure.

Keywordsadhesive stress; bonding; hybrid ceramic; @3\ resin cement; resin
bonded bridge; shear bond strength; surface energy; surface treatment; reincfomced

lithium disilicate; yttrisstabilized tetragonal zirconia
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Paper6
Calheirod.obo MJCarbas Rda Silva LFMPinho T.Effect of the Modulation of the
Adhesive Interface between a GAAM Hybrid Ceramic adherend and Three Luting
Cements on Shear Bond Strength: In Vitro.StAdhes Dert023.(Q1)
(Submittedunderreview

Abstract of Papés: To evaluate a CADAM hybrid ceramic as a potential adherend
for shear bond tests by surface modulation and adhesion with three types of luting cement.

Panavia SA (SA), RelyX Ultimate (RU), and Vita Adera [PA) cylinders adhered
to VITA Enamic blocks were used. Block surface treatment was cutting or 5% hydrofluoric
acid for 60s. VITA AdivaP@me (CP) and Monobond Plus (MB) were alternative coupling
agents. Surface energy assessment (block and cement), shear bond strength (SBS), ultimate
tensile strength, and fracture analyses were conducted. SA in thdhsesifve mode
adhered to the only cut block was the control group (SA/0). Boxplots for SBS and forest
plots by protocol were elaborated after calculating the difference in means and effect size
(1=.05; 95% ClI;-¥alue=2.83). The RU/MB group had the best SBS score (p < 0.001). RU
(38.45 £ 2.97 MPa) and 1A (17.35 + 2.39 MPa) performed better with MB and SA (24.35 *
3.30 MPa) with CP. CP (24.35 + 3.30 MPa) > MB (19.89 + 2.23 MPa) increased the SBS of SA
compared to the seidhesive mode (SA/0, 13.21 + 4.74 MPa). RU/CP showed inconsistent
SBS. The surface energy of the substrates had no direct influence on the SBS. The
polymerization efficacy of-l@em raised doubts. RU fluorescence was helpful for excess
removal. Except for SA/O, the tested combinations attain ed SBS values within those aimed
for adhesion to tooth substrates. The coupling agent and cement affected the SBS under
the test conditions. RU performed significantly better (p < 0.001) than the other cements
with both coupling agents. MB performed better as a coupling agent, except for SA. The

Enamic block is a potential adherend for SBS tests.

Keywordsbonding, Enamic, hybrid ceramic, luting cement, shear bond strength,

surface energy, surface treatment
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Paper 7
CalheirosLobo MJLobo J, Carbas R, da Silva LFM, Pighedi bond strength of GAD
CAM simulated singtetainer resirbonded bridge for maxillary lateral incisor agenesis
rehabilitationEur J Den2023(Q1)

Abstract of Paper Raxillary lateral incisor agenesis, treated orthodontically by opening
the space, requires complimentary esthetic rehabilitation. Interimboesied bridges

(RBB) until skeletal maturity is achieved to place an irguppbrted crown, or as
definitive rehabilitation in case of financial restrictions or implant contraindications, can be
equated. Scientific evidence for the best material still needs to be confirmed. €omputer
aided design and computaided manufacturing (CATAM) materials are promising
versatile restorative options. Partially wistabilized is an interesting, tough esthetic
material. However, despite research, its micromechanical bonds and chemical interactions
with substrates remain hazardous. To find a straightforward material to deliver resin
bonded bridges for ngorep tooth replacement in MLIA, definitive or interim. Single
retainer RBB made from GBBM ceramic blocks (Vita Enamic (ENA), Suprinity (SUP), and
Y-ZPT) and a 3D printed material (ABS) were evaluated by shear bond strength (SBS) and
mode of failure, aftexdhesiorwith Rely X Ultimate used in-astép adhesive strategy. The

mean = standard deviation SBS values were ENA (24.24 + 9.05 MPa) < ABS (24.01 + 1.94
MPa) < SUP (29.17 £ 4.78 MPaZRTY (37.43 = 12.20 MPa). The failure modes were
adhesive for -¥PT, cohesive for SUP and ENA, and cohesive with plastic deformation for
ABSConclusionsvita Enamic, Suprinity ZPT zirconia or 3D printed ABS RBBs are options

to rehabilitate MLIA situations. The option for each material is conditioned to an estimation

of the time of use and the necessity of removal for orthodontic or surgical techniques.

Keywordsadhesion, monolithic ceramics, shear bond strength, surface enerGAMGAD

3D additive manufacturing
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CHAPTER 2

LITERATURE REVIEW
2 LITERATUREEVIEWTASKL)

In this chapter, the main aspectstleé adhesion of CADAM ceramics to the tooth
structure and the effects of combining materials that intervene in the adhesive joint aimed
at adheringCABCAM ceramics to the tooth with a ldagting performance are addressed.

Additional information and details can be found in the appended review Papers.

1 and 2 focusedn the etiology, epidemiology, diagnosis, treatment plan, prognosis, and
functional anastheticaspectsof MLIA condition, and Papers 3 and 4 focused oi€8BD

ceramics, adhesion protocols, addesivedutingcements.

2.1 Ceneral aspects

CABCAM technology(ComputeAided Design/Computé&ided Manufacturing
technology, introduced for the aerospace industry, became available for the dental clinical
practice in the late 80s and revolutionized the field of dentistry with significant
developments in the last 30 years, regarding the reading of dental preparations, virtual
design programs, available materials and mode of restoration production, with an
increasingly comprehensive demand for the treatment of patients with fixed
restorationg?2%1

The clinical performance of contemporary dental cerasnhiasedn variougactors,
ranging from the intrinsic physical properties of the materials to the fabrication process.
dinical protocoland the oral environmeoanalsodeteriorateragilematerials?

Monolithic ceramics associated WitADCAMechnology appeared in an attempt to
skipthe techncaland mechanical issues of layered fixed prostteegisso farwith high
survival and low complication rates, but randomized controlledR@aIsire needed to
reassess these clinical performaneeainly comparing them with the performance of
veneered restoratioAsThe number of RCTs testing complete digital workflows in fixed
prosthodontics is still low, and scientifically proven recommendations for routine clinical
practice cannot be provid€& Research based on highality clinical trials slower than
the industrial progress of available materials for digital wofRflemture research with
welldesigned RCTs, including follgsvobservation, is compellingly necessary for the field

of complete digital processitig.
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In 1999, KeMyadvocated that traditional fracture tests of singié@ allceramic
prostheses are inappropriate because they do not create the failure mechanisms observed
in retrieved clinical specimessice significant differences occur between the failure
behavior created during traditional lgaefailure tests and that during the clinical failure
of alkceramic restorations.

Current evidence suggests that the best predictors of future clinical performance are
testsperformedusing: (1) restoration design that represents the anticipated clinical design
as closely as possible (e.g.,doltomy, variations in the length of theerproximalvall,
core shapeand thickness, veneer thickness); (2) fabrication procedures that closely
anticipate laboratory and clinical procedures (e.g., sandblasting before cementation with
typically used protocols, pressed vs. layered veneers, etc.); (3) supporting structures that will
be used clinically (e.g., imptavs. dentinsupported); and (4) fatigue loading in water with
sliding contact¥.

Modified in vitro experimental research designs, such ashargy to simulate
clinical conditions, may help to understand the-terrg behavior of the materials and
prosthesisand are supported by the evidence sbhdarfew experimental protocols can be
transposed directly from the laboratory todivéc context®

The high innovation rate in GA&BM materials and technology demands good
knowledge from practitioners for the optimal and successful use of all availablé’options,
Therefore, testing adhesive protocols brought from the clinic to the laboratory and not the
other way around may contribute to clarifying the effectiveness of adhesive procedures
during a regular consultation as pafrtherehabilitative treatment for MLIA.

In a recent surv&conducted in Germany with data collected from 688 participants,
most dentists selected appropriate restorative mataatsrding tahe individual clinical
settings presented in the survéprthe fixed 3unit anteriorpartial prosthesisthe time
since graduation was associated with the preferencedpedficrestorative materialn
addition, some dentists have selected lithium disilicate ceramics for situations beyond their
recommended indication range, which may reflect a mistake or the need for more
information.Ceramic was the most prefermaaterialto fabricate a3-unit fixed partial
prosthesisndependent of the location of the abutment teeth, with veneered zirconia as the

favored optiof?
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CABCAM technology can help clinicians providgtstrength and esthetic
restorations, as accurate impression techniques, precise fabricatiotabaratory
finishing procedures would reduce the effort of chairside alterations, thus decreasing the
complications associated with fractured restoratiddgsreover, high-translucency
monolithic zirconia waecentlydevelopedio be used in anterior restorations without

fearing the opacity of conventional zircdhia.

2.2 Monolithicceramics

Most commercially availaSlABCAMestheticmaterials fall intdour classes: glass
matrix ceramics, polycrystalline ceramics, indirect composites, and hybrid'¢éramic.

Currently, polycrystalline ceramic zirconia is considered the best material in terms of
mechanical behaviddoweverchipping or lamination of the veneer material was recorded
as one of the most common complications of zirconia restorations, along with some issues
relatedto bonding protocofé*Y-TZP (yttriestabilized tetragonal zirconia polycrystal) is
widely used bufacksthe esthetis ofglass ceramicandhasbeen somewhat restricted
the posterioregion*

Restoration designs driven by patient clinicablems,tooth preparation, type of
cementation, material thickness, and mechanical properties are the main factors affecting
the fracture resistance of -aleramic restoration3.o overcome this problem and attempt
to deal with more usdriendly protocols, manufacturers have tried to develop new
materials by incorporating strong inorganic particles, such as zirconia particles or a
polymerinfiltrated ceramic network (PICNNITA Suprinity (VITAZahnfabrik, Bad
Sackingen, Germany) and VERamié (Vita Zahnfabrik, Bad Sacking&ermany) are
examples of such materials.

I n an Hin silicoh simulation on stress di
between restoration thickness and concentration of tensile stresses was detected, in the
following decreasing order for the simulated material& Hilgh translucency zirconia)
(highest stress concentration); (lhium disilicate), FC (feldspathic ceramic), ZLS (zirconia
reinforced lithium disilicate), and PIENrthermorethe type of restorative material
influenced the stress concentration in the cement layer in the following decreasing order:
PICN > HZ > ZLS > LS FC¢

17



CESPU

INSTITUTO UNIVERSJTARIU
DE CIENCIAS DA SAUDE

“’ff

Among the monolithic ceramics available, thnegarticularhave characteristics that

make them interesting for the rehabilitation of MLIA in the form oftvesnted bridges.
2.2.1 VITA Enanfic

E) &=

VITA ENAMIC

Figured - VITA EnanficCABCAM block

VITA Enanfiq ENA)XFig. 4) is a polymdrased hybrid ceramic (PICN) with a high
flexural strengtland alow flexural modulus compared to conventional ceramic materials.
shows mechanical properties between porcelains anebased composites, reflecting its

microstructural components (FByt

Composition of the polymer network (14 wt% / 25 vol%)

UDMA (urethane dimethacrylate)

VITA ENAMIC 2 CHs CHs 2 GHe

hybrid ceramic CHs HLO/\/U ”“\/I\/L/\NH)LG HKCH
R Gl Y e

Ceramic network Polymer network TEGDMA (triethylene glycol dimethacrylate)

86 % by weight 14% by weight 2 oo
% . CHajcliko/\/(’\/\o/\/o\'HLcu,

o
NS N
o
C " ,: ‘.5': b Composition of the ceramic network {86 wt% / 75 vol%)
. y
e }r-*," L . | o
- RIA 2 Silicon dioxide Si0: 58 -63 %
= _‘-_*..‘«'.-‘« Aluminum oxide A0, 20-23 %
: Sodium oxide Na,0 9-11%
Potassium oxide K:0 4-6%
Boron trioxide B:0, 05-2%
Zirconia Zr0, <1%
Calcium oxide Ca0 <1%
VITA ENAMIC Standard value
Static fracture load [N] (SD) 2,766 (98) None specified
Density [g/cm’] 2.1 None specified
Flexural strength [MPa] IS0 10477. = 50
150 -160 IS0 6872: = 100
Modulus of elasticity [GPa] (SD) 301(2) None specified
Abrasion [um] In the same.range as Mark I None specified
veneering ceramics
Extension in the case of fracture [%] (SD) 0.5(0.05) None specified
Weibull modulus 20 None specified
Hardness [GPa] 25 None specified
Fracture toughness [MPavm] 15 None specified
. . Without silane: 12
>
Adhesion with veneering material [MPa] With silane- 27 1S0 10477 =5
RelyX Unicem: 21, Variolink 1I: .
Shear strength, cementation [MPa] approx. 27, RelyX Ultimate approx. 3 None specified

Figureb - Chemicatechnicaland physical data &ita Enamfcaccording tehe manufacturef
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The combination of low flexural modulus and high flexural strength of this material
creates expectatiorsf increased ability to withstand loading by undergoing more elastic
deformation before failure, favoring mechanical compatibilityematimel andlentin and
therefore more similar to human tooth beha¥ior.

ENA has flexural properties close to those of human dentin; therefore, it is an
acceptable choice for singlait restorations in this specific aspect. In contrast, it has low
stiffness properties, which is a concéethis also known for its ability to bond to the tooth
structure, which helps to create a strong and durable restoration.

On the other hand, extrercenditionssuch as prolonged water storage, autoclave
treatment, and thermalycling significantly decrease its flexural strengthile exposure
to hydrochloriacid or cyclic loading did not affect the properties, despite some loss of
surface material.

The typicaldouble networkmicrostructure of the ENA results in a honeycomb
polymerbased structure importarior micromechanicabondingand adhesive interface
performancé allowingfor decreasedrack propagatics.

Given the susceptibilibf polymeric materials to bacterial activity, the resistance to
biodegradation of this hybrid ceramic may create some concerns that should not be present

in an alceramic systef.

2.2.2 VITA Suprinity PC

Figure6 - VITA SuprintyCABCAM block

VITA Suprinity PCSU) (Fig. 6) with only a few years on the market is a new
generation ofjlass ceramimaterial enriched witk 10 wt% zirconia and Oy weight
lanthanum oxide, resulting in a fmeystallized zirconieeinforced lithium silicate ceramic
(ZLS). It is fingrained (0.80 . 7 Gm) and homogeneous in st
excellent material quality, consistently high load capacity antelomgeliabilityandeasy

milling and polishing (Table 1). His high translucency, fluorescence, and opalescence allow
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esthetic results and broad indications thatclude anterior and posterior crowns,

suprastructuresn implant abutments, veneers, inlays, and drlays.

Concerninghe biocompatibilityand mechanicapropertiesof ZLS,data are still
scarce,often controversialand limited to shortterm observationalperiods. It is a
promising ceramicthat requires further in vitro/in vivo studiesto accuratelydefine
mechanicahndbiologicapropertiesmainlyin the long term performancef restorations

producedvith suchmateriaf®

Tablel- Chemicatechnicaland physical data of Vita Suprihipyovided by the manufacturer

Components Wit%
sig, 56— 64
Li,0 1521
K0 1-4
P,0. 3-8
ALD, 1-4
10, B-12
Ce0, 0-4
La,0, 0.1
Pigments 0-6
Test VITA SUPRINITY Standard IS0 6872
3-point flexural strength approx. 420 MPa*' > 100 MPa
3-point flexural strength, precrystallized ' approx. 180 MPa None specified
Biaxial strength - approx. 540 MPa*? > 100 MPa
Modulus of elasticity approx. 70 GPa None specified
Weibull modulus approx. 8.9 None specified
Fracture toughness (SEVNB) approx. 2.0 MPa mr %5 None specified
Hardness approx. 7000 MPa None specified
CTE approx. 11.9-12.3 - 10%/K | None specified
Transformation temperature (TG) approx. 620 °C None specified
Softening temperature approx. 800 °C None specified
Chemical solubility approx. 40 yg/cm? < 100 pg/cm?

