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I. STRESZCZENIE

WSTEP

Odbudowy pelnoceramiczne, ze wzgledu na mozliwos¢ uzyskania doskonatych efektow
estetycznych, stanowig popularne rozwigzanie stosowane we wspotczesne] protetyce
stomatologicznej. W szczegdlnosci, dzigki rozwojowi technologii wspomaganego
komputerowo projektowania i wytwarzania (CAD/CAM), usprawniono proces wykonywania
precyzyjnych ceramicznych prac protetycznych. Problemem, ktory nadal wzbudza
zainteresowanie wielu grup badaczy jest konieczno$¢ poprawy wytrzymatosci polaczenia
pomigdzy rekonstrukcjami ceramicznymi wytwarzanymi w technologii CAD/CAM,
a tkankami twardymi zg¢ba. Jej osiggnigcie jest mozliwe dzigki zastosowaniu odpowiednich

cementow dentystycznych.

Wspolczesne cementy na bazie zywic, oprocz wlasciwosci samoadhezyjnych, cechuja
si¢ zdolnoscig samotrawienia tgczonych powierzchni. Uwaza sig¢, ze osiaggnigte dzieki ich
zastosowaniu uproszczone procedury aplikacji powinny skrocic czas zabiegu oraz doprowadzi¢
do zwigkszenia sity wigzania poprzez zminimalizowanie bledu operatora. Dzigki zdolnosci
wigzania zarowno z odbudowa ceramiczng jak i tkankami zeba, cementy na bazie zywic
adhezyjnych moga wzmocni¢ taczone struktury, zmniejszy¢ mikro przeciek i przebarwienie

brzezne na styku odbudowa-zab oraz zmniejszy¢ wrazliwos¢ po zabiegowa.

Wytrzymato$¢ potaczenia cementu z ceramika i tkankami zeba zalezy zaréwno od
rodzaju zastosowanego cementu, jak rowniez sposobu przygotowania powierzchni
cementowanych zgba wraz z uzupeknieniem protetycznym. Istotnym parametrem bezposrednio
wptywajacym na jako$¢ odbudowy oraz wzmocnienie cementowanych struktur jest ich
podatnos¢ na proces starzenia. Wptyw na degradacje¢ materialow na bazie zywic w srodowisku
jamy ustnej majg bowiem czynniki fizyczne oraz chemiczne, takie jak zmiany temperatury,

wilgotnosci oraz pH.



CEL PRACY

Ocena sity wigzania miedzy wybranymi ceramikami dentystycznymi przetwarzanymi
w technologii CAD/CAM a ludzka zgbing, polaczonymi za pomoca samoadhezyjnych,
samotrawigcych cementow na bazie zywic oraz okreslenie wplywu procesu sztucznego

Starzenia na sit¢ tego wigzania.

Przeprowadzenie przegladu systematycznego wspodtczesnego pismiennictwa
podsumowujacego najbardziej aktualne dowody dotyczace stosowania roznych metod
modyfikacji powierzchni ceramik dentystycznych zwigkszajaca jej site wigzania do twardych

tkanek zebow.

MATERIALY I METODY

Wybrano trzy samoadhezyjne, samotrawigce cementy (Panavia SA, RelyX U200,
Maxcem Elite) oraz jeden popularny konwencjonalny cement adhezyjny traktowany jako grupa
kontrolna (Panavia V5) do cementowania trzech powszechnie stosowanych materiatow
ceramicznych przetwarzanych w technologii CAD/CAM (IPS Empress CAD, IPS e.max CAD,
IPS e.max ZirCAD). Badane cementy zostaty uzyte do potaczenia ceramicznych cylindrow
zfragmentami ludzkich zgbdéw trzonowych o odstonigtej zebinie. Do przeprowadzenia badan
uzyskano zgode Komisji Bioetycznej No. KB-37/2018. Przygotowano 288 probek, po 12
probek dla kazdej kombinacji ceramiki i cementu, w dwoch grupach: poddanych
i wytrzymatosci na $cinanie po 24 godzinach inkubacji w cieplarce, natomiast druga grupa
przed ocena wytrzymatosci na $cinanie zostata poddana procesowi sztucznego starzenia
w termocyklerze. Parametry przyspieszonego starzenia obejmowaty 2000 cykli w temperaturze
od 5°C do 55°C, z zanurzeniem probek przez 40 sekund oraz czasem przeniesienia migdzy
pojemnikami wynoszacym 15 sekund. Wytrzymato$¢ wigzania ceramiki z zgbing zostata
oceniona za pomocg testu wytrzymatosci na S$cinanie przeprowadzonego za pomocg
uniwersalnej maszyny testujacej zgodnie z normg PN-EN 1SO 29022: 2013-10. Dodatkowo,
po wykonaniu testu wytrzymatosci na $cinanie, za pomocg mikroskopu optycznego Zeiss Axio
Lab Al przeprowadzono analiz¢ powstatych przetoméw. W celu oceny istotnosci rdznic
pomigdzy wytrzymato$cig wigzania badanych cementéw wykonano szczegdétowa analize

statystyczng uzyskanych wynikow.