2.2.3 VITA-TR®

Zirconium oxide (ZQwas used in 1969 for medical purposes as a novel hip head
replacement instead of titanium or alumipeosthese$ In dentistry, the partially
stabilized zirconia (PSZ) class, knowfirstsgeneratioreirconia, is stabilized with yttrium
oxide and a mixture of monoclinic, tetragonal, and cubic crystals, but is currently
discontinued.

Vita YZ HT (YZ) (Fig. 8) isoaventional zirconia stabilized dynol%yttria (3¥
TZP) witl859 90% of the tetragongdhase (TP), which has been used in the last 15 years.
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Figure7 g Example of one of the VITAR2 CABCAM blocks

YZ has a high flexural strengti2@@® 1500MPa)and anopaque white appearance
as the main characteristic3aple 2 For the most part, this variant is composed of
tetragonal crystals of a few hundred nanometers, but to keep the material stable at room
temperature, approximately 3 mol% of yttrium oxide is added to the composition, which is
why it is sometimesalled3Y zirconi&. Due to opacity, manual or industrial dyeing coupled
with a veneering technique is mandatorye&iheticissuesTheir physical and mechanical
characteristics are references for new generatidms.recent translucent zirconia (third
generation ¥ TPZcontains more yttriai(5 mol%), reduced grasize and around 50%f
the final cubic phas@&.This crystallographic isotropic cubic phase decreases light scattering

at the grain boundariesjakingthe material more transluceneg

Table2 - Chemicatgchnicaland physical data of VITA YZ ptovided by the manufactuifer

Components
P 0 VITAYZT VITA YZ HT VITA YZ ST VITAYZ XT
[Wit%]
o0, 90-95 90-95 88 - 93 86 - 91
Y,0; 4-6 4-6 6-8 8-10
Hi0, 1-3 1-3 1-3 1-3
ALD, 0-1 0-1 0-1 0-1
Pigments 0-1 0-1 0-1 0-1
c"";z::f"“'s VITAVZT | VITAVZHT | VITAVZST | VITAVZXT
CTE .
(10%/K] 105 105 10.3 10.0
Chemical solubility " - . B -
ta/em’] <20 <20 <20 <20
Sintering density ? 6.05 6.08 6.05 6.03
[g/cm?] oo . o o
3-point flexural
strength 1200 1200 = 850 = 600
[MPa]
Fracture toughness *
(CNB method) 45 45 35 25
[MPa m?5]
Modulus of elasticity ¥ . - . .
[GPal 210 210 210 210
Hardness ¥ -
HV 10] 12 12 13 13
Weibull modulus " 14 14 13 1

cording ta DIN EN IS0 6872:2015
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These alterations reduce the strength of the material, as the cubic phase does not
undergo stressnducedtransformation,but still exhibits superior mechanical behavior
compared to lithium disilicate glassramic? and reduced opacity compared te TP,
making it more suitable and predictable for monolithic restorations0(Fié

Due toreduced stresgnduced tougheningecause ofreduced strength and
toughness, the most translucent B¥Z materials are limited songle unit crowns and
shortspan fixed dental prostheses (RBBs) in the anterior kore#nical situations
requiringstronger restoration@nultiunit posterior restoratioor rehabilitaton of bruxism
patient9, conventional 8 TZP materialcan be usewith strength advantages over lithium
disilicatef*¢2but with just a translucency oaround 70962 Still, monolithic zirconia types
with a higher yttria contenand ahigher cubic/tetragonal ratio are inferiorttee unique
translucency of glasseramicsand not comparable to enamel in translucéncy.

5Y-TPZdoes not haveneasurable material weandopposing enamel wear similar
to that of lithium disilicate glasserami¢®*andcloseto the recognized goktandards,
type Il goldlloy,and natural enamé&i Comparedo other ceramicmaterialsmonolithic
zirconia causes minimal wear of antagonistsif properly polished, so this hard

polycrystallinenaterialcanbe usedsafelyto replacenaturalenamef’

STRENGTH

TRANSLUCENCY

Figure8 - Graphial representatiorf the variation oftrength andranslucencyy yttria content in zirconia
ceramics

Furthermoreseveral of the clinical properties of BYZmust be evaluated to
determine whether this material will perform similarly to previous iterations of dental
zirconia in terms of bonding abilifyconditionedby the use ofairborne particlesind
primersor adhesivesontaining ldnethacryloxydecyl dihydrogen phosphate (M&3P)

variationgmayoccur®8
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A higheryttria content, while improving zircomisthetially, sacrifices mechanical
performance, so a decrease the thickness oZrQ to less than 1.5 mm may be
contraindicatedparticularly inareas ofhigh bearingstress,as it has lower mechanical
properties than-3nol% of Y-TZPmaking it more susceptible to break&§e°Thickness,
compositionmicrostructureand cementing agenére cruciain the tetragonal phse of
monolithic zirconi&:s

Significantvariationsexist betweenstudiesin terms of methodologysamplesize,
and commerciaproductsusedso that no other safe conclusiorcanbe drawnapartfrom
promisingresults®” Thisconclusioragreeswith recentsystematiceviewsthat investigated
the survival and complication rateziofoniaceramicand metalceramicsingle crown®
the survivaland complicationrates of fixed dental prosthesesof zirconiaceramicand
metalceramic multipleunit fixed dental prostheses, and the adhesive protocols
themselveghis last withmeta analysis®

Altering sintering parameters alters the grain size, wear behavior, and translucency
of zirconia, and clinical studies that investigate the influence of changing sintering
parameters or methods on the clinical performance of monolithic zirconia restorations are
lacking?

Different yttriacontentsand differences the aging behavior afewer generations
of zirconiarecommend cautious clinicians emtrapolatingresults fromresearchin
longevity focusing on older matefiadlthough the few existingRCTstudies reveal
promising results.

The high translucency of new generations of ziramaa becontraindicated,
particularly in the case aihderlyingcolored tooth stumpss it reduce the masking
potential of the restoratidi.Therefore, iis essentiato select and use the correct material
according to the range of indicatigh® and preciseknowledge about the chemical

modifications of zirconia in the new generations is still mSsing.

2.3 Adhesive joints

Adhesion or cohesion includes an adherend, an adhesive, and an intervening
interface Bonding with adhesives involves attaching two or more dissimilar materials that
do not have a natural affinity for each other without changing their characterisscs.

runs with or without the helpf a coupling materi&kh
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Adhesion mechanisms can be classified into two main categories: mechanical and
chemical.Mechanical adhesion or retention implies surface modification for surface
roughness with the formation ofacre or microrugositiesand relies on mechanical
interlocking. Chemical adhesioninvolves maodification of thsurface chemistry,with

chemical actation by diquidwith bonding affinity to both surfac&s?®

2.3.1 Adhesivehallenges

Retentionof restorative materials, particularly RBBs, depends on the quality of the
adhesive joint, which determines the quality of the bond at different interfaces. Not only is
the interfacebetweencement and dental tissue important, but the connetteiween

cement and the surface of the restorative material also plays a cruciéf Tdle.process

involvesadhesion and cohesidgitlone between the substrates, and the other within each
substrate (Fi@).

MULTISTEP ADHESIVE

- g ACID SENSITIVE '\

MDP RESIN

| 5% HF-20sec

NON-MDP RESIN
ACID NO
SENSITIVE

LIGHT ACTIVATED
CHEMICALLY ACTIVATED
DUAL ACTIVATION

40% HF - 30 min

TG LTI T A

ADHESIVE

CERAMIC

Figure9 g lllustration of possible adhesive joints, different bonding strategies, and difiaterils
between tooth substrates and ceramics

CADBCAMrestorative materials require a multistep bonding procedure, and the
specific bonding strategy for each material is determined based on its con®pésition

Todayijt is expected that a resin cement should be biocompaiibienamel and
dentin,should adhereffectivelyto most prosthodontic restorative materials, but laéso

resistant to functionahydrothermaland mechanical stresand therefore resistant to
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failure® It is accepted that adhesive luting reinforces the mechanical prope@a®

CAM ceramiesxceptfor zirconia polycrystala/hich isby itself a resistant materiét

2.3.2 Main factorsnfluencing théonding toceramics

Surface energy and surface treatment
Surfaceenergy is a term that defines the surface of a given substrate from high to

low. It quantifies the disruption aftermolecular bondbat occurs when surfaces

created, whichis necessarily different in the bulk of the materidle adhesions
determined by the force of molecular attraction between different materials, and the
strength of the attraction depends on the surface energy of the subAttath surface

energy indicates a strong molecular attraction; ther&fesesasier to bondvhereas a low
surface energy indicates weaker attractive fontglsing it harder to bond (Fig8.ahd 1).

Cutting a solid material into pieces disrupts its chemical bonds and increases its surface

area, thus increasing its surface enéfy.

Wetting of a liquid on a solid

Low surface tension liquid + high-energy surface substrate => Small contact angles
Contact angles less than 90 degrees [§ Favorable wetting of the surface
Surface roughness { Wettability of the surface by liquid
Clean substrate - tooth surface + ceramic internal surface
(contaminants reduce the surface energy of the bonding substrate and, consequently, its wettability)
Low viscosity § contact of the adhesive with the substrate
(allowing the adhesive to flow readily and penetrate into the details of the substrate surface, without leaving porosities at the interface)

Figurel0- Schematic representatiofthe contact angle and wettabilitgsults

Characterization of the interface before adhesion, durcton and after failure
is helpful for investigations and remains a great chalféfdee surface treatment of each

CADCAM material arttie luting resin usednfluences the adhesion bond strength, so for
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eachpair of materialsa specific adhesive cementation protocol must be used to obtain the

highest bond strengts

YLa
Air

Ysa =

Substrate

ysa: Surface tension between solid and air

yra: Surface tension between liquid and air 0 10 20 30 40 50 60 70 80
Surface tension (dynes)

A B

¥s1.: Surface tension between solid and liquid

Figurell- Scheme of the interfacial tensions for a drop of liquid on a solid surface (A) and the surface
tension of common liquids (B) (Adapted from von Fraughaé25§:

Chemicatonditioningf the substrate surfacadidetching
Mechanical interlocking is a mechanism by whichadiresive flows into

morphological irregularities on the surface of a substrate before tusmpmmonly used
to adhere dental materials and is considered the most effective oieanestingsolid
joints’¢ To achievehis type of substrate surface irregularities must be created on the
surface.

Acidsensitive CAKQAM ceramics (for exampeNA and SWndergoceramic
dissolutionthat increases withincreasing concentration and duratiorhgdirofluoric acid
(HF) both on the surface and in the depth of the material, witiglzer strengttbond to
resin cement:®’

Leucitereinforced ceramics, hybrid ceramics, and lithium disilicate glass ceramics
can be etched with-20% HF for 2020 s without negative effects on the bond strength.
Lithium disilicate can be etchiedm 30 s to 60s with differentoncentrations of HBut a
60 s etching time with 9.5% HF acid is sugge$téd.

The lond strength of resinluting cement to ceramics vasiwith pretreatment
method, with hydrofluoric acid followed by silanizatim®ing thecommonmethodwith
high values with feldspathic and lithium disilicate cerdmiics

It has been suggested that surface treatment with aesdif ceramic primer
promotes adhesion similar to that of HF when preparing the surface oftithilicate
ceramic, polymanfiltrated ceramic, leucieeinforced feldspathiceramic and lithium
disilicate glass ceramidor adhesio®® Furthermore, in these cases, the additional
application of adhesivafter surface treatments did not improve the bond strefigth,

allowingsuppression of one clinical st&pis opinion is still questionexhdsomeauthos
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suggesthat in vitrostudies involving longgerm clinically relevant artificial aging, and more
clinical studies are required before this type of protocol can be considered an alternative to
conventional surface treatment of glassamicmaterial$”°' The etching efficacy @t
selfetching ceramic primer is material depentfersind is not dependent on the
association with hydrofluoric acid or silane for chemical interacbonding stabilit§?

The crystalline nature of zirconia, with a dense crystal network and a small amount
of glass matrix, makes it acidresistantmaterial. Application of a 9.5% or 5% HF
concentrationinduces nomorphologic changes in its structure and does not increase
surface roughnes8sEven a 40% HF concentration, only prodoeesindentations that
are probably insufficient to improve the strength of the adhesive®jdiot. allthis,
combinedmechanical and chemical treatmenéssentiako achieveefficientadhesiorno

zirconia*

Mechanicatonditioningf the substrate surfacegndblasting
Airborne particlebrasionwith aluminumoxide and tribochemical silicaoating

(Cojet system, 3M ESPE, Minneapolis, MN,i$t8& pretreatment with more evidence in
the literature to pretreat acidresistant CABCAM blocksduring physicochemical
conditioningmodifying théblocksurface tancreas adhesiofi

Airborne particlabrasion coupled with a zirconia primer is an accepted but not yet
standardized protoébthat improves the shear strengthzifconiabondsto the enamellt
has been considered a clinically applicable surface treatmentrteetichieve resistaa
to degradation and duralddendingover time>%6

In a research studyit was found that specimemsr-abradedwith 50 um AIG
powders exhibited higher uTBS values than those treated with 2 or 30um CoJet
after silanization with MDB§ilane and cemented with a duaire adhesive cement.

A metaanalysi®¥ showed that AD particles between 30 um and 110 pum and
pressures betwedh20 and0.40 MPa are commonly appliexthd that if used whin these
limits, airborne particlebrasiorincreases thélexural strengthvithout causing damage
the material by introducirgurface flaw% Furthermore110 um sand for 3¥ZP, 90 um
sand fodY-TPZand 25 um sand for 5¥Pzhas beersuggested®™

Concerningir abrasionthe total time, distanceand angleof the procedurealso

matter,and10 s/cn¥, 10 mm, and 90respectively, should be u&¥d.
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It is important to note that different chemical compositions of zirconia result in
different topographic changes, with larger particles inducing more compressive residual
stress related tthe monoclini¢etragonalphase transformation for 3¥ZP, while only 25
pm sized sand induces residual stréss tothe low potentialfor cubic grainphase
transformationn 5¥ TP2%%hat is, larger sand particles can weakel BY.

The biaxial flexural strength of 4¥-TPZ and 5Y-TPZ increaseswith AbGs
sandblastingontrarilyto highly translucentzirconiaof 6Y-TPZa rise directlycorrelated
with the compositionof the ZrQ phaseand microstructureof the zirconiagrades.The
balancebetween subsurfacemicrocracksand building up surface compressivestress
determineghe influenceof AbG-sandblastingn the biaxialflexuralstrength'®z? Alumina
blasting pressure of @2VIPa has been suggested as the most effective for reliable and
durable bonding performance of translucent zirconieonditions oflongterm water
storage(150 daysy?As an alternative to conventional alurritesting,the silica coating
(Cojet system an be usea@s surface treatmerior zirconia tamprove the shear bond
strength of aMDP(methactryloyloxydecyl dihydrogen phosphaiatainingresin cement
by promoting both surface roughness, coupling micromechanical redewticmemical

bond'**throwsionicandhydrogen bonding between MDP and zirconté.

Chemicallodulatiorby Silan Coupling Agents
Silane coupling agents am@mpounds containing functional groups that bond with

both organic and inorganic materials, act as intermediaries that bond organic materials to
inorganic materials, and act@smers for silicdbased ceramics.

Chemically, silanes are synthetic organic silicon compounds that are divided into
functional andhonfunctionatypes.Functional silanes have reactive functional groups at both

molecular ends thaanreact with two chemically dissimilar surfaces (Rigg).

R_ (CH2)n_ Sl — X(S-n)

Organcfunctional Linker Silicon Hydrolyzable
group groups

Figurel2- General formula fersilane coupling agent

The accepted chemical bonding zirconia depends on the bonding wikie

phosphate monomer [Aiethactryloyloxydecyl dinydrogen phosphate] (MDP), which forms
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various types of chemidadndwith zirconia surfaces and, éyd end resinbonds to resin
cement providing significant bond strength valusder specific condition§>°” MDP
molecule with a long linear alkyl chain and phosphoric acid ester group, interacts

chemically witthe hydroxyapatite in tHeoth intensively and stabis.

0
Il

0 P,
)ﬁ( \/\/\/\/\/\0’ I1™OH
OH
0

Figurel3- Linear representation anlarée dimensional model of MDP
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Hydrolysis: Inifially, Condensation: Hydrogen Bonding: The Bond Formation: Finally, during drying or
hydrolysis of the three labile  Condensation to oligomers oligomers then hydragen bond curing, a covalent linkage is formed with the

Figure 14 - Silane hydrolysis mechanism during adhesion mechanism of resin borsliieg doated
substrates (adapted from Matinlinna €f#l)

Over time, the oral environment promotbend degradation between
substrate¥°1%y hydrolytic cleavage of the siloxane borbe interfacial siloxane layer.
The incorporation of a crebsked silane into a system with a functional silane improves
the bonding and hydrolytic stabilibf interfacial siloxandinks between the resin
composite and zirconigCrosslinked silanes promote the interconnection of functional
silanes with the formation of an extensive thigmensional network that requires more
energy to be disrupteds the siloxane crodigking density increases the diffusion of
water molecules into the network decreases, improving the hydrolytic stability of resin
bondingit°

Lutingcement
Over the past decade, the prevalesfcend demand for atieramic restorations

have increased to meet tksthetic demands of patienBesin cement has become more
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prevalent in the cementation of toatblored restorations. Givéimat true universal
cement is not yet available, it is the responsibility of the clinician to Hss@ssparation

of the tooth and the characteristiasf indirect restoration to make the best selection of
cement&21lExcept in the case of zirconia polycrystadbesive luting reinforces the

mechanical properties of dental ceramics used as restorative mfterials.

Polymerization andiringunits
Despite the very low thickness of the adhesive interface, such as for direct

restorations,light cure factors such as the type of light irradignceadiation time,
intensity, mode distance to the material surface, lighire unit conditionsand the
compatibility between light wavelength and photoinitiator compounds dffect
polymerization of the organic matrix of resin composites and facilitate the release of
bisphenclA (BPA}41*The amount of light transmittédroughresin matrix composites is
influenced by the size, contemticrostructureand shape of the inorganic filler particles.
The decrease in the degree of conversion negatively affects the physical and mechanical
properties of resimatrix composites*Optimalight cureparameters resuih low release
of monomers and minimal toxicity to the dempihp complex, mucosa, or periodontal
tissues!>'This aspect is pertinent because the release of these monomers must be added
to those releasedrom restoration itself whenever a rediased CAD/CAM material is
usedexceptVita Enamic (ENAJprobablydue toits particular structure.

Mechanicalproperties are most affected by thgpe of material,whereas
differencesn curing conditions seem less influeritfal

To overcome the distance between the light curing unit and the interface to be
cured, a duaicure resin cement can be suggested for cementation, especially for
restorations with thicknesses of 1.5 mm and abBdxeen so, duadurecementshould be

optimallylight-curedto maximize mechanical propertiés.

Operatoryield Isolation
Despite some controvetdyrubber danoperatory fieldsolation should be&outine

during bondingt*?2an attitude that requires a change in the paradigm of indirect
cementatiori?®1>Rubber dam isolation has a significant effect on bond strengths to

enamel, independent of the adhesive system.
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2.4 Bonding todifferent adherend (substrates
2.4.1 Bonding to Enamel and Dentin

The 3-step system (etch-and rinse adhesivesystem) is consideredthe most
effectivegivenits lowerrisk of hydrolyticdegradatiorat the interfacelevel.lt is still the
gold standard for cementing indirgeistorations?®> However it is a highly sensitive
technique, mainly in terms of humidity corduoingthe proceduré?125

Despite the favorable reductionclinical time, alf-etched adhesiveystems are
more prone to degradation at the interface level, beadubeir behavor as permeable
membrane%-12°

Recentlyuniversal adhesives with easier adhesive protocols have been introduced
by the industryResearch results show that enamel bond strength improves with an initial
selective enamel etching with phosphoric acid, but this effect was not evident for dentin
using mild universal adhesives with the -etobrinse strategy?® Due to the presence of
acidic and phosphoric monomers in the formulation, separate condibdrdegtin
surfaces with primers is not recommended, andadiksive resin cements are equally
effective alternatives to conventional resin cefént.

Regarding the etehAndrinse adhesive and selfch adhesive systems, some
modi fications t o t heanimproveoferltbond strerg®¥The nst r u c
application of a hydrophobic resin layer, extended application time, application assisted by
an electric currenouble layeapplication, agitatiotechniqueand active application of
the adhesive are some thfese modification8?*?¢ The in vitro evidence suggests that
alternative techniques or additional strategies to the application of adhesive sgstems
improve their bond strength to derifih.

Owing to ethical restrictions regarding the use of extracted human teeth for
research purposes, bovine teeth can be 8seihe enamel shows similar hardness, higher
fracture toughness, and higher crack repair capability than human enamel, but the chemical
composition of both types of enamel is simiakingbovine enamel a suitable alternative
to human enamel for in vitro testing of dental biomaterials from mechanical and chemical
perspective¥:'?° These findings suggest that the factors that interfere with the quality of
adhesion to bovine teeth are similar to those of human teeth; therefore, the same adhesion

protocols should be valid.
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2.4.2 Bonding tdybrid ceramic

The hybrid ceramic material is based on a polyritrated ceramic network
material that consists of dominant ceramic network reinforced by an acrylic polymer
network resin, with both networks fully penetrating one andtieilowing recent
recommendations of the International Academgdhesive Dentistry, available in vitro
studies foundhat hydrofluoric acid (HEYching in combination with silane to be a superior
pretreatmenwith no further treatmenbeforeluting*****Howeverthe best protocol is far
from well establishedand the combination of sandblasting vaitbiniversamultipurpose

primer can be used for successful bordifig.

2.4.3 Bonding taglassmatrix ceramics

The gold standard procedure fadhesive cementationf glass matrixceramics
involvesHFetching and silanizatighbut more recently the procedure with a-séthing
ceramic primer was described with similar efficacy and simpler piotoesR
Nevertheless, this last procedure seems to be more material dependent in terms of etching
efficacy and bonding performanstil raising some controvef$i#3and it was argued that
universal adhesive systems that do not contain a silane should be avoided for bonding
lithium disilicate ceramic restoratiahse totheir inferior bond strengtf.

Different concentrations éfFhave been proposed based on ceramic composition,
and several etching duratioman be recommendedwith a tendency to use higher
concentrations (10%pr a shorer time (<30 seconds¥.#°° The glass componerdse
selectivelydissolved HFesultingin microirregularities of the surfacndan increasen
micromechanical retentié¥t® IPS Empress CAlvoclar Vivadent IPS e.max CAD
(IvoclatVivadent Celtrd Duo (Dentsply, VITABLOCSMark Il ( MTAZahnfabrik
Paradigm" C Ceramic Block3M ESPEVITA SUPRINITPC(MTAZahnfabrik are some
of that kind of material commercially available.

Despite the possibility of more conventional cementatitin glassionomer
cement in particular thoséhat incorporatananotechnology, adhesive cementation favors

the compressive strength afconiareinforced lithium silicate cerarki!3®
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2.4.4 Bonding tairconia

The achievement of a reliable bond between zirconium oxide material and resin
cement is an old and still challenging problem, even withcomsiming protocols or
protocols that require complicated aedhniquesensitive procedurés!“° The bond is
essentially micromechanical despite a possible chemical bond when-baskgiDRiting
cement or adhesive system is apphed’

The adhesiorof the luting cementto zirconia,as with other materialsijs
significantly influenced, among other factors, by the surface conditioning method and
cement typeand thephysicochemical conditioning of zirconia and the use ofblsiExe
resin cemenis expected to increase adhesidn

Solutions containing/IDR associated or nawith an MDRcontaining universal
adhesive for bonding to -@braded zirconiprovidestable adhesion after thermocyclig
Universal adhesives generate higher sirehgthscompared to conventional zirconia
primerg?.113.142

A mixture ofthesetwo concepts was presentédias a combination of 1MDP
containing primers or resin cement and alumina abrasionCaM®ato providedurable
and reliable bonding toMPZzirconia ceramidnterestingly, those authétsfound that
whenthe alumina blastingressure was lowdnigher or not present, no durable bonding
to zirconia ceramic was achieved regardless of usiMpPOcontaining adhesives, which
reinforces that, in addition to selecting an appropriate cement system, optimal bonding to
zirconia requires optimization of the sandblasting pre¥3uessing doubts about the
transposition of laboratory findiniggo clinical context because the equipment available in
clinics igarelysimilar to that used in the laboratéty.

Others state thaif conventional composite resin cement contains phosphate
monomers such as MDP, it is not necessamrdweat zirconia with a phosphate
containing adhesive systéhit has also been proposed that the deposition of crystalline
hydroxyapatite nanoparticles on the surface of zirconia ceramic intheyeslity and
values of bond strengttvhen luting witha selfetching duakure fluoridereleasing
cement with MDP for universal eéfse.

To bond zirconiat was suggestedo useairborne particlabrasion with 5qum
alumina (AD) at 0.1 to 0.25 MPa aombination with a phosphate monoraentaining

adhesive resin until further studies become availfAmbat is slightly different from
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anotherproposéd protocolwith alumina particleBom 30 to 50 um, at a pressure between
0.05 and0.25MPawith a duration of at least 20'€.In fact, the better protocol is far from
being wellestablishedand sometimes unknown or misused by clinicians and prosthetic
technicians, due @lack of knowledge update or slowness in technological upfating.
Another concern is the zirconia yttria contaapre-cementation proceduresn
affect the load at fracture and cement retentadndental zirconiaso some authors
proposedhat airabrasion should be used for zirconia with moderate yttria contdnt (<
mol%/3Y), but acid etching with heatggbtassium bifluorideKHE) for enhancing
retention on zirconia with higher yttria contend(mol%/5Y)}**However, they described
the acid etching with heated KHIS a complicated process, so air abrasion with Al
remainsthe better option, keeping in mind that ywementation procedures need to be
adjusted for the different dental zirconia materials to optimize both strength and

retentiont4?

2.5 Adhesive systems anddhesive cements

Dental adhesive systems are complex chemical mixtures influenced by the presence
and quantity of any componefitie type and ratio of monomers, solvents, and initiators
present in the mixture affect the physicochemical properties and bonding efficiency to
tooth substrates, conditioning their proper clinical application in each clinicdf case.
Various adhesive systems are avail@bl®ndresin cements to restorative materials and
tooth tissuesThese systems can be broadly classified into three categoriemetafse,
seltetch, and univers#b.Regardless of the strategy used, the removal of residual water
from the tooth surface is fundamental to avhidirolytic degradatioand loss of bond
strength over tim&?

Longterm clinical data on resin bonding of pattiaderage higistrength ceramic
or monolithic zirconia restorations are still missihg-dowever, higlstrength ceramic
resinbonded bridges (RBBs) are expected to have highetomglinical success rates,
particularlywhendesigned as cantilevers with only one retainer, as is the cddélfor
treatment.

Howevera study that evaluated RBRith different metalframeworkdesigns
concluded that fixed fixed frameworK3-unit bridge)showed thehighesttensile bond

strength and that cantilever singlbutment RBB had the least bond strergythouraging
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careful case selection and meticulous treatment planniaghievelongterm survival of
the prosthesis”

In an attempt to connect laboratory results to clinical performance, some authors
reviewed the literature and concluded that with correctly designed buccal and lingual
coverage retainers and minimal if any veneering porcelain, zlvasad posterior inlay
retained RBBappearto have a high clinical survival rate; however, the role of bonding
efficacy in this survival rate remains unknBW&urthermore,the 3-unit anterior
cantilevered zirconia RBB appears to have a high clinical survivaltlategghthese
prostheses cadebond, aatastrophic fracture of the entire prosthesemsunlikely, so
they may be rebondé&d Neverthelesswe must be conscientiousf the psychological
negative effect that a debond can hawe the seliesteem of a patient already
psychologically traumatizbg anMLIA, even if @ccursfor a shorperiod??

Whenselectingan appropriateadhesivesystemthe clinicianmust be awareof the
choicesavailableon the marketandthe coexistehlackstandardizedlassificatioA®

The use of zinc phosphateand glassionomercementfor full metal and metat
porcelain restorations has long been accepted.Nowadays,with the most popular
restorationdasedon compositeand ceramiamaterialsthe three mostusedcementtypes
are glassionomercement resincementand a combinationof both, resin modifiedglass

ionomercemengis14s

2.5.1 Compatibilityvith luting cements

The possibilityf eliminatingthe rinsing stepmakesthe combinatiorof a self
etching bonding systemnith a Lting cementattractive, but before use a compatibility
assessment should be @sh'“®Different adhesives cannio¢ arbitrarilycombinedecause
they might be incompatib¥#¥.The twestep self etch adhesive systeseemsto be more
reliablethan theone step self etch adhesive systeii!+°Theincompatibility between the
selfetch adhesive systeamd the selcuring resin compositmentis related to oxygen
inhibition and amine neutralization through acidic monobugralso with e individual
component®f adhesives, the degreéwater remoal from theadhesiveair drying&14°
and theeffectiveness afrosslinking betweenadhesive polymet$ They also frequently
form a discontinuous, irregular, and shallow hybrid layer associated with low wettability,

viscosity of theystemand low infiltrationnto dental tissue¥?
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Slf-etching adhesive systenwoncerningperformance and clinical indicatiare
material dependeng relevantdetail noticed since they were introducedbe usedas
auto-cured and duatured composites to bond indirect restoration and core-upild
restorations on damaged teéth.

A Ight-curedfilled matrixresincomposite coupled with adhesive systeroan
also beused to bond porcelain or resin composite venestead o resinluting cement
because composite materanprovide sufficient bonding strength to the tooth structure
while also being able to closely match the color of the veneer m&tefial.

However, when bonding-eramic restoratiors teeth with short clinical crowns,
it is generally recommended to use an adhdsiireg cement rather than a composite
material, because adhesiwing cementsallow forsuperior bonding strength and are
better able to withstand the stresses of biting and cheWfitfgurthermore, when using
seltetch systems for bonding, it is important to note that the acidic monomers present in
thesesystems can affect the polymerization of -cwsed and sel€ured resins, leading to
weaker bonds and potential failure of the restor&tign:s?

It must be mentioned that immediate dentin sealing (IDS) should be used whenever
possible 2° and that singlevisit indirect restorations should be preferred to fuidii
ones’®

Conscious selection of the cement used to retain each type of restoration/material
is necessaryto reduce potential complications amshsure predictable successful
treatmentts?