Przeglad systematyczny zostat przeprowadzony zgodnie z wytycznymi PRISMA
stuzacych dogromadzenia i raportowania danych. Przeszukano bazy danych Web of Science,
Scopus i MEDLINE w celu zidentyfikowania odpowiednich artykutéw opublikowanych
W jezyku angielskim w okresie od 1 stycznia 2010 roku do 1 stycznia 2020 roku. Przeszukano
literature, taczac kazde z nastepujacych stow kluczowych w jezyku angielskim: (1) ceramika
dentystyczna, (2) cement dentystyczny na bazie zywic, (3) cement dentystyczny (4) zg¢by,
z kazdym z nastepujacych stéw kluczowych: (A) modyfikacja powierzchni, (B) obrébka
powierzchni, (C) kondycjonowanie powierzchni oraz z kazdym z nastepujacych dodatkowych
stow kluczowych: (a) sita wigzania, (b) trwalo$¢ i (c) przyczepnos¢. Bazy danych zostaty
uzupelnione o rgczne przeszukanie literatury wybranych artykutdéw majace na celu

identyfikacje potencjalnie odpowiednich badan.

WYNIKI

Badanie wykazato, ze rodzaj zastosowanej ceramiki i cementu bezposrednio wplywa na
site wigzania. Najwyzsza wytrzymalos$¢ na $cinanie uzyskano dla probek taczonych za pomoca
kontrolnego cementu Panavia V5, nizsza dla Panavia SA i Maxcem Elite, a najnizsza dla RelyX
U200. Statystycznie najczesciej dochodzilo do ztaman adhezyjnych miedzy ludzka zebing
a cementem. Ponadto, termocykling istotnie zmniejszyt sil¢ wigzania cementow

samoadhezyjnych, samotrawigcych.

W przegladzie systematycznym do ktérego ostatecznie wiaczono 19 artykutow
W wigkszosci badan jest statystycznie istotna roznica w sile wigzania migdzy probkami
poddanymi réznym metodom modyfikacji powierzchni ceramiki w stosunku do probek
niemodyfikowanych. Tylko dwa zakwalifikowane do przegladu badania nie wykazaly
statystycznie istotnych réznic pomigdzy grupami eksperymentalnymi. Jednakze, w tych dwoch
badaniach nie wykonano niemodyfikowanej grupy kontrolnej, a testowano wylacznie rozne

metody modyfikacji powierzchni taczenia ceramiki.



WNIOSKI

1. Konwencjonalny cement Panavia V5 wykazat znacznie wyzszg sile¢ wigzania w porownaniu
do samoadhezyjnych, samotrawigcych cementow, zar6wno PO przyspieszonym starzeniu

termicznym jak i bez jego zastosowania.

2. Niezaleznie od badanego cementu najnizsza sit¢ wigzania wérdd badanej ceramiki uzyskano

dla IPS e.max ZirCAD.

3. Wiasciwy dobor cementu do ceramiki ma kluczowe znaczenie dla trwatosci potaczenia,
poniewaz rdéznice w wigzaniu dla badanych kombinacji wybranych cementow i ceramik byty

statystycznie istotne.

4. Statystyczne porownanie probek poddanych przy$pieszonemu starzeniu z probkami
badanymi po 24 godzinach od cementowania uwidocznito znaczne spadki sit wigzania

na skutek termocyklingu, szczegdlnie dla cementow samoadhezyjnych, samotrawigcych.

5. W oparciu o przeanalizowane wyniki, potaczenie mechanicznej i chemicznej modyfikacji
powierzchni ceramiki daje najskuteczniejszy sposob zwigkszania sity wigzania pomigdzy

ceramikg a tkankami twardymi zg¢bow.

6. Przeglad dostgpnej literatury podkresla potrzebe standaryzacji metodyki modyfikacji
powierzchni dla przysztych badah ze wzgledu na uzycie réznych materiatow, protokotow
I testow przez badaczy poniewaz, porownanie danych jest problematyczne ze wzglgdu na brak

jednorodnosci.

7. Ponadto standaryzowane protokoty powinny probowac¢ odtworzy¢ stan kliniczny poprzez:
stosowanie roznych metod testowania, w tym testow zmeczeniowych, a takze poprzez sztuczne

starzenie probek.



Il. ABSTRACT
INTRODUCTION

It has becoming increasing popular for all-ceramic dental restoration due to dynamic
developing technologies of manufacturing, especially computer aided design and
manufacturing (CAD/CAM) and ceramics itself. Besides the known positives of all-ceramic
materials, such as high biocompatibility, resistance to difficult physico-chemical conditions,
aesthetics, these materials are sensitive to cracking and chipping. It is said that the quality of
the bond between the ceramics and the hard tissues of the tooth significantly improves the
mechanical properties of restoration. Moreover, durable bonding between tooth and
reconstruction is important for avoiding detachment of restorations and for preventing

microleakage, secondary dental caries, and tooth fractures.

Many modern resin based cements are characterized by self-adhesive and self-etch
properties. It is well known that reliable bonding could be achieved by acid-etching the glass
based ceramic surface and applying a silane coupling agent. Procedures takes many sensitive
steps and simplifying the application procedures, should resolved in operator error limitation.

AIM OF THE STUDY

Assessment of the bond strength of self-adhesive self-etching cements based on resins
used for luting selected dental ceramics processed in CAD/CAM technology to human dentin

and evaluation of the influence of thermocycling on the bond strength.

Conducting a systematic review of modern literature summarizing the most recent
evidence on the use of various surface modification methods of dental ceramics increasing its

bond strength to hard dental tissues.
MATERIALS AND METHODS

Three self-adhesive, self-etching cements (Panavia SA, RelyX U200, Maxcem Elite)
and one conventional adhesive resin-based cement as a control group (Panavia V5) were
selected for the cementation of three commonly used CAD/CAM ceramics (IPS Empress CAD,
IPS e. max CAD, IPS e.max ZirCAD). The tested cements were bond to ceramic cylinders and
surface of human molars dentin. For this study prepared 288 samples, 12 samples for each
combination of ceramic and cement. The first group of 144 samples was shear bond tested after
24 hours in incubator, while the second group was subjected to artificial aging in a thermocycler



before shearing. Shear bond strength tests were carried out with a universal testing machine in
accordance with PN-EN ISO 29022: 2013-10. Additionally, after performing the shear bond
strength test, an analysis of the fractures was carried out using the Zeiss Axio Lab Al optical
microscope. In order to assess the significance of differences between the bond strength of the

tested cements, a statistical analysis of the obtained results was performed.

The systematic review was conducted in accordance with the PRISMA guidelines for
data collection and reporting. The Web of Science, Scopus and MEDLINE databases were
searched for relevant articles published in English between January 1, 2010 and January 1,
2020. The literature searched for each of the following English keywords: (1) dental ceramic,
(2) dental resin cement, (3) dental luting cement, and (4) teeth; with each of the following
keywords: (A) surface modification, (B) surface treatment, and (C) surface conditioning; and
with each of the following additional keywords: (a) bond strength, (b) durability, and (c)
adhesion. The database search was supplemented with a manual search of the bibliographic

references of the retrieved articles aimed at the identification of potentially relevant papers.
RESULTS

The study showed that the combination of ceramics and cements directly affects the
bond strength. The highest bond strength was observed in the Panavia V5 control cement, lower
in Panavia SA and Maxcem Elite, and the lowest in the RelyX U200. Statistically, the adhesion
fractures between human dentin and cement were the most common. Moreover, thermocycling

significantly decreased the bond strength of self-adhesive, self-etching cements.

In the systematic review, which finally included 19 articles, most studies show
a statistically significant difference in the bond strength between samples subjected to various
surface modification methods of ceramic compared to the unmodified samples. Only two
studies included in the review showed no statistically significant differences between the
experimental groups. However, in these two studies, no untreated control group was performed,

only different methods of modifying the ceramics bonding surface were tested.
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CONCLUSIONS

1. Conventional Panavia V5 cement showed a much higher bond strength compared to self-

adhesive, self-etching cements after accelerated thermal aging and before.

2. Regardless of the tested cement, the lowest bond strength among the tested ceramics was
obtained for IPS e.max ZirCAD.

3. Proper selection of cement to ceramics is of key importance, because the differences in the
setting of the tested combinations of selected cements and ceramics were statistically

significant.

4. A statistical comparison of the samples subjected to accelerated aging with the samples tested
24 hours after cementing revealed a significant decrease in the bonding forces for self-adhesive,

self-etching cements.

5. Based on the analyzed results of the systematic review, the combination of mechanical and
chemical modification of the ceramic surface provides the most effective way to increase the
bond strength between the ceramic and the hard tissues of the teeth.

6. Review of the available literature emphasizes the need to standardize the surface modification
methodology for future research due to the use of different materials, protocols and tests by

researchers, data comparison is quite difficult.

7. In addition, standardized protocols should attempt to reproduce the clinical state by: using a

variety of testing methods, including fatigue testing, and by samples artificial aging.