The clinician musfollow the manufacturer'srecommendations before using
multiple different systemalthoughthe recommendegrotocol carsometimeshot be the
best performingfor that specific materiabut randomized clinical triakill lack’® The
recent trendof usingselfadhesive luting resimaay change the clinical vulnerability of

using incompatible systefs.

2.5.2 Luting agent selection

Valid selection of the luting agent is cruiwathelongevity and success of indirect
restorations.This is a challenging decisidne to the increasing number of restorative
materials, adhesive systems, and luting ag&nt$hiscalls forthe needto identify the

best properties of a luting agent fodirect restoration bonded bgntalresins,but also
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the clinician'sawareness oYariation indentaltissue and individual bonding technique
strategies®

A luting cementmust providea durablebond betweenthe restorationand the
tooth, and simultaneouslyvet the tooth andrestorationsurfaceandexhibitadequatdilm
thicknessandviscosity?

Biocompatibity, goodmechanicalestheticpropertieseasyhandling low solubility,
anticaries activity, adequate radiopacity,and costeffectivenessare also expected
characteristic®®

Eachtype of cementhasuniquecharacteristicgdvantagesanddisadvantage3.he
selectionof an appropriatecementationmode is affectedby the characteristicof the
restorationthe clinicalcovariablesandthe propertiesof the usedmateriaf#

If esthetics is not an issu@yr zirconia polycrystaégsresinmodified glassonomer
approach is possibleecause this type ahaterial has the unique properties of self
adhesiorto the tooth tissué!s145

The advantagesf resin cements in general, apart from their akditgdhere to
cementation, are their excellent physical propéftigs.

Compared to watdrased cements, thegenerally exhibit high flexural strength,
diametral tensile strength, modulus of elasticity, fracture toughness, and Hateriess.

Furthermorethey show high compressive strength values, high fatigue resistance
are virtually insoluble in the omalvironment, and hauw@proved marginal wear resistance
compared to resimodifiedglass ionomerement>’

The abilityto adhere torestorationshas significant advatages,when the tooth
preparation obtainedfor an indirect restorationdoes not provide the desired

macromechanical retentiéf?1so

Etchand rinseresin cement§3-step adhesive strategy)
Resin luting cements have chemical components similar to those of teatsin

composite filling materialsower viscosity makes them easier to apply inlaélyersand
increaseswettability, allowingeasyflow into microscopic irregularities of the restorative
materialand tooth structure, improving their bonding streHgtp.

Etchandrinse systems involve the use of an acid etcl{@8Bt40% phosphoric

acid) to prepare the tooth surface, followkd the application of a bonding agéht.
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Bonding to enamel occurs through the interlockindpeofesin with the hydroxyapatite
crystals and rods dfe etched enamel, akescribeddame decades ago by Buonoébre.

At the dentin level, the etchant dissolves the smear layer produced during tooth
instrumentationcreating a rough surface treathances théonding of the resin cement to
the tooth.Thegapscreated by thetchantare then filled with the bonding agdéotming a
micromechanical bond with the tooth structuréhe form of hybrid layeor resindentin

interdiffusion zon&

Selfadhesive resin cements
Slf-adhesivecement(SARCadheres to toothsubstrates without the need for

pretreatmentbased on actdunctionalized methacrylate or related monomers incorporated
in these cements for direct bonding to tooth tissue through a polyacid matrix stfucture.

The lack of a separate adhesive sysiemproves clinical acceptance and
straightforwardnessAlthough marketed as resin cement, these products are hybrid
materialsthat combindhe etching and bonding steps into a single applicd#iatures of
selt etching adhesives and resin composites

However, laboratory tests frequently fotimat SARCsisedisolatedhave worst
performancecomparedto the same selfadhesive cement plus etchintherefore
recommendinghe traditionaladhesiveprotocol (acid etching and application of the
adhesive system followed by the cemespecially in casegth ashort residual crown or
functionally challenginglinical situationg°t113.2L145owever,conditioning with 37%
phosphoric acid for ¥bincreases the adhesion of the -selhesive resin cement to the
dentin, regardless of the uskthedental adhesive systefis:

The polymerization reaction afSARCis based on the crodsking of monomers
with functional groups gthosphori@cid,which bind to calcium in hydroxylapatité¢orm
an attachment between the methacrylate network and the teitthpH neutralizatio#f?

When adhering to dentirhe bond strength values seemhe betweenthose
achieved with draditional adhesive protoc¢®-step adhesive strategyand a glass
ionomer cement, which is in line with the expected values based on its chemical
formulatiorf211314The bond strength to enamel is more challenging with these materials

andshould be more exploréd
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Universaadhesives angsin cements
Universal adhesive systems offer the flexibility to use either thareteimse or

selfetch techniqueor selective enamedtching, depending on the clinical situation.
Therefore,they are known asuniversal' or 'multi-mode’ adhesive&? Meanwhile,
‘universal'alsomeans tobe used with a variety of restorative materials, associated with
silanes for ceramics and indirect compositesjth adhesive primers for metal alloys and
zirconia oxideln additionthey are recommended for a multitude of clinical situations
(direct restorations, indirect restorations, resin coatings, core buildups, zirconia priming,
and tooth desensitizatio#ffA similar philosophy is transposed to universal cements.

A disadvantage of conventional 1s&fFadhesive resin cement is its high technique
sensitivity, including theneed for welcontrolled clinical circumstances regarding
isolationf©126.128148ince most adhesive systems are adversely affected by hfricigy.
technique sensitivity is illustrated in studies reporting significant differences in bond
strength

between operators performing the same bonding procégtif€his may widen the gap
between their performance under ideal conditions inlaheratoryand in everyday

practice.

Bisphenol ABPA-free luting cements
Most dental materials contain BPA derivatives, suchisaienol Aglycidyl

methacrylate(Bis GMA) andisphenol A diglycidyl methacrylate ethoxyl§BsEMA),

and luting cements are no exceptidonsidered an endocrine disru@®A is longerm
releasd from restorative composites and resiadified glass ionomeirs dependencen
the organic matrix content and the polymerization procéétfre.

Althoughthe BPA released from these matenssubstantially lowethan current
limits, even at low concentrations below Opp2n,BPA toxicity should not be excluded and
contribue to daily exposur&éOn the other hand, no exposure should be dismissed as safe,
because the effects of BPA on human health have not been fully cladéitgespecially
the potential harnof long term exposurg>167

Low viscosityresinmatrix compositesvhich is the castor luting cementshave
higher proportianof organianatrixcompared to traditiohaesin matrix composites®

Due to human health and environmental issues, some dental manufacturers have

developed BR#&ee luting cements, which may be a safer optiopdbentsconcerned
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about the potential health effects of BRAwever, it is important to note that there is still
much research that needs to be conducted in this area to fully understand the potential
risks associated with BPA in dental materials.

ACTIVA BioACT&men{(Pulpdent, Watertown, MA, UBAjased on silica glass
particles and anonicbased resin matrix with calcium, phosphate, and fluoride ions
contains no bisphenol A, 488MA, or BPA derivativascessible on the markefhe
manufacturemproposedt as a dynamic material that reaet#h changes irpH in the
mouth. It stimulates mineral apatite crystal formation at the mateotl interface,
acting like ssmartmaterial, as it continuously releases and recharges its ionic components
and actively participates in ionic exchange with saliva and tooth stitidiure.self
adhesivemoisturetolerant and indicated for indirect applications.

Despite the marketing literature, some studies have put in doubt those properties,
as it was foundhat, for being efficient, at leasimilarly tootherluting cements containing
bisphenol A, it should be applteddentin with a bonding agef#it.Still research data are
contradictory, as other authors found a similar performance compaaetbttd-etch

(etchrandrinse)adhesivas°

2.5.3 Adhesiorof the Restoration

High quality adhesion between artificial materials and natural teeth has been a
pertinent and always present subject since Buortéaord 955 brought tdight the
necessity to alter the surface of substréteforeadhesion.

Many luting agents are availablethe marketStill, nowadays, f@ingleretainer
RBB, scientific evidenseapportsthe use of resin cements, which ideally will achieve
biomechanical antliochemicabond simultaneously to the restoration and the almost
unpreparedooth, filling the gap betwedhe twojoint components!170.171

Recently, duatured, seletching, and sekidhesive resin cements that do not
require bonding agents have been introdugéethermoretesin cementsre chemically
bondedo resin composite restorative materials and silanated poréeter?

Concerning microleakageisiplausibléo assume that luting agents with stronger
bondsto tooth structure will also allowless microleakage and less histopathological

changes, which has been verifredtro andin vivostudies:>9:160.173
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Resinglass ionomer hybrid cements (glas®mer cements to which water
soluble polymers or polymerizable resins are added) are deschbetasretentiveas
resin cemenand asmore retentive thaglassionomercementHowever, there are some
contradictory resulf® dueto the differences in the cements used for comparison in the
different studies.

Basedon theliterature,self conditioning cements show valdes dentinbonding
significantly lower than thoser conventional resin cemeht’*

Surface contamination has a negative effect on adhesion and is not yet solid
evidence to support a universal adhesion prdtocol.

Dental adhesive systems are chemically complex, and the improvement of their
physicochemical properties and bonding efficiency to tooth substrates is directly influenced
by the type and ratio of monomers, solvents, and inittagy<ontainln this manner, it is
important to know the components and ti@eractions, whicls important for thelesign

of new materials, but also to properly adequate their clinical application in each$tenario.

2.5.4 Workand settingime

The ideal working time varies with the specificity of the clinical sitaetibthe
level ofexperiencef the clinicianMore complex restorations or when multiple restorations
are placed simultaneously may benefit from a longer working time, allowing the clinician
more time to work with the material before it seétswever, a longer working time can
increase the risk of contamination or improper placement of the rest&fation.

A faster setting time can improve patient comfort and reduce chair time, but also
shortens the time for careful handling during placement to ensure pesp@ation
positioning*? Settingtime can be influenced by several factors, inclutbngent type,
mixing techniqugndambient temperature armimidity:®

For conventional luting cements, satrategies, such assing a chilled slab or
mixing over a wide areéa dissipate the heat of the exothermagactioncan beperformed
to lengthen the workintgme but should be done carefully not to weattenmechanical
properties’®

Whenever a reseement is ahoicejt can be chemically cured, deated, or only
light-cured whenever the restoration lack of translucency is not an’idsgat curedresins

have the advantagesf increasedworking time, facility to removeexcess, andeduced
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finishingtime#> Duatcured have the advantage of accelerated conveasibe surface

anddeep settingver time3.114

2.5.5 Mechanicgbroperties

The cementised forpermanenhigh-strength bases requires goommpressivand
tensileforces.Cements arérittle materialswith goodcompressivstrength but are usually
worst performexrelative tatensile strength.Zinc phosphateconventional glassnomers,
andresinreinforcedglass ionomers have long been onmiagket butthere isnodoubtthat
resin cemens havehigher mechanicaperformancesven in stressful conditiorssich as
pulling
out of zirconia endodontic postiie to a chemical bonding with a hybrid layer formation

with resin tagscompared to just physical frictionatention3.177

Table3 - Basic properties diie dental lutingagents referre(adapted from Heboyanadt(2023)*°

Elastic Modulus
Compressiv8trength TensileStrength (GPa)

(MPa) (MPa) (Dentine = 13.7)

(Enamel = 84 130)
Zinc phosphate 489 133 0.65¢g 4.5 19.8
Conventionajlassionomercemen{GIC) 939 226 2.369 5.3 11.2

Resinmodifiedglasslonomercemeni{RMGIC) 859 126 2.53g 24 6.8
Resin cement 52¢ 224 5.07¢g 41 11.8) 16.5

2.5.6 In-mouthsolubility andBiocompatibility

Theoretically, luting cemesttould maintaitits chemical propertiga the presence
of oral fluidsthroughoutthe restoratiorife. Still, most of the cements usedientistry will
disintegratein the oral environment over tiié*’®Variations in solubility between the
different luting agents are a reality, but this could eventually be overcangedyy fitof
the restoration&%17°

Additionally,an ideal luting agent should nbe harmful to dental tissues.
Sensitivity after crown cementations is probably due to microleakage rather than pulpal
inflammation resulting fromhe insult caused by the luting ageBealing and protection of
the dentinepulp complex should be ddmeforeor duringcementationpreventing tubular
contamination and thus preventing posterior sensiti¥iljoreover, immediate dentin

sealing (IDS$nprovedond strengtfi180
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Water-based cementsuffer acidic ercsion in experimental environments/hile
resinbased cementsend to sufferhygroscopic expansion caused by water soyption
instead of chemical erosishHoweverjn experimental conditionsimilar tointraoral
conditions, considerably less aggressive, the erosion behavior of glass ionomer cement was
similar to the resibasedcements, contraty previous laboratory resuits.

Newer seletched adhesive systems reduce the time spent in clinical practice, but
their behavior as permeable membranes at the interfaceriakesthem prone to more
degradatiof®*andto water aging in comparisevith conventional resin ceméfitas the
3-step systemseemsthe most effectivedue to its lowerrisk of hydrolyticdegradatiorat
the interface level, but requiresstrict humidity control as they are highly technique
sensitiveé?

Thebiocompatibilityf resincementsaandassociateddhesivesystemgs relatedto
their degreeof conversionand complaintsof sensitivity may be due to incomplete
polymerizatiof®*Reduceaell viabilityof humancellsoccursin contactwith resincement
with significantdifferenceslependingn the typeof cellandcementmaterial with greater
sensitivityfor mesenchymatells,especiallyosteoblasticcell lines,and less sensitivityto
epithelialand endothelialcells. This suggeststhat despitethe propertiesand adequate
handlingof resincemens, their widespreadise shouldbe cautiouswith an emphasion
the pertinencdor completeremovabf all cementresiduesandcorrectpolymerizatiofs 164
The degreeof cure is an important variablé}® with dualcured cementsshowingless
cytotoxicitythan self curedcements®

To minimizethe risk of allergicreactionsto resincementsdentistsmay perform
allergy tests before using these materials® because the risk of adverse reactions is
believedo be higher for dentists than for patiemdlergies to resin cements have been
reported, but are quite rare, but may o@m@ result ohn immune reaction to one or
more components in the ceme®bme of the common symptoms of an allergic reaction to
resin cement include rednegshingi®® and swelling of the gums or other tissoéshe
mouth, as well as difficulty breathing, hives, and anaphylaxis in rarelfcaseatient
complaingabout an allergic reaction tesincementsin sucha casethe cementshouldbe

changedo a conventionaglassonomercements®
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2.5.7 Thinthickness (lowiscosity)

Ideally, thduting cementnaterial shouldhavea low initial viscosity teasilyflow
and allowproper seating of the restoratish.The luting space should be kept to a
minimum to improve thét of the restorationexposing theninimum luting material to
oral fluids and minimizing any polymerization contraction $tt@seffective lutingagent
should be able to flow a film thickness 080 Gm o ri*18Tkesmsean viscosity of a
luting cement(composite and resinbased cementsjan vary widely depending on the
type of materialand its intended us@ull or partial crows, inlaysor onlaysor veneer
cementatiop Typicallyhigh-viscosityluting cements have a viscosigtwea 50 and100
Pa*s whilelow-viscosityluting cements can have a viscosity as low &a1® However,
for each lutingcement, theviscosityvarieswith temperature and humidity, as wellveth
the applicationmethod (for example, sonicatiofi) In a retrospective clinical studyr f
inlays,onlays,and overlays on posteri@eth, ahigher survival rate was fourida high
viscositymaterial (compositebased cemeintinstead of adow-viscositymaterial (resin
basedcement¥ was used® Thistechnique could also be clenfor veneer cementation,
becausaneanvalues omarginal adaptatioaf 295 and 315 prand202 pm and 195.5 ym
of internal adaptation valuesespectively, were fourfdr heatpressed andCABCAM
veneerswith somemarginal discoloratioafter 2 years of clinical servjde cases of

veneers cemented with a refiased luting ceme#®

2.5.8 Radiopacity

Radiopacity is a desirable property of an Idéagj agentthat enablesliniciansto
identifythe luting cement, teeth, and restoratiDental cements must hayesater opacity
than dentineto detect gaps, secondargaries,overfilling or underfilling.A luting agent
should bechosen as radiopaque psssibl&>15%ecause it is impossible to detect excess

luting agent radiographically if the material is radiolucent.