11



111. WYKAZ UZYWANYCH SKROTOW

CAD/CAM - (ang. Computer Aided Design/Computer Aided Manufacturing) - Komputerowe

Wspomaganie Projektowania/ Komputerowe Wspomaganie Wytwarzania

PRISMA - (ang. Preferred Reporting Items for Systematic Reviews and Meta-Analyses) -
powstata w oparciu o dowody naukowe deklaracja zawierajaca minimalny zestaw elementow
niezb¢dnych do  prawidlowego raportowania przegladow  systematycznych i meta-

analiz oceniajacych korzysci i szkody wynikajace z opieki zdrowotnej.

GRADE - (ang. Grading of Recommendations Assessment, Development and Evaluation)
stanowi przejrzysta i uporzadkowang metodyke opracowywania i przedstawiania podsumowan

dowodow naukowych na potrzeby przygotowania przegladow systematycznych.

PICOS - (ang. Population, Intervention, Comparison, Outcomes and Study Design) Inclusion
and Exclusion Criteria- model ten pomaga podzieli¢ pytanie kliniczne na stowa kluczowe w
celu wyszukiwania informacji. PICOS jest akronimem od stow: Pacjent/Problem, Interwencja,

Porownanie, Wynik, Rodzaj Badania.

12



IV. WSTEP

Dynamiczny postep technologiczny w dziedzinie materiatow stomatologicznych
wykorzystywanych do produkcji statych rekonstrukcji protetycznych, jak rowniez rozwoj
metod wspomaganego komputerowo projektowania i wytwarzania (CAD/CAM) doprowadzity
do powstania uzupetnien niemal idealnie dopasowanych do naturalnego uzebienia, zarowno
pod wzgledem funkcjonalnym, jak i estetycznym [1,2]. Materiaty do odbudowy uszkodzonych
tkanek zebow powszechnie stosowane w technologii CAD/CAM to ceramika szklana
(skaleniowa, na bazie miki, wzmocniona leucytem lub dwukrzemianem litu) oraz ceramiki
polikrystaliczne, takie jak ceramika na bazie tlenku glinu i cyrkonu. Wymienione materiaty
ceramiczne cechuje wysoka biokompatybilno$¢ oraz oboje¢tno$¢ chemiczna. Jednak,
uwzgledniajac znaczne sity generowane podczas fizjologicznego funkcjonowania uzgbienia
oraz wymagajace warunki panujagce w srodowisku jamy ustnej, uzupekienia ceramicze winny
cechowa¢ si¢ odpowiednimi witasciwosciami mechanicznymi. Z tego powodu, w ostatnim
czasie podjeto wiele wysitkow w celu opracowania materiatow, ktore cechuje nie tylko

doskonata estetyka ale takze wysoka wytrzymatosc [2-4].

Oprocz wilasciwosci samego materiatu do odbudowy, na trwato§¢ wykonanego
uzupelnienia protetycznego w znacznym stopniu wplywa zastosowanie do osadzania
odbudowy odpowiedniego cementu, zapewniajacego silne wigzanie pomi¢dzy ceramika
i zgbing. Wspotczesnie w protetyce stomatologicznej powszechnie stosuje si¢ cementy na bazie
zywic, ktore mozna podzieli¢ na trzy grupy: wymagajace osobnych systemow adhezyjnych,
konwencjonalne cementy samoadhezyjne oraz samoadhezyjne, samotrawigce [3-7]. Znaczacy
postep technologiczny dokonany w celu opracowania cementow samotrawigcych,

samoadhezyjnych umozliwit osiggniecie znacznego skrocenia czasu zabiegu [1,5,7].

Proces przyspieszonego postarzania ma za zadanie odzwierciedli¢ zachowanie
badanego materiatu w czasie. Pomaga przyblizy¢ rzeczywiste zachowanie i whasciwosci
cementu 1 miedzy innymi dlatego obecnie jest niezbedna podczas badan in vitro. Jednakze,
jedna optymalna metoda przyspieszonego starzenia doskonale nasladujgca warunki panujgce
w jamie ustnej do tej pory nie zostala opracowana. Opisano rézne podejécia i protokoty
W oparciu o starzenie termiczne starzenie termomechaniczne, obcigzenie dynamiczne lub
przetrzymywanie w wodzie o statej temperaturze [7—22].W ponizszym badaniu zastosowany
zostat termocykling jako jedna z najczgstszych metod sztucznego starzenia materiatow

stomatologicznych [5,14].
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Wiegkszo$¢ badan przeprowadzana jest z zakresem temperatur 5°C-55°C zdefiniowane
w ISO/TS 11405, ale badania r6znig si¢ czasem przebywania W wodzie oraz liczba wykonanych
cykli [5,6,14,16].

Zagadnienie zwigzane Z silg faczenia si¢ cementéw samoadhezyjnych samotrawiacych
nowej generacji do tkanek zebow i ceramik dentystycznych spotyka si¢ z zainteresowaniem
wielu grup badaczy [9,10-17]. Niestety ze wzgledu na znaczne réznice w metodologii
badawczej dane z tych eksperymentow sg trudno poréwnywalne, CO Uniemozliwia wyciagniecie
bardzo szczegdétowych wnioskéw. Mnogos$¢ czynnikdw wplywajacych na wyniki badan
wytrzymatosci potaczen, w tym wilasciwosci zegbiny, wilasciwosci ceramiki i Sposob ich
przygotowania, oraz parametry zwigzane z badaniem, wymagajg aby projektowane badania

przeprowadzaé w sposoOb standaryzowany [22,27].

14



V.ZALOZENIA I CEL PRACY

W szczegdlnosci, omawiana praca miata na celu realizacje nastepujacych zadan

badawczych:

1)

2)

3)

4)

5)

Okreslenie, ktory z wybranych cementéw pozwala uzyska¢ najwieksza sit¢ wigzania
odbudowy ceramicznej do ludzkiej zebiny i czy jako$¢ polaczenia zalezy

od zastosowanej ceramiki CAD/CAM.

Okreslenie, ktory z wybranych cementow pozwala uzyskaé najwigksza sitg wigzania

dla probek poddanych procesowi sztucznego starzenia.

Poréwnanie sity wigzania wybranych cementéw przed i1 po procesie sztucznego
starzenia i ustalenie, ktory z wybranych cementéw najlepiej zachowuje swoje

wiasciwosci faczace po przeprowadzeniu procesu sztucznego starzenia.

Przeprowadzenie  mikroskopowej oceny rodzajow przeloméw  powstatych

po wykonaniu testu wytrzymato$ci na $cinanie.

Przeprowadzenie przegladu systematycznego wspoOlczesnego pismiennictwa
podsumowujacego najbardziej aktualne dowody dotyczace stosowania réznych metod

modyfikacji powierzchni ceramik dentystycznych.
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VI. MATERIAL I METODY

Przygotowanie prébek

Do badania zastosowano cztery cementy na bazie zywic: jeden konwencjonalny, jako
grupa kontrolna (Panavia V5) oraz trzy cementy samotrawigce, samoadhezyjne (Panavia SA,
RelyX U200, Maxcem Elite) jako grupy badane. Wybrano trzy rézne rodzaje ceramik
dentystycznych przetwarzanych w technologii CAD/CAM: IPS Empress CAD, IPS e.max
CAD, IPS e.max ZirCAD. Dla kazdego potaczenia cementu i ceramiki przygotowano po 12
probek. Zgodnie z PN-EN Norma ISO 29022:2013-10, zaprojektowano w sumie 288 cylindrow
ceramicznych o $rednicy 2,38 mm i wysokosci 5 mm oraz wyfrezowano je w technologii
CAD/CAM przy uzyciu Sirona System Cerec inLAB SW 19.0 (Sirona, Nowy Jork, NY, USA).
Cylindry zostaty zacementowane do ludzkiej zebiny pocigtej w plastry, uzyskanej z 67 $wiezo
usunietych, wolnych od prochnicy ludzkich z¢gbéw trzonowych (badanie zostato zatwierdzone
przez Komisje Bioetyczng Uniwersytetu Medycznego we Wroctawiu, nr KB-37/2018).
Do przygotowania plastrow zgbiny uzyto systemu PetroThin z tarcza diamentowa
i chtodzeniem wodnym (Buehler, Lake Bluff, IL, USA). Do preparacji wybrano zgbing
koronowa tak aby uzyskac plastry z¢biny o grubosci 3mm. Przed zacementowaniem cylindra
ceramicznego kazda przygotowang probke zgbiny oszlifowano papierem karborundowym
o granulacji P 400 (Luna, Berno, Szwajcaria).