2.5.9 Anticariogeni®roperties

Fluorideis released from certain dental materials, although at different rates and
for different durations, depending on the material evalédtétany luting agents have
been described as havimgti-cariogenicproperties, andeveralof them have been

marketedunderthis pretext.
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The fluoride content of a material is notgaaranteeof its anti-cariogenic
properties, assufficient concentrations dfuoride must be released over tiieThe
material itself should not suffer from any significant degradé&ti@lass ionomer cements
have been reported to have laegnm fluoride releasét®?However, even if fluoride is
released, it is essential to know the amount of fluoride released from the margins-of a well
fitting restoration and whether this amount of fluoride has any significant impact.

Recentlya study revealed than alkasitebased resircompositehas abetter
recharge potential thara giomer (glassionomer cement matrixxontaining resin
componentsand conventional glassnomer cements, after topically applied NaF gel, but
also that the conventional compogtaluatedshowed no recharge abifityFurthermore,
the chemical composition of the overcoating adhesive systemncesthe fluoride
recharge ande-release capacityf each materiaP?

lonreleasing cement could inhibit demineralization of the surrounding root dentin
more than a reference salflhesive resin cemerdjthoughat a lower level than a
reference restmodified glass ionomeement.They may be indicated for patients at risk

of secondary cariesound thecrown margin¥3

2.5.10 Ease oMmanipulation

An essential attribute of any dental mateigats ease ofuse andmanipulation.
Among conventional luting agents, zinc phosphate appeai= the leasttechnique
sensitiveandif the specific protocol fellowed, longerm success witleachieved’7®

Resin cements are extremédghniquesensitive especially those with as3ep
adhesive strategydue to their inherent polymerization shrinkage and sensitivity to
moisturet!>12214Resiamodified glass ionomer cements Bgstechniguesensitivethan
resin cements andhp auto-mix cartridges, ara highly efficient wapf delivering cast

restorations®? This delivery mode is also the best choice when using resin luting cements.

2.5.11 Esthetis

The translucenayf all-ceramiaestorationsespeciallyanterior restorationsnakes
the estheticcharacteristics of the adhesn&ment critical’?17®

Esthetic appearance dfting materialss necessaryn all normetallicrestorations,

particularlywhenthe marginsare visibleIn suchregions, reskbasedcolormatcheduting
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materialsare superioto any other typéecauseof their translucency anedxcellentcolor
matchingto dentinand enamellonomerbasedluting materials may al$@vea good color
match, but their translucency is somewhat infévitiiat ofresinbased luting material®.

Therefore, colostability over time should beconsideredThe amine accelerator
necessary for duglolymerizatiorcan cause the color of thating agentto changewith
time4>%4Thereforemanypractitioners prefer lighturedresincementsfor the luting of
porcelainveneers and othexstheticrestorations becauseis believedio be more color
stable!* Light curedresin cements shousdsobe preferredor thelongterm color stability
of full ceramic restoratioff§ However, it has been suggested that the color stabitigiof
cementscould be improvéee.

For translucent restoratiomsade of third- or fourth-generationzirconia, it is

recommended not to use an opaqgue luting material in the visible agstnéticreasons.
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CHAPTER 3

LABORATORY TESTING OF POTENTIAL MATERIALS FOR RESI

BONDED BRIDGES IN THE TREATMENT OF MLIA

3 LABORATORESTING

3.1 Generalspects
This chapter is presented in a mifednat with descriptive sections amdsumed

original articles.

The adhesive protocol s used were based
scientific evidence whenever rexperimental conditions were testeddaboratory
procedures werearried outaccording to evidendsased daily clinical practice, exaépt
the materials required handling in the prosthetic labordtotliis case, the materials were

processed as reRBBready for use in the moutfihe Stata v17$bftware progranfStata

v17.0; StataCorp, Lakeway, TX, USA) was used to perform data analysis whenever applicable.

3.2 Tests for themechanicalcharacterizationof the bondinginterface

Several tests are available to characterize the bonding strength of different adhesives
or surface preparation methods used to bond monolithic ceramics, depending on the
specific application and bonding material used.

The most commonly used methodsefluatingdental materials are (a) tiensile
test, which involves applying a force perpendicular to the bonded interface, causing the
bonded parts to shear apart; (b) ghear testwhich involves applying a force parallel to
the surface or the bond line of the material, causing the materials to slide against each
other until they shear or deform; (c) flexural test which involves the application of a
bending force to the bond, and the maximum stress at the bond interface measurement; (d)
the peel test which involves applying a force parallel to the bonded interface until one of

the bonded parts peels away from the other; (dnibeoindentation testn which a small

indentation is made in the bonded area using a microindentation tester; and (e)

microscopic examination
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which determines the nature of the failure (adhesive, cohesive, or mixed) of the fractured
surfaces, and allows the inference of the strength of the bond.

In tensileor sheartests,the force is applied at a constant rate until the adhesivefgdmt

and the maximum force required to break the joint is recorded. The strength of the bond is
calculated by dividing the maximum force by the original e2oienal area of the bond

area, and the resultant value is expressed in units of stress, such as pounds per square inch
(psi) or megapascals (MPa). This value can be used to compare the strength of different
adhesives or bonding methods.

Both tests are useful in providing informatorthe strength of the adhesive bond
and how it will perform under different loading conditions, hdipieglectmaterials or
adhesives for bonding applications that require a high degree of strength and durability, as
is the case with RBBtime rehabilitation of MLIA.

TBS and SBS are popular tests for 7 temm@B bonded areas® Instead,
micromechanical tests can be used to evaluate the mechanical properties-s¢aenall
material interfaces, typically with dimensions in the range of micrometers or millimeters,
but require a specialized testing machine equipped with a small load cell, grips, and an
optical microscope to visualize the deformation of the specimen during bestergistry,

it is often used to study the bonding interfaeéveendentin and restorative materials.

Shear Micro-shear Tensile Micro-tensile
Bond Strength Bond Strength Bond Strength Bond Strength
T
it 1
A B C D |
Figurel5- Schematic illustratioof theb ond strength tests wutilized in the
C: TBS, D: GTBS) . Red arr ows Acmmingets Awvad etduhder di rect i

copyright permission from Elsevier.

Concerningthe mechanical characterization of bonding protocols for CBAD
monolithic ceramics, recently a systematic review andanatgsis revealed that the type
of test performed had no direct influenme the specific comparative resutt§ the

adhesive strength assessment for each specific cétamic.
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3.3 Main materials usedin laboratorytesting
Dfferent typesof monolithic CB- CADceramicsVITAYZ2 [Y-ZPT, VITA SUPRINI[SU],
VITAENAMIZENA], fromVita Zahnfabrik Germany, and three different types of luting
cements, Panavia SA UniveSament® [SA[Kuraray Europe GmbH, GeripaRgly X
Ultimat€@[RU], andVITAADIVA KK Cent Ultra opaquflA] (Vita Zahnfabrik, Germany), were
used in this studyOthermaterials usedvere Monobond PIl&s(MB) (Ivoclar Vivadent AG,
Liechtenstein)universal silane VITAADIVA ®rime (CP) (VITA Zahnfabrik, Germany)
ceramic primeiITA ADIVA Ceramic Etch (HF5) (VITA Zahnfabrik, Gezraamg)etcher
Scotchbond Universal Etchant (PA) (3M, BSREacid tooth conditioner

Table 4 lists the main materials and their compositions according to the

manufacturer used ihask 2study of the adhesive jointfiask Jtesting anew model of

RBB specimen moddlgsk 4naturalteeth shear bond strength assessment), task 5

(testing a simulated RBB for MLIA rehabilitation).

Tabled4 - General description of the materials used in this studyctimrositionsand manufacturers.

Material Name Code Composition Manufacturer
86% feldspaceramicsSiQ 589 63%, AIQ: 20g 23%, !
E\rqgn':\ic ENA NaQg 11%, KOg 6% by weight, 14% polymer by \égcﬁ(iﬁagﬂfaggrmgﬁd
weight: TEGDMA, UDMA gen, y
L Zirconium oxidedB12, silicon dioxide $64%, lithium VITA Zahnfabrik, Bad
%ADCAM VITA Suprinity Su oxide 1§ 21%, various > 10% by weight Séackingen, Germany
eramics
VITA : T . o VITA Zahnfabrik, Bad
3\ ZPT 3Y-ZPT Zirconia reinforced with 3% Yitria Séckingen, Germany
VITA : I : . VITA Zahnfabrik, Bad
5v.ZPT 5Y-ZPT Zirconia reinforced with 5% Yitria Séckingen, Germany
: : PROCLINIC
Reninmatrix . . . .
p EXPERT Nan 22.5% weight, multifunctional methacrylic ester; 77| o
L%Sraorggi‘:: Hybrid RES weight, inorganic filler (40 ngn1.5 microns SDI Limited, Burnston, Al
p composite
Artificial FRASACO . " Frasaco GmbH, Tettnan
teeth Tooth FRA Melaminebasedcomposition Germany
Paste A: MDP, B&GMA, TEGDMA, HEMA, silanatg
Panavia barium glaséiller, silanated colloidal silica, dI
SA SA camphorquinone, peroxide, catalysts, pigments|  Kuraray Europe GmbH,
Universal Paste B: HEMA, silane, silanated barium glass fil Hattersheim, Germany
Resi cement aluminum oxide filler, sodium fluoride (<1%), dl
esin camphorquinone, accelerators, pigments
composite. A ABIVA : : - :
cement 1A Cem 1A Mixture of resin based on BEVIA, catalyst, stabilizel VITA Zahnfabrik, Bad
Ultra opaque pigments Sackingen, Germany
MDP phosphate monomer, dimethacrylate resins, H
RelyX : " Py 3 M ESPE, Seefeld,
Ultimate RU Vitrebondl copolymefglighgthanol, water, initiators, Germany
VITA ADIVA .
Cera HF5 Hydrofluoric acid 5% \ég(ﬁ(iﬁazﬂfaggﬁ}]ggd
Etching Etch gen, y
agent Scotchbond : .
Universal PA Phosphoric acid 35% 3M ESPW,ILlJnSnXapolls, MN
Etchant
VITA ADIVA : : : VITA Zahnfabrik, Bad
Ceramic G Prime CP Solution of methacrylsilanes in ethanol Sackingen, Germany
Primer 509 100% ethanol, disulfinet hacr y | at -
Monobond Plug MB phosphoric acid di me S'Xﬁg;r] \{_l::eacﬁgasAtgn
trimethoxysilylpropyl methacrylate '
Bis GMA, bisphenol A glycidyl methacrylate; HERpr@yethyl methacrylate; MDRdeéthacryloyloxydecyl dihydrogen phosphate; TEGDMA, trie
glycol dimethacrylate; UDMA, urethane dimethacrylate

49



INSTITUTO UNIVERS_ITARIO
DE CIENCIAS DA SAUDE

D
? CESPU

Specific materials and equipment are detail the specific tasikndin the papers.

3.4 Study of the adhesive joinfTask 2)
3.4.1 Factoring of specimen models and preliminary {Eatk 2.Paper 5)

These initial tests aimed pyoducean innovativespecimen that could simulate, as
much as possible, partial prosthesis(RBB) adhered with an adhesive cement to
rehabilitate a missing lateral incisor icliaical situation of MLIA

Despite the fact that there are madiferent tests in the literature on dental
materials that can potentially be used in the rehabilitation of an MLIA situation, few have
tested situations designed for the areahsf upper lateral incisor&xistingoneswere
carried out mainly with fixed full-coverageprosthesis crownswith non CABCAM
restorative materialsr withconventional cements.

The preliminarytests were designedo calibratethe procedures anddentify
constraintslt is worth mentioning that thepecimen finallyested in this taskwas the
third attempt at specimemodeling The first failecdue tolack of stability (two Frasaco
teeth each inserted into a cast metal support, followed by adhesion of the test cylinder)
(Fig. & A), and the secondue to theunsuccessfustandardization of théclusion of
Frasacdeethin the acrylic resin support, with the buccal surface parallel to each other, to
adhere to each side of the cylinder (no intention to abrade the surface of the artificial tooth
until the faces were parallel to each other, but to use the surface of the tooth only with the
surface treatment of the experimental protodélg) B B). The data acquired withese

modelswereused tomakethe next model tested in the preliminary tébtg. & C).

A B C

£

I Epoxy Resin Cubes
| Polyurethane Resin Holder

Figurel6- Specimen models of the first (A) and seconaiB)finabttempt.
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With the third attempt, a prototype of easy replicasitaile,and with standardized
baseadherendvas achieved.

Virtual design and 3D printimgere used to produce a stabilizer bdeereinforce
stability The VITA Enamic block was chosehedsaseadherendbecause of its unique
mechanical properties similar toose ofthe natural tooth.Additionally,the surface
treatment recommended for its surface despite being done with another type of acid
conditioneris very similar to that recommended for a human tooth. The resilience and
toughness of the specimerereintended to simulate thosgpesof characteristics at the
level of the periodontal ligament and bone.

Figure 1 shows the experimental protocol. Detailed steps of the experimental
protocol are accessiblePaper 5

LOAD LOAD LOAD LOAD

T

ENA ‘ SUP ‘ Y-ZT ‘

VIEW

FRONT ‘

TOP

VIEW RES ENA suUP Y-ZT

[« _» [« —» «—>
8.2 mm’ s2mm 8.2 mm e

Figurel7- Experimental protocfar shear bond test

This paperalso contains the results of the firgt-line study to find a reliable
substitute for natural teeth, human or bovine, to overcome ethical restraints and inherent
biological variability in future research.

Task2.levaluatd the possibility that an experimental specimen model that used a
standardized artificial material asbase adherendcould be used fothe shear bond
strength tests of restorative materials. Simultaneously, because the behavior of this
material (ENA) for this purpose was unknown,GH\D ceramiasith differentexpected
performances in shear bond strength testing sieraltaneously evaluated

Amongthe CADCAMceramics evaluateds restorative materials, ENA was the
easiest to handl@he SURvas very brittle, either in thgre-sinteredor sintered state.-Y
ZPT had accessiblemilling proceduresbut it was almost impossible tonanage the

separation ofhe cylinders after the block had been sintered, having destroyed several
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diamondburs In future studies, whighly recommend separating tloylindersbefore
sintering.The resinmatrix composite (RES) was easy to handle, but the possibility of
including air bubbles in the cylinder upon production was a coffeer8URn=1) and-Y

ZT groups hagretest failures (n=2).Table5 shows the shear strength by mean and
standard deviatiorkigurel8the behavior of the samples under load, and in Fi§iihe

box plots the shear strengthith and without preload failuresf the assessed materials.