Cementowanie probek

Cementowanie cylindrow ceramicznych na ludzkiej zebinie przeprowadzono zgodnie
z wytycznymi producenta. W przypadku cementow samotrawigcych, samoadhezyjnych
przeprowadzono modyfikacje wytacznie powierzchni ceramicznej. IPS Empress CAD i IPS
e.max CAD zostala wytrawiona 9% kwasem fluorowodorowym (3M ESPE, Maplewood, MN,
USA) przez 1 min. Powierzchnig¢ ceramiki IPS e.max ZirCAD poddano obrobce wstepnej przy
uzyciu Colet System (3M ESPE, MN, USA). Konwencjonalny cement Panavia V5 wymagat
dodatkowej modyfikacja powierzchni zebiny 37% kwasem ortofosforowym (3M ESPE,
Maplewood, Minnesota, USA). Cementowanie ceramiki na zebinie przeprowadzono ze stalg
sitg 10 N pod kontrola dynamometru FB(C) (Axis, Gdansk, Polska). Polimeryzacje
przeprowadzono przy uzyciu lampy LED Elipar (3M ESPE, Maplewood, MN, USA) przez 20
sekund. 288 probek podzielono na dwie grupy: poddang i niepoddang termocyklingowi.
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Obie grupy przed badaniem silty wigzania metodg testu wytrzymalosci na $cinanie
przechowywano w wodzie destylowanej w temperaturze 37°C przez 24 godziny. Drugg grupe
144 probek przed planowanym $cinaniem poddano symulowanemu sztucznemu starzeniu.

W Tabeli 1 zawarto szczegoétowe informacje 0 uzytych materiatach.

Tabela 1. Materiaty ceramiczne 1 cementy wykorzystane w badaniu.

Nazwa Rodzaj Producent
CEMENTY
RelyX U200 A1 Samo-adhezyjny, 3M  ESPE  (Maplewood,
samo-trawigcy Minnesota, USA)
Maxcem Elite A1l Samo-adhezyjny, Kerr (Brea, California, USA)
samo-trawigcy
Panavia SA Samo-adhezyjny, Kuraray Noritake
Cement Universal Al samo-trawigcy (Tokyo, Japan)
Panavia V5 Al Samo-adhezyijny Kuraray Noritake
(Tokyo, Japan)
CERAMIKA
IPS Empress CAD HT Al Ceramika leucytowa IvoclarVivadent
(Schaan, Liechtenstein)
IPS e Max CAD HT Al Dwukrzemian litu IvoclarVivadent
(Schaan, Liechtenstein)
IPS e Max ZirCAD Dwutlenek cyrkonu IvoclarVivadent

(Schaan, Liechtenstein)

Przyspieszone sztuczne starzenie

Proces sztucznego starzenia probek przeprowadzono na maszynie Thermocycler THE-
1100 (SD Mechatronik, Monachium, Niemcy). Probki poddano termocyklingowi
obejmujacemu 2000 cykli w temperaturach od 5°C do 55°C z czasem przebywania 40 sekund
i czasem transferu 15 sekund. Bezposrednio po zakonczeniu przyspieszonego starzenia probki

poddano testowi wytrzymatos$ci na $cinanie.
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Ocena wytrzymalosci na $cinanie

Badania wytrzymato$ci wigzania na §cinanie przeprowadzono za pomocg uniwersalnej
maszyny wytrzymatosciowej (Thumler, Norymberga, Niemcy). Zgodnie z normga PN-EN ISO
29022:2013-10 noéz $cinajacy poruszat si¢ z predkoscig 1 mm/min.

Ocena mikroskopowa zlaman

Rodzaj przelomdéw powstatych na skutek $cinania probek obserwowano za pomoca
mikroskopu $wietlnego (Axio Lab. A1 MAT, Zeiss, Oberkochen, Niemcy) z obiektywem
0 powigkszeniu x5. Okreslono rodzaj ztamania: zlamanie adhezyjne pomig¢dzy ceramikag
i cementem, zlamanie adhezyjne pomig¢dzy zebing i cementem, zlamanie kohezyjne w
cemencie, zlamanie kohezyjne w ceramice, zlamanie kohezyjne w z¢binie lub ztamanie

mieszane.
Metodyka przegladu systematycznego

Przeglad systematyczny literatury zostal dokonany zgodnie z wytycznymi PRISMA
stuzacymi do gromadzenia i przetwarzania danych z piSmiennictwa [23,24]. Przeglad

przeprowadzono, probujac odpowiedzie¢ na nastgpujace pytania:

1) Czy modyfikacje powierzchni ceramiki znaczaco wplywa na jej sile wigzania do tkanek

twardych zgbow?

2) Ktora metoda modyfikacji powierzchni moze najskuteczniej zwigkszy¢ site wigzania

ceramiki do tkanek zebow?