Detailed results aaccessiblen Papers.

Table5 - Shear strength by mean and standard deviation in Newtons and MPa

Groups Failure load ShearStrength
n Mean (N) SD (N) Mean (MPa) SD (MPa)
Rely X ResiAmatrixComposite 5 843.07 299.82 69.10 24.58
Ultimate
VITA Enamic 6 224.27 103.82 18.38 8.51
VITA Suprinity 5 139.56 48.99 11.44 4.02
VITAYZT 5 225.40 147.88 18.48 12.12
RES ENA
1400
1200 400
1000 ===Sample 1 =300 ===Sample 1
< 800 ‘ ~=Sample 2 = —Sample 2
g 600 | Sample3 & 200 —Sample 3
= Gah zamp:elﬁl = 100 ) 5 =—=Sample 4
200 AR Sample 5
0 g —Sample 6
0 0.1 0.2 03 04 05 0 0.05 0.1 0.15 anple:
Displacement (mm) Displacement (mm)
Y-ZT SUP
400 400
Z 300 Z 300
3 - e Sample 1 E = Sample 1
o —Sample 3 9

200 m—Sample 2
= W —Sample 4
100 . # Mm'] =Sample 5 100 . 1 Sample 5
T : "\
0 = ——n 0 o
0.03

0 0.1 0.2 03 0.4 -0.07 0.13 0.23 0.33
Displacement (mm) Displacement {(mm}
a
Figurel8- Graphic representation of specimen behavior under load of the control (RES), ENA; BUP, and Y

groups
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SHEAR STRENGHT SHEAR STRENGHT
@ NANOHYBRID @ ENAMIC o NANOHYBRID @ ENAMIC
ESUPRINITY  OY-ZT ESUPRINITY OY-ZT
1200 T 1200 T
1000 1000
Z s00 i Z s00 2
=} a
S 00 l S 600 l
- -
400 400 T
200 i — * 200 *
0 0
LUTING CEMENT (RELY X ULTIMATE) LUTING CEMENT (RELY X ULTIMATE)
Figurel9- Box plot of shear strength by restorative material, without preload failures (A) and with preload
failures (B)

The SUP and-XT groupswere inconsistentbefore and during loading. The
adhesion strengtepends on the materi&8urprisingly, the RES group performed the best,
reaching mean values more than four times higher than the second best, the ENA group.

Based on the parameters depicted in Figiirallzsamples frorthe Y-ZT group had
failed adhesion as a unique mode of failure. In the RES group, the unique failure mode was

cohesive, eithamthe cylindeor on thebase, and sometimes simultaneously.

Adhesive failure
‘_)

Base 1 1 Cyliﬁder
:1 — |Cohesive failure in the cylinder

“i |Cohesive failure in the base

Figure20 - Comprehensive scheme of the mode of failure

Crossingdata obtained from the failure mechanism and surface energy of the
different materials evaluatedo correlation was foundndicating that the intrinsic
chemical composition of the restorative material and its interaction with the coupling agent
were the main factors affecting the mechanical beh&saran be seen Figure 2, the

three treatments modified the surface of the ENA; the SUP was markedly altered by

conditioning
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with HF 5% for 60 s and only slightly by sandblastitiy ALG: 50, and YZT wasot

affectedby HF 5%. These findings confirmed the data found in the literature.

SURFACE ENERGY MEASUREMENT AND LOAD TO FRACTURE

= Surface Energy (mJim2) ===Load (N)
VITA Enamic

NANOHYBRID
NANOHYBRID

VITA Enamic
VITA Enamic

NANOHYBRID VITA Enamic

NANOHYEBRID VITA Enamic

800 600 400 200

NANOHYBRID VITA Enamic

VITAYZ VITA Suprinity

VITA Suprinity

VITA YZ \ “I\ITA Suprinity
e M VITA Suprinity

VITA YZ VITA Suprinity

VITA YZ

Figure21- Radargraphwith mechanicaperformance comparisam relation to thehighestsurfaceenergy
measuredby type of CARAM monolithic ceramic
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Material ENAMIC SUPRINITY YZ

Treatment

AS PROVIDED
50x

AS PROVIDED
100x

GRINDING
50x

GRINDING
100x

HF 5%
S50x

HF 5%
100x

AL,O,50pum
50x

AL,0, 50um
100x

Figure22 - Microscopy observation (50x and 100x ampliation) of theCBMDceramics after different
surface treatments [as provided by the manufacturer, grinded by coarse disk, 5% hydrofluoric acid for 60 s
(HF 5%), aluminum oxide blasting@80um)

Crossingdf microscopy and surface energy data shows that HF 5% is a suitable
treatment to prepare the surface of SUP for adhesion if we only consider the microscopic
interlocking between the restorative mateaial theadhesive cement. Other materials are

dependent on chemical reactions.
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Within the experimental conditions of this studyetadionshipvas found between
SBS and the surface energy of the substrates, the failure motteaal dependerdand
differences in behavioconcerningshear forces were identified between CXM
ceramicsThe mode of failure with AT was always adhesimgghlightinguncertainties
about the efficiency ofthe adhesive jointof this material in the absence of
macromechanicaétention.The VITA Enantaock resists a shear load of up to 100 MPa
(RES sample 5 test) in a design consisting of a cylinder with a double interface connection,
So it appears aa potential basadherendor SBS tests

Anotherinnovationof task 2.lis the testing of a polymanfiltrated CABCAM
ceramic as a potential substitute for natural teeth in shear strength tests. Being an
industrially manufacturedaterial the predictability of mechanical behavior is expected. In
addition,because othe mixed chemical composition (polymer and ceramib®havior
similarto that ofa natural toottas abaseadherends also aimed at testirgjfferent CAD
CAM monolithiceramics Another peculiarity of this study is that, except for the test
equipment, it was carried out with equipmeiithin the reach of a dentist in most
countries.Therefore, theelinical protocolsvere evaluatedn parallel. The experimental
methodologyollowedstrict controendwasreported pedagogically throughout the paper.

Relevancethe findings of this study are the first stewarda reliable substitute
for natural teeth to overcome ethipagtrictionsand inherent biological variability in future
research. The results suggest that a pohlinfdirated CABCAM ceramic (ENA) is a
potential baseadherendfor shear bond strength tests of restorative materials, although
further research is necessary to confirm its efficacy as an alternative to natural teeth.
Furthermorethe findings of this research widllow future studies to compare the
mechanical behavior of restorative materials with the sameadhseendwhich is not
possible with natural teeth due to their inherent biological varialiltas possible to
identify themajor differencedetween theCADCAM materialsinder the possibload

forcesin athree unit RBB.

3.4.2 Modulation of the adhesiigerface(Task 2) (Paper ¥

This task was developed évaluate the effeadf coupling agents and surface

treatment on the shear bond strength of three luting cements adhered to @A®AD
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ceramicmechanically similar to the human todiretailed steps of the experimental
protocol are accessibleRaper 6.

Threeadhesive cements with different adhesivategiegPanavia SA (SA), RelyX
Ultimate (RU), and Vita Adivad@m(lA)] were usetb adhereascylinderdo VITA Enamic
blocks. Block surface treatment was grinding with no further treatmedti loydrofluoric
acid for 60s. VITA AdivaP@me (CP) and Monobond Plus (MB) were the alternative
coupling agentdsigure 23 shows some steggspecimen productioithe surfacenergy
assessment (block and cemesitgar bond strengt&BS), thaltimate tensile strength of
each blockand the fracture analyseswere performed.SA in the selddhesive mode
adhered to onhgrindedblock was the control group (SA/0he data was properly

analyzedind details can be examinedPaper 6

Figure23- Surface treatment with 5% HF and coupling agents. (A) After grinding, (B) conditioning with 5%
hydrofluoric acid, (C) -aried block surfaces after washing with water sprays@osecondsand (D)
application of thecouplingagentaccording to the group. One group was left unconditioned and without
coupling agent (control group)

Figure 24 describes and shows details of the mechanical tests.
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Figure24- Components designed for testing (1: ceramic block; 2: cement cylinder; 3: stationary base; 4: block
stabilizer; 5: load cell and piston); (B) block stabilized on base and specimen positioned for SBS; (C) piston
positioned over the cylinder, 1 mm away from thke bloc

The RU/MB group had the best SBS (p<.00134B1Z + 26.94Mdihd IA {57.50 £
21.7Nperformed better with MB and Q&1.05 + 29.99M)ith CP. CR221.05 + 29.99N}

MB (80.59 + 20.27Nncreased SA SBS compdmedelt adhesive mode (SA/Q19.97 +
43.05N) The RU/CP associatishowedinconsistent SBS. No direct influeoe&BS was

found to be related to the surface energy of the substrates. The polymerization efficacy of
IA-Cem raised doubts. The fluorescence of RU was helpful for excess removal.

All combinations teste@xceptSA / 0, achievedhear bond strength values within
those aimedit adhesion to tooth substrates. The coupling agent and cement affected the
SBS under the test conditions. RU performed better than the other cements with both
coupling agents (MB and CP). Except for SA, the MB performed better as a coupling agent.
The VITA Enamic hybrid ceramic block is a potential support for shear tests with luting
cement.

Based orthe results obtained, the shear bond strength of the adhesive interface
between the luting cements and the VITA Enamic block was positively influenced by the use
of a coupling agent, either MB or, &Rl a specific surface treatment. This suggests that
the surface energy of the VITA Enamic block, the hybrid ceramic used in this study, is not
enough by itself to promote the adhesion of-dua¢d seHadhesive luting cements. This
study also demonstrated that the VITA Enamic block is an appropriate substrate for
laboratory testing of the shear bond strength of adhesive interfaces between luting

cements and tootlike materials.
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CLINICAL RELEVAN@EN this study, we can translabéo the clinical context
that silanes improve the performance of luting cements but are not a substitute for proper
clinical techniquesand treatment of thetooth and the restoration surface. The
manufacturerHs instructions do not al ways
material but should be followed until furth@ormationfrom randomized clinictials is

provided.

3.4.3 Search for an industrial alternative to human t€eakk2.3)

In thistask,the shear bond strength of an artifi@aherend FRASAC®@dth, was
evaluatedo find a possibleanatomicalubstituteof a human or bovinéooth for shear
bond tesing These teeth are produced industrially from melamine, making them a
standardized substrate. The possibility of having a cheap and almetste-counter
material is an attractive idea, andei&sible would allow the surpassing of several ethical
and biological problems.

Frasaco teeth (n=30) were embedded in aamtim and cut with a circular
diamond saw to produca flat standardsurface. The cutting was done to remave
maximum o2 mm from the buccal tooth surface. Affeaning with air and water spray,
the cubes with the teeth werandomlydistributed, followed by assignment in 5 groups
(n=6) according to the experimental adhesive protocol to be performed (Taétle 6).
surface treatments for the experiment followed the procedures already described in the

previous task

Table6 - Experimental groups by adhesive protocol (adhesive cement,tseafagentand coupling agent)

SURFACE COUPLING
CEMENT TREATMENT AGENT
Panavia SA (SA_00) Grinded None
Panavia SISA_ALO) Aluminum oxide None
Panavia SA (SA_HF5 0) Hydrofluoric acid None
Panavia SA (SA_HF5 MB) Hydrofluoric acid Monobond
Rely X Ultimate (RU_HF5_MB) Hydrofluoric acid Monobond

As noliteraturereferred tosurface treatment or adhesive protocols performed with
FRASACO teetfas foundpreliminary tests were performed.

Thegroup was left intact, that is, only grinded. The other 4 were treated with 5%
hydrofluoric acigs% HF)60 s; 9,6% hydrofluoric acfl.6% HF)60 s; aluminum oxide
50um, 0.25 MPa, 10mm, 10A&)and 35% phosphoric aci@5% PA)60 s.In Figure25,

some details are shown.
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Figure25- Different surface treatment of the FRASACO tooth cuted surfa@¥s(Aydrofluoric acid, 60;s

(B)5% hydrofluoric acid, 60 s; (C, D) after washing with undoubtful pigmentation; (E, F) 35% phosphoric acid
to theprevious etched surface; (G, Hyisible effect 085% phosphoric acid effect; (1) 35% phosphoric acid,

30 s as asurface conditiong(J) after washing with no recognizadifect.

Thecylindersverecementedvith a protocobkimilarto that used infask2.2, which

is detailed ilPaper. In Figure 26 we can see sostepsof this execution

LYY

WY

Figure26 - Fabricatiorand assembly of sample@) teeth positioned in the silicon mold; (B) acrylic resin
poured in the mold and waiting full polymerization; (C) cement cyliadlimg toselfcure in the silicon

mold, after 5 s photoinitiation; (D) silicon mold removed; (E) violet light incidence revealing the fluorescence of
the Rely X Ultimate cement (RU)
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Figure 28howsdetails of the surface energy measurement and of the shear bond

test.

Figure28 - Schematic representation of the shear strength test. (A) statlasryB) acrylic resin block
with incorporated Frasastaooth, (C) bloclstabilizer (D) load cell and piston positioriedmaway from the
tooth, andE)cement cylinder

Surfaceenergy measuremenafter surface treatmenweregrinding, 51.41 mJfm
sandblasting, 56 mJ/35% PA 58.81 mJAn5% HF, 68.55 mJ/in9.6% HF, 67.73
mJ/m2. The resultof the shear bond tests are shown in Tablend aregraphically

represented in theoxplotsin Figure 2.

Table7 g Shear strength by mean and standard deviation in Newtons and MPa

CEMENT SHEABTRENGTH SHEABTRENGTH
Mean (N) SD (N) Mean (MPa) SD (MPa)
Panavia SA (SA_00) 26.66 9.12 4.24 1.45
Panavia SA (SAL 0) 58.36 9.95 9.29 1.58
Panavia SiSA_HF5_0) 35.73 24.30 5.69 3.87
Panavia SA (SA_HF5_MB) 28.59 12.61 4.55 2.01
Rely X Ultimate (RU_HF5_MB) 65.33 15.23 10.40 2.42
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SHEAR BOND STRENGTH SHEAR BOND STRENGTH
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_ =SA ALO 7
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g SSAHFSMB 2 6 =SA_HF5_MB
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Figure29- Shear bond strength of FRASACO tooth adhered to different adhesive cement cylinders

Figure30 g Microscopic observation of the adhesive joint interface surfaces (50x amgisglapgdy
the cementation protocehowing the characteristic mode of fracture for each prd@keitpFRASACO tooth)
(right, cement cylinder)

The adhesive strength was affected by the surface treatamenthe use of

Monobond Pluss thecoupling agent. For the Panavia SA cemeetfiouringmode, the
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best surface treatment of trelherendFRASACO tootlas aluminum oxide blasting. No
difference existed between no additional treatment or coupling agent application and the
adhesiorto only grinded tooth.

Relativeto the fracture modéFig. 30)all adhesive protocols except SA_HF5 0
were associated with adhesive failure in alnatisinterfaceswith peripheric cohesive
failure of
the cement. In the casef SA_HF5 0Othe mode of failure was mixed (adhesive and

cohesive). No cohesive failure occurred in the FRASACO teeth.

RelevanceDespite the low values obtained with this experimeetiihg,it was
possible to segregate adhesive protocols by surface treatment and coupling agent,
demonstrating a marked dependence of the adhesive ceméetprocedure, a fact that
should alert clinicians to the need to know the materials avaiabépth and not to
associate components with each other without founddasiomlarprotocols or products

may lead to very different adhesive efficiencies.