3) Jakie sg inne czynniki (np. Sztuczne starzenie), ktore znaczaco wptywaja na site wigzania

cementoéw dentystycznych?
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Przeszukano bazy danych Web of Science, Scopus i MEDLINE w celu
zidentyfikowania odpowiednich artykulow opublikowanych w jezyku angielskim w okresie
od 1 stycznia 2010 roku do 1 stycznia 2020 roku. Przeszukano literature, taczac kazde
Z nastepujacych stow kluczowych w jezyku angielskim: (1) ceramika dentystyczna, (2) cement
dentystyczny na bazie zywic, (3) cement dentystyczny (4) z¢by, z kazdym z nastepujacych stow
kluczowych: (A) modyfikacja powierzchni, (B) obrobka powierzchni, (C) kondycjonowanie
powierzchni oraz z kazdym z nastgpujacych dodatkowych stéw kluczowych: (a) sita wigzania,
(b) trwalos$¢ 1 (¢) przyczepnos¢. Bazy danych zostaty uzupetlione o r¢czne przeszukanie
literatury wybranych artykutéw majace na celu identyfikacje potencjalnie odpowiednich badan
[28,29]. Po usunigciu duplikatow ze wstepnie wybranych prac z baz danych, przejrzano tytuty
oraz streszczenia wstepnie zakwalifikowanych artykuléw na podstawie kryteriow wilaczenia

i wykluczenia.

Aby uzyskaé ostateczng oceng kwalifikowalnosci, dwoch wspotautorow badania dokonato
niezaleznej oceny petnego tekstu wybranych badan, ktore zostaty nastgpnie poddane krytycznej

rewizji przez innego wspoétautora.
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VII. ANALIZA STATYSTYCZNA | WYNIKI

Porownanie wytrzymalosci na Scinanie prébek poddanych i niepoddanych sztucznemu

starzeniu

Przeprowadzono analizg statystyczng wynikéw badania z 2020 oraz z 2021 wedtug tych
samych norm [25,26].

Zastosowany zostal sparowany test t dla probek, aby pordwnaé site wigzania czterech
rodzajow cementu (Panavia SA, Panavia V5, RelyX U200, Maxcem) testowanych w dwoch
warunkach eksperymentalnych (z termocyklingiem lub bez). Analizy przeprowadzono
oddzielnie dla trzech ceramik (IPS ZirCAD, IPS Empress, IPS e.max). Aby oszacowaé
wielkos$¢ efektu obserwowanych roznic, obliczony zostal rowniez d; Cohena dla skorelowanych
probek [22].

Przeprowadzono jednokierunkowg analiz¢ ANOVA, aby sprawdzi¢, czy zmiany sity
wigzania wynikajace z termocyklingu (zmienna zalezna) sg statystycznie rozne dla czterech
rodzajow cementu (zmienna niezalezna). Aby zbadac ten efekt bardziej szczegotowo i okreslic,
ktére rodzaje cementu rdznig si¢ migdzy sobg zmiang sity wigzania, przeprowadzono testy post-
hoc (porownania parami za pomoca testu HSD Tukeya). Analizy uzupelniajace
przeprowadzono rowniez oddzielnie dla kazdej z trzech ceramik. Przeprowadzono mieszang
analize¢ wariancji (split-plot ANOVA) z ceramika (tj. IPS e.max ZirCAD, IPS Empress, IPS
e.max CAD) jako powtarzalny pomiar wewnatrz grupy oraz cementow (tj. Panavia SA, Panavia
V5, RalyX U200, Maxcem) jako miedzygrupowy czynnik wykorzystany do tego badania.
Warto$¢ prawdopodobienstwa p < 0,05 wskazywata na wyniki istotne statystycznie. Wszystkie
analizy przeprowadzono w Statistica (system oprogramowania do analizy danych), wersja 10
(StatSoft Inc., Tulsa, OK, USA) oraz za pomocg narzedzi internetowych Psychometrica
(Psychometrica - Alexandra Lenhard, Dettelbach, Niemcy) do obliczania wielko$ci efektu dla

planowanej analizy kontrastow.

Sita wigzania po termocyklingu byta statystycznie istotnie stabsza we wszystkich
probkach. Ta obserwacja dotyczy wszystkich czterech typodw cementow na trzech materiatach
ceramicznych. Jak pokazuja obliczone wielkosci efektow, wielkosci obserwowanych rdéznic we
wszystkich przypadkach byly znaczne, co wskazuje na duzy wptyw sztucznego starzenia

(termocyklingu) na site wigzania.
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Analizy uzupetniajace wykazaty, ze termocykling w ré6zny sposéb wplywal na wielkos¢
zmian sity wigzania w zaleznosci od rodzaju cementu. Efekt ten byt statystycznie istotny dla
wszystkich trzech ceramik (IPS e.max ZirCAD: F(3,44) = 449,387, p < 0,0001, n2=0,97 ); IPS
Empress: F(3,44) = 104,358, p < 0,0001, n2=0,88); IPS e.max CAD: F(3,44) = 35,795, p <
0,0001,1n2=0,71. W przypadku IPS ZirCAD najmniejszy spadek sity wigzania zaobserwowano
dla cementu Panavia V5, wickszy w Maxcem i Panavia SA. Najwigkszy spadek sity wigzania
zaobserwowano dla RelyX U200. Testy posthoc Tukeya wykazaty, ze roznice w spadku sity
wigzania byty statystycznie istotne miedzy wszystkimi typami cementéw (wszystkie p =

0,0002).