3.5 Testing a new RBB specimen mo@€éask 3)

A new experimental modelas used totest new experimental conditions,
incorporating datérom previous taskslhis task aimetb validatethe model, but also to
evaluatehe comparative shear bond strengtithef Panavia Sgelf etchadhesiveeement
and that ofa universal adhesive, the Scotchbond Uniy&ssalentuatransposition of the
experimental protocols to task e bestperformingcombinationobtained in previous
tasks,Rely X Ultimate (adhesive cement) coupled with Monobond Plus (coupling agent)
the ENAsetting,wasusedas thepositive performanaeferenceandPanavia SA (adhesive
cement) in the selétch modewithout thecoupling agent associated in the ENA setting
was the negative performance refereficehe assessmernthis model was conceivied
reduce bending and &dlow fora distance betweethe bases more similar to the distance
of an absent tooth due to MLIFhe main materials used aleownin Table8, and in

Figure31la graphical representatiofithe mechanical test is shown.
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Table8 § Main materials usdd test a newRBB specimen model

Material Name Code Composition Manufacturer
86% feldspar ceramic: SEBg 63%, AIG: 209 "

A ENA | 23%, NeD( 11%, KOg 6% by weight, 14% polymq 1 Zannfabrik, Bad

CABCAM by weightTEGDMA, UDMA gen, y

Monolithic VITA Suprinity| SUP Zirconium oxidedB12, silicon dioxide §64%, VITA Zahnfabrik, Bad

ceramics p lithium oxide 1521%, various > 10% by weight] Sackingen, Germany

VITA ;
. N ) - VITA Zahnfabrik, Bad
5(\3(—;;2 Y-ZPT Zirconia reinforced with 5% Yitria Séckingen, Germany
: : MDP phosphate monomer, dimethacrylate resi

Resinmatrix RelyX : " 3M Oral Care, St. Paul, M

: : RU HEMA, Vitrebohdcopolymer filler, ethanol, wate J ’

composite cement Ultimate initiators, silane USA
Etching agent Porceé%iln Eeh  peg Hydrofluoric acid 9.6% Pulpdent, l\J/\lSe}At\ertown, M4
5001 00% et hanol di sul .
Ceramigrimer Mog&ki_ond MB phosphoric acid 3i me S'ng';g VLl?/eacﬁgrtwsAtgh
trimethoxysilylpropyl methacrylate '
Scotchbond MDP, Bi§GMA, phosphate monomer, dimethacry|
: : resins, HEMA, methacrylatedified polyalkenoic| 3M Oral Care, St. Paul, M
Adhesive system l;crjwtl]veesri?/ael SBU acid copolymer, filler, ethanol, water, initiators| USA

silanetreated silica

BisGMA, bisphenol A glycidyl methacrylate; HEN#dr@xyethyl methacrylate; MDP;nidthacryloyloxydecyl
triethylene glycol dimethacrylate; UDMA, urethane dimethacrylate

dihydrogen phosphate; TEG

LOAD LOAD LOAD
3 S Y
N u z

6.8 mm 6,8 mm

Figure31g Graphical representation of th@erimental protocol of shear bond tes

The experimental groups are shown in Tablée components of the specimen

were prepared following the same procedures described in Papers 5 and 6 for each type of

materia] and some details are shown in Fig@&is 3.

Tabled - Experimental groups by type of material, sutfaeémentand coupling agent used

CABCAM SURFACE SURFACE
CEMENT Bar TREATMENT TREATMENT COUPLING AGENT
Base Bar
Panavia SASA_00_ENA) ENAMIC Grinding 5% HF 60 s None
Panavia SASA_00_YY ZIRCONIA Grinding AbG: blasting None
Rely X UltimatdRU_MB_ENA ENAMIC 5% HF 60 s 5% HF 60 s Monobond Plus
Rely X Ultimatd)RU_MB_SU SUPRINIT 5% HF 60 s 5% HF 20 s Monobond Plus
Rely X Ultimatd)RU_MB_YZ ZIRCONIA 5% HF 60 s AbG: blasting Monobond Plus
Rely X UltimatdRU_SBU_ENA ENAMIC 5% HF 60 s 5% HF 60 s Scotchbond Universal
Rely X Ultimat&RU_SBU_SU SUPRINIT 5% HF 60 s 5% HF 20 s Scotchbond Universal
Rely Xltimate RU_SBU_YZ ZIRCONIA 5% HF 60 s AbG: blasting Scotchbond Universal
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Figure32 - Specificities of bar manufacturig) Enamic bars immediately afoeitting with a circular
diamond sawwithout need for further processing; (B) Suprinity before (left) and after crystallization in the
furnace; and (C)}APT bar immediately afteuntting (left) and after furnace sinterization, with evident size
reduction, implying an initial 1.24%ersize.

The assembplof the specimen components was standardized aslingsive tape
to prevent the leakage of the adhesive beyond the deseagnd also by the use of a

polyurethane foam bar to support the settlement of the bar during polymerization.

= ( s : ame: D
Figure33 g Preparation of the bases for the specimens. (A) Randomization; (B) Surface treatment with 5%
hydrofluoric acid, 60 s; (&)er washed with oifree airwater spray for 30 s; (Buring thedrying of the
couplingagent,60 s, and after another randomization

Figure34 g Vita Enamibars during surface treatment. ¢fidh the lateral sides protected by adhesive tape
to restrain the treated area; (B) 5% hydrofluoric acid, 60 s; (C) after washedfreithaiilvater spray for
30 s; (Dyuringdrying of thecouplingagent,60 s

Figure35 - Procedures foassemblingpecimens(A) three Enamic bars and one Suprinity bar (s) waiting
assemblage; (B) bases positioned for assemblingheitinterpositionof the polyurethane foam bar; (C)

detail of the polymerization step (20 s on each side, total 80 s), highlighting the translucency of the base
material.

The assemblespecimensind a detail of a specimen positiof@dthe shear bond

testareshown in Figur86.
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Figure36 - Specimens prepared foe shear bond test, accordingthe adhesive cement, surface treatment

of the base anllarand coupling agent useidgether with a detail of the loadipgpcedure
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Figure37- Graphic representation of specimen behavior under load. The SA_E_@é&streuregative

and the RU_E_MB growpsthe positive reference

SHEAR BOND STRENGTH
2000
1800
1o W sa_E_00
1400 [7] RU_E_MB
1200 [ Ru_E_sBu
=
= 1000 [ sa_z_oo
s
800 B RU_Z_mB
600 W ru_z_sBu
400
RU_S_MB
200
M Ru_s_s8u

CEMENTING PROTOCOL by MATERIAL

Load (MPa)

40
35
30
25

20

SHEAR BOND STRENGTH

HI I

CEMENTING PROTOCOL by MATERIAL

M sA_E_o0
[T RU_E_MB
[ RU_E_sBY
[ sa_z_oo

[ rU_Z_MB

M RU_7_sBU
RU_S_MB

M RU_S_SBU

Figure38 - Box plot of load to fracture (N) and adhesive strength BVIEBBCAM ceramics and adhesive
protocol(RU_E_MB, positive reference; SA_E_00, negative reference)
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Table10- Mean + standard deviation of load to fractur@xid)adhesive strength (MPA) by grou
CAD-CAM MATERIAL ADHESIVE CEMENT COUPLING AGENT | SAMPLE LOAD STRENGTH
1 256.9 5.4
2 1131.3 23.6
Panavia SA None 3 1120.9 23.4
4 1046.4 21.8
5 1099.8 22.9
MEAN 931.0 194
MEDIAN 1099.8 22.9
SD 378.3 7.9
1 860.6 17.9
2 15135 315
Rely X Ultimate Monobond Plus 3 1696.7 35.3
4 1695.8 35.3
VIR EENIE 5 1657.4 34.5
MEAN 1484.8 30.9
MEDIAN 1657.4 34.5
SD 356.9 7.4
1 594.4 12.4
Scotchbond 2 571.0 11.9
Rely X Ultimate Universal 3 547.6 114
Adhesive 4 728.0 15.2
5 535.4 11.2
MEAN 595.3 12.4
MEDIAN 571.0 11.9
SD 77.5 1.6
1 1156.1 24.1
2 5735 11.9
Panavia SA None 3 612.3 12.8
4 410.2 8.5
5 1209.0 25.2
MEAN 792.2 16.5
MEDIAN 612.3 12.8
SD 364.8 7.6
1 996.8 20.8
2 586.0 12.2
Rely X Ultimate Monobond Plus 3 781.4 16.3
4 670.3 14.0
VITAY-ZPT 5 335.0 7.0
MEAN 673.9 14.0
MEDIAN 670.3 14.0
SD 244.1 5.1
1 883.5 18.4
Scotchbond 2 1061.4 22.1
Rely X Ultimate Universal 3 564.0 11.7
Adhesive 4 1229.0 25.6
5 602.6 12.6
MEAN 868.1 18.1
MEDIAN 883.5 18.4
SD 287.6 6.0
1 404.9 8.4
2 298.0 6.2
Rely X Ultimate Monobond Plus 3 1207.6 252
4 381.1 7.9
5 431.4 9.0
MEAN 544.6 10.3
MEDIAN 404.9 8.4
SD 374.0 7.8
VITA SUPRINITY 1 1172 24
Scotchbond 2 1738.3 36.2
Rely X Ultimate Universal 3 718.2 15.0
Adhesive 4 1647.2 34.3
5 1673.6 34.9
MEAN 1178.9 24.6
MEDIAN 1647.2 34.3
SD 727.4 15.2

From the observation Bfgures37 and33 andTablel1Q we can say thahe results
validated the model, as it allowad to detect marked differences in the mechanical
behavior of theadhesive joint according to the material, the coupling ,agedt the
adhesive cement used. Furthermdine, supportedoad reached interesting values for
clinical application. To calculate the adhesive strength, an adhesive interface 8%

5x 2= 48 mi) was considered.
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Figure39 - Representative mode of failure according to deuenamic; S, Suprinity; RU, Rely X Ultimate; SA,
PanaviaMB, Monobond Plus, SBU, Scotchboivérsal adhesive; 00, only grinding as sutfeatnent.

As shownin Figure 9, the failuremodewas adhesive for-XPT,and cohesive in
the bar for ENA and Skiiprinity, despite being an interesting material in terms of esthetic
finishing,and polishingesultsis adifficult material to work with, as it is very brittlging
the cut. This fact also conditioned, in our opinion, the mechanical rescédsse,
whenever subjected toad,the test bar failedlue tocatastrophic fractur@Eohesive failure
of the bar anchot adhesive failure of the jo)mirobably due to fine irregularities caused by
the cutting step

To better understand the tested materitde compression strain of tiiRADCAM
ceramicavas assesseth Figure40 the maindifferences are eviderithe YZPTtest was
aborted around 1225 MPa of compressiegsunder a load of 7800 N, and the mean +
standard deviation values for Vita Enamic and Vita Suprinity were, respectively, 294.40 £
66.2 and 522.40 + 274.00 MPa.

Suprinity specimens showed significant variatidhe strength and stiffness and
this could be relatew the difficult handling. This faistprobably due to some irregularity
of the borders anan the top, conducting a compression test more concentrated in a
portion of the top area, which could influence individual performEmeanechanical
behavior of Enamic specimens show similar stiffness and similar strength was more
constant than the Suprinity specimens. Due to simplicity in handling was possible to obtain
specimens with the same geometry showing similar mechanical compressive, behavi

three specimens show a progressive failure mechanisto ohaglerate plasticity. Due to
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the highstiffness of YZPT, was not possibleliceakthe specimens. The strength reached
(> 1225 MBawas enough to deform plastically the steel used to test the specimens.
Figure 41he toughness of-ZPTcan be provehy observation of the imprint on thegh

strengthsteel support done by the specimen during the test.

Vita Y-ZPT Vita Suprinity
Vita Enamic
o won F
- Z uoo - E
3;- 0 = 1000 — —— Speciment ||
—— I — — specirenz || &
3 = — ] == son — imen. 7
2 20 = 2| Z wo e £
i Z 200 — il
I ! g0 0 o ' g ==
H E = S o o0 002
3 a am onz am ans = Compressive strain (-) i
) ) Compressive sLrain (-)
Comprezive strain (-}

Figure40 - Graphical representation of the comprestregnof the CABCAM ceramics used in ttask.

Figure41- Pressure mar&n thetempered steel support me by th@ T cube during the compression
strain test

Treatment Control Hedges's g Weight
Study N Mean SD N Mean SD with 95% CI (%)
o
SAEO0 5 931 3783 5 931 3783 q 0.00[-1.12, 1.12] 13.16
Treatment Control Hedges'sg  Weight SAZOO 5 7922 3648 5 934 3783 —o— 0.34[-1.47, 0.79) 13.02
Study N Mean SD N Mean SD with 95% CI (%) Heterogeneity: 7 = 0.00, I = 0.00%, H* = 1.00 -y -0.17[-0.97, 0.62]
RU Test of 6, = 8; Q(1) = 0.18, p = 0.67
RUEMB 5 14848 3569 5 932 3783 - 1.36[ 0.08, 263] 11.23 Testof 8=0:z=-0.42,p=067
RUESBU 5 5953 775 5 033 G783 ] 1.12[-2.34, 0.10] 1179
RUZMB 5 6739 2441 5 035 3783  —m—— 0.74[-1.91, 0.42] 1252 -
RUZ SBU 5 8681 2876 5 838 G783 u 0.18[-1.30, 0.94] 13.12 RUEMS 5 14848 3569 5 832 3783 " 138[ 009, 2683 11.23
RUSMB 5 5446 374 5 837 783 N 094[-2.14, 025] 1216 RU_Z_MB 52 6"3.9i 2441 5 2935 a3 o 0.74[-1.91, 042] 1252
Heterogeneity: T* = 1.82, I' = 82.46%, H =5.70 —llj i 0.29(-1.76, 2.35
RUS SBU 5 11789 7274 5 938 4783 = 0.38[-0.76. 1.51] 12.99
. P - Testof 8, = 6;: Q1) = 570, p = 0.02
Heterogeneity: 1= 0.48, I = 55.94%, H' =2.27 - 0.22[-0.94, 0.51]
Testof@=0:z=028,p=0.78
Testof 8 = 8: Q(5) = 11.26, p = 0.05
Testof 8 =0 7= -0.58, p = 0.56 RU
RUSMB 5 5446 374 5 637 3783 o 0.94[-2.14, 025 12.16
sA Heterogenelty: 1° = 0.00, I = %, H’ = ] .04 -2.14, 0.25)
SAEOD 5 931 3783 5 831 3783 0.00[-1.12, 1.12] 13,16 Testof 6, = 6: Q(0) = 0.00, p = .
SAZ 00 5 7922 3648 5 934 3763 0.34[-1.47, 0.79] 1302 Testof0=0:z = -1.55, p=0.12
Heterogeneity; 1= 0.00, I = 0.00%, H* = 1.00 0DA7[-0.97, 0.62]
Testof 8 = 8: Q(1}=0.18, p = 0.67 sBU
Testof 8 =0:z=-0.42, p = 0.67 RUESBU 5 5953 77.5 5 ©33 3783 o -1.12[-2.34, 0.10] 11.79
RUZSBU 5 B68.1 2876 5 936 3763 —a— -0.18[-1.30, 0.94] 13.12
Overall - 021[-0.73, 0.31] RUSSBU 5 11788 7274 5 €38 3783 o 0.38[-0.76, 1.51] 12.99
Heterogeneity: 7 = 0.21, I = 37.12%, H' = 1.59 Heterogeneity: 7° = 0.19, I = 35.02%, H* = 1.54 0.28[-1.11, 0.55)
Testof 8= 8: Q(7) = 11.45, p=0.12 Testof 6, = B;: Qf2) = 3.12, p = 0.21
Testof 8=0:z=-0.76.p = 0.44 Testof6=0:2=-0.66,p=051
Test of group cifferences: Q.(1) = 0.01, p = 0.93 - 0.21[-073, 031)
2 o 2 4 Heterogeneity: 1" = 0.21, I = 37.12%, H’ = 1.58
Random-effects REML model Test of 6, = B: Q(7) = 11.45,p =0.12
A Testof 0 =0:z=-0.78,p=0.44
Test of group differences: Q,(3) = 1.53, p= 0.68
- 2 a

Random-effects REML model

Figured42- Forest plots comparing the effect size aftdeulatiorof the difference in meaws the shear bond strength
betweeradhesive protocols, by protocol and by coupling agent

Concerning the adhesipeotocol, the comparison gfoups(Fig. 42A) revealed

that, except forthe RU_S SBU groupone of the others reached values similar to the

positive reference. On the other hand, the adhesive combination chosen for negative
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reference did not behave less than the otjr@upsand was even superior to the
combination RUE_SBUWhen it comes tthe coupling agent, the MonoboRtlis (MB)
proved to be thenosteffective for Vita Enamic and the Scotchhémuersator Suprinity
Concerning?PANAVISA cemenits adhesive performance was very similar to that
of Rely X Ultimate (RU) for zircoftishould be noted that this cement was used in self
etch modethat is,withoutsurface treatment aroupling agent
From the observatioaf Figure42 A, only the differencdetweenpositive and
negative referencas significant (=0.05; p<0.05)andthe effect of the material (Enamic
or ¥ZPT)nthe shearstrength of the same adhesive prototeD(05; p<0.05).
In conclusion, the new experimental matlelved acomparativevaluatiorof the
shear bond strength of tteelf etchingadhesive cement Panavia SA and that ebte[3
dualcured adhesiveementRely X Ultimate, for eventual transposition of the experimental
protocols to task 5. The results validated the proposed model and revealed marked
differences in the mechanical behavior of the adhesive joint according to the material, the
couplingagent and the adhesive cement used. Furthernmtbee,supportedoad was
interesting for clinical application. The Monobond Plus was the more effective coupling
agent for Enamic and the Scotchbond Universal for Suprinity. The PANAVIA SA was similar

to the Rely X Ultimate for zirconia.

Clinical RelevancEhe RU had better performance associated with MB to aolhere
Enamicand with SBU to adher® Suprinity. To adhere #ixconia,any of the options is
feasibleThe less tough material (Vita Enamic) wastie¢hat performed better. The Vita

Suprinity revealed brittleness and Vi&PT adhesive weakness.

3.6 Evaluation of the shear strengtbf natural teeth and comparison with artificial

adherend (Task 4)

The tests developed in the previous taskgmakemoresensecompared to similar
mechanical tests in natural teeth. For,thiss used extracted human tegtentral incisors,
n=20) voluntarily donated by the patients after hasungrinctlyexplainedhe purposeof
the studyto them No request was made to the Ethics Committee because thesd teeth
not used in this stugdyvould have beendiscardedin biologicalwaste and under no

conditionwasthe extraction of théeeth conditionedby the interest of the researchhe
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collectedteethwere cleaned andmediatelykept at a temperature between82C after

immersionin an appropriate conservation medium (Hab&lanced salt solutioherck
KGaA, Darmstadt, GermaNy).teethstored for more than 6 monthagereused. Tablé1

presentghe main materialfr this task.

Tablell- Materials used in the study

Material Name Code Composition Manufacturer Batch No.
0, ic: SER0 0, ) 0,
CABCAM VITA 86% feldspar ceramic: SEBG 63%, A 20 23%, | 0072 naprik, Bad
Ceramics Enamic ENA NaQg 11%, KOg 6% by weight, 14% polymer by Sackingen. German 74770
weight: TEGDMA, UDMA gen. Y
Artificialteeth FRASACO| FRA Melaminebasedcomposition Frasaco GmbH, A3 E 110
Tettnang, Germany
Naturaltteeth N/A NT Natural enamel and dentin n/a n/a
Paste A: MDP, B&VIA, TEGDMA, HEMA, silanat]
Panavia barium glass filler, silanated colloidal silica, dI
. . . 4N0174
SA camphorquinone, peroxide, catalysts, pigment{ Kuraray Europe Gmbkh
SA . : ) . ] . Exp. 2025
. . Cement Paste B: HEMA, silane, silanated barium glass fi Hattersheim, Germany
ResinComposite . . A . - 02-28
Universal aluminum oxide filler, sodium fluoride (<1%), dI
Cement ) :
camphorquinone, accelerators, pigments
RelvX MDP phosphate monomer, dimethacrylate resir| 9592748
. Y RU HEMA, Vitrebofidlcopolymer filler, ethanol, water] 3M, St. Paul, MNSA Exp. 2024
Ultimate - ;
initiators, silane 06-12
VITA ADIVA . 94450
Cera HF Hydrofluoric acid 5% VITA .Zahnfabnk, Bag Exp. 2024
Séackingen, Germany|
Etching agent Etch 09-30
9ag Scotchbond v ESPE. Minneanoil 9513787
Universal PA Phosphoric acid 35% MN’ USA P Exp2024
Etchant ’ 1116
- o -
Monobond 509100% et h. anol T di su ! Ivoclar Vivadent AG, ZO1XTO
Plus MB phosphoric acid di me Schaan. Liechtensteir Exp2023
Ceramic primer trimethoxysilylpropyl methacrylate ' 03-24
and MDP, BisSMA, phosphate monomer, dimethacryl
. Scotchbond ! ! o ) Scotchbond
Adhesive system Universal | SBU rgsms, HEMA, methacrymmedlﬂed pplyglkenmg | 3M Oral Care, St. Pay Universal
adhesive acid copolymer, filler, ethaqql, water, initiators, silg MN, USA adhesive
treated silica
Informationon t he composition of the materials was o0bt a-GMA BisplienobA

diglycidylmethacrylate; HEMAhy2Iroxymethacrylate; MDP,-ri6thacryloyloxydecyl dihydrogen phosphate; TEGDMA, triethyle
dimethacrylate; UDMA, diurethane dimethacrylate.

Sincethis task aimedo compare the shear strength of adhesive cements adhered

to the natural tooth with the shear strength of these same adhesives adhered to artificial

substrates (Vita Enamic block and Frasaco Teeth) to complement the results obtained with

the naturakooth,some values obtainedtimsks2.2 and 2.3 were us&inceselectedvita

AdivalA CEM cemern(VITA Zahnfabrik, Bad Sackingen, Germany) is not advisable in the

anterior sector of the maxiliiue to opacit§” it was not tested in this task.

Detailsof surface treatmentpolymerizationand cylinder buitdip are shown in

Figurest3to 45, and standardization with those from tasks 2.2 and 2.§uasanteed

The settings for the shear bond test were similar to those repoRagén 6 but

specific details can be observed in T#bdad Figurd6.
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Figure43- Steps of the fabrication of five specimens of the group RU_PA_MB (A) teeth embedded in acrylic
resin, ready for surface treatment; (B) conditioning with of phosphoric acid 30s; (C) cement cylinder building,
with the help otalibrated silicon mold; silicon mold removal; (D) specimens after identification

Figure44- Photopolymerization stepowingncident light through the buccal surface of the tooth durinigitied 20s

Figure45- Removabf excess cemenp limit the area of the interface joint to the area of the cylinder

of a total of 60 s (additional 20 s from mesial and 20 s from distal).

Tablel2- Luting cements, subgroups, surface treatments, and coupling agents used in this study

Group Substrate Cement Surfacelreatment Coupling Agent
SA 00 ENAMIC Panavia SA Grinding None
SA HF5 MB ENAMIC Panavia SA 5% Hydrofluoric acid Monobond Plus
RU_HF5_MB ENAMIC Rely X Ultimate | 5% Hydrofluoric acid Monobond Plus
SA 00 FRASACO Panavia SA Grinding None
SA AL 0 FRASACO Panavia SA AbGsblasting None
SA_HF5 0 FRASACO Panavia SA 5% Hydrofluoric acid None
SA_HF5_MB FRASACO Panavia SA 5% Hydrofluoric acid Monobond Plus
RU_HF5_MB FRASACO Rely X Ultimate | 5% Hydrofluoric acid Monobond Plus
SA_PA_MB NATURAL TOOT| Panavia SA 35% Phosphoric acid Monobond Plus
RU_PA_MB NATURAL TOOT| Rely X Ultimate | 35% Phosphoric acid Monobond Plus
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Figure46 - Schematic representation of the mechanical aedttwo details of the testing. (A) stationary base; (B)
specimen with the natural tooth embedded in acrylic resin; (C)dixiicg; (D) loading cell apidton;(E) cement
cylinder adhered to the tooth

All base surface@ieeth) were initiallyground TheadherendEnamic adhered to a

cylinder made of Panavia SA with no coupling agesthe controlgroup.For the other

groups,the surface treatment was only grindig§p hydrofluoric acjcor AtQGs blasting

according to the material and adhesive protocol, as can be seen it3Talbleg with the

coupling agent usediablel3 compilegshe mean and standard deviation of the results used

for comparison which are graphically represented in Figurdod a more intuitive

understanding.

Tablel3- Mean + standard deviation (SD

i SHEAR STRENGTH
CEMENT SUBSTRAT Mean + SD (N)| Meanz SD (MPa)
Panavia SA (SA_00) ENAMIC 119.97 + 43.05 19.09 + 6.85
Panavia S/ASA_HF5_MB ENAMIC 180.59 + 20.27 28.74 +3.23
Rely X Ultimat&kU_HF5 MB ENAMIC 349.12 + 26.94 55.56 + 4.29
Panavia SA (SA_00) FRASACO 26.66 +9.12 4.24 £1.45
Panavia SA (SA_0_AL) FRASACO 58.36 19.95 9.29 + 1.58
Panavia SA (SA_HF5 0) FRASACO| 35.73+24.30 5.69 + 3.87
Panavia SA (SA_HF5 MB) FRASACO| 28.59 +12.61 4.55 + 2.01
Rely X Ultimate (RU_HF5 MB| FRASACO| 65.33 +15.23 10.40 + 2.42
Panavia SA (SA_PA_MB) TOOTH 88.5 + 40.6 14.09 +6.46
Rely X Ultimate (RU_PA_MB) TOOTH 115.19 +31.99  18.33 +5.09

ADHESIVE PROTOCOL

SHEAR STRENGTH (MPa)
0 10 20 30
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Figure47 - Shear bond strength of different adhesive protocols according to different adherent bases
(Enamic, FRASACO tpatid natural tooth) AL, aluminum oxide; ENA, Enamic; FRA, Frasaco tooth; G,
grinding; HF, hydrofluoric acid; PA, phosphoric acid; T, natural tooth

by cementing protocol, in Newtons (N) and megapascals (MPa)
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In Figuresi8 to 50 the effect of the surface treatmeoh each materia{fEnamic,
Frasaco toothor naturalenamel)is shownundera 50x ampliationTable14 shows the
results ofthe surface energyneasuremenperformedaccording tothe methodology

described iPaper 6

Figure 48 - Enamicblock under different surface treatments (50x ampliatiazapital letters; 100x
ampliation small letters)(A, a) arface as provided by the manufactu¢Br b)surface grinded by coarse
diamond bur@ c); surface after 50um aluminum oxide blastihg)( and surface after 5% hydrofluoric acid

for60 s
35% PA 9,6% HF 5% HF

Figured9g Frasaco tootfust grinded and aftetifferent surface treatments (50x ampliation

Figure50 - Different surfac treatments of natural enamel (50x ampliation). Surface treatment by grinding
with a coarse diamond bur (A), aluminum oxide blgB{jramd 35% phosphoric acid for 30 s

Tablel4- Block surface energieterminedy measurement abntactangle

SURFAGENERGMJ/NY)
Grinding Sandblasting 35% PA 5% HF 9.6%HF
VITAEnamic 37.2 46.9 n/a 37.2 n/a
FRASACO 5141 56 58.81 68.55 67.73

TOOTH 56.82 60.98 63.73 n/a n/a
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The comparative evaluation of the surface energy revealed thaubStaktesthe
one with the worst surface energy characterisives Vita EnamicRelatively the
differences observed between tRRASAC@oth and the natural toothwere not
significant Howevey when we cross these data with mechanical resudtsare forced to
admit that surface energy was not a preponderant factioe fmal resultbecause Enamic
as adherendvas the one that obtained the best performatids.then legitimate to say
that chemical phenomena contributed to this mechanical performance of the hybrid
ceramic Vita Enamic.

Followingoff-recorddirect information from thmanufacturer, thERASACO tooth
is based on elamine which theoreticallgxhibits limited reactivitgecause ofts stable
chemical structurét is sensitiveto strong acidand mayundergohydrolysis reactiowith
breaksn the triazine ringandsubstitution of one or more amino groups in melamine with
alkyl groups.

Alkylated melamine compounds may possess different properties or functionalities
comparedto those ofmelamine itself, depending on the nature of the alkyl groups
introducedAgain, chemical issues must be involved to justify differenitesresults of
shear bondtrengthwith different adhesive cement but with the same surface treatment
and coupling agent (SA_HF5_WIB5 + 2.aMPaRU_HF5 MBO0.40 + 2.4RIPa).

Relevanceiny of the artificial substrateanbe considered reliable substitutes for

shear strength tests under experimental conditions similar to those used.

3.7 Testing a simulated RBB for MLIA rehabilitatifirask 5)Paper 7)

This task was developaatest the bond strength of RBBs produced from four CAD
CAM materials (3 monolithic ceramics aB® arinted polymer) adhered to an artificial
tooth, simulating a real clinical cafetailed steps of the experimental protocol are
accessible iRPaper 7.

The artificiaimaxilla was assessed as in the case of a real miduhintraoral
scanner captured the images (Fig. 51) to be proog#heithe appropriate software used

in dental laboratory procedures.
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Figure51- Images acquired by intraoral scanner. (A) reference data from both maxillarieviewfr@)jt
occlusion data, (C) reference maxilla in occlusal view, (D) maxilla simulating a lateral incisor agenesis, (E) the
same in detail(F)view from palatal; (G) maxilla simulating a lateral incisor agenesis in occlusal view

Figureb2 - Details of the RBBs design

Asingleretainer resirbonded bridgérig.52), wasdesignedinder manufacturing
protocols the same as for a real clinical situation of MLIA rehabilfhttomaterials and

cementing protocols are detailed in Table 15.

Tablel5- Materials used fadherendsurface treatment and adhesion

CEMENT | SUBSTRAT SURFACE TREATMIJ SURFACE TREATMEN ADHESINEYSTEM
(Frasaco Tooth) (RBB)

ABS 5% Hydrofluoric acid Heliobond

ENAMIC | 5% Hydrofluoric acid| 9.6% Hydrofluoric acid 60 | Scotchbond Univers:

SUPRINITY 5% Hydrofluoric acid| 9.6% Hydrofluoric acid 20
Y-ZPT 5% Hydrofluoric acid AbGs sandblasting

Rely X Ultimat
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