Podobnie w przypadku IPS Empress, Panavia V5 miala najmniejszy spadek sity
wigzania. Wigksze wartos$ci odchylen (w porzadku rosngcym) zaobserwowano dla Relyx U200,
Maxcem i Panavia SA. Podczas gdy Relyx U200 i Maxcem nie roznity sig¢ statystycznie istotnie
pod wzgledem wielkos$ci spadku sily wigzania (p = 0,95), inne poréwnania wykazaty,
ze wielko$ci zmiany sily wigzania byly statystycznie istotne pomiedzy analizowanymi typami
cementu (Panavia SA vs Panavia V5 : p = 0,0002; Panavia SA vs Relyx U200: p=0,008; Panavia
SA vs Maxcem p = 0,03; Panavia V5 vs Relyx U200: p = 0,0002; Panavia V5 vs Maxcem: p =
0,0002).

W przypadku IPS e.max CAD przebieg zmian sity wigzania byt analogiczny jak w IPS
Empress. Ponownie najnizszy spadek zanotowano dla Panavii V5. Wigksze wartosci
(w kolejnosci rosngcej) zaobserwowano dla Relyx U200, Maxcem i Panavia SA (Tabela 5).
Wielkos¢ spadku sily wigzania nie roznita si¢ istotnie statystycznie miedzy Panavia SA
i Maxcem (p = 0,86). Statystycznie istotne rdéznice zaobserwowano migdzy innymi rodzajami
cementu (Panavia SA vs Panavia V5: p = 0,0002; Panavia SA vs Relyx U 200: p = 0,001,
Panavia V5 vs RelyX U200: p = 0,0002; Panavia V5 vsMaxcem: p = 0,0002; RelyX U200 vs

Maxcem: p = 0,01). Szczegotowe wyniki przedstawiono w Tabeli 2 oraz na wykresach 1, 2, 3.
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Tabela 2. Porownanie statystyczne sily wigzania dla probek niepoddanych i poddanych

sztucznemu starzeniu.

Bez sztucznego | Ze  sztucznym Wielkosé
) ) N-T t-test (df=11)
starzenia (N) starzeniem (T) efektu
t- p-
Cement M(MPa) | SD M(MPa) | SD M(MPa) | SD Cohen d,
value | value
IPS e.max ZirCAD
Panavia SA | 18.31 1.357 | 2.55 0.558 | 15.77 1.424 | 38.36 | <.0001 | 11.07
Panavia V5 | 11.23 0.475 | 7.60 0.765 | 3.632 0.875 | 14.37 | <.0001 | 4.15
RelyX <.0001 | 17.37
22.73 1.148 | 1.95 0.520 | 20.78 1.196 | 60.18
U200
Maxcem 13.29 1.185 | 2.32 0.182 | 10.97 1.212 | 31.35 | <.0001 | 9.05
IPS Empress
Panavia SA | 16.94 1.533 | 2.98 0.667 | 13.96 1.924 | 25.13 | <.0001 | 7.25
Panavia V5 | 20.33 0.787 | 16.84 0.844 | 3.488 1.041 | 11.61 | <.0001 | 3.35
RelyX 6.21
15.13 1.953 | 3.36 0.260 | 11.77 1.895 | 21.51 | <.0001
U200
Maxcem 15.48 1.158 | 3.37 0.229 | 12.11 1.274 | 32.92 | <.0001 | 9.50
IPS e.max CAD
Panavia SA | 9.888 0.926 | 3.209 0.588 | 6.679 1.162 | 19.91 | <.0001 | 5.75
Panavia V5 | 22.50 0.690 | 19.45 0.564 | 3.059 0.952 | 11.13 | <.0001 | 3.21
RelyX 5.61
8.228 0.696 | 3.135 0.595 | 5.092 0.908 | 19.42 | <.0001
U200
Maxcem 8.428 0.867 | 2.058 0.445 | 6.370 0.739 | 29.87 | <.0001 | 8.62
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Wykres 1. Wplyw termocyklingu na sitle wigzania cementéw uzytych do potaczenia IPS
ZirCAD z z¢bing. Wasy oznaczajg przedziaty ufnosci 0,95 wokot wartosci $rednich.
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Wykres 2. Wplyw termocyklingu na sile¢ wigzania cementow uzytych do potaczenia IPS

Empress z zgbing. Wasy oznaczaja przedzialy ufnosci 0,95 wokot wartosci srednich.
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Wykres 3. Wplyw termocyklingu na sit¢ wigzania cementow uzytych do potaczenia IPS eMax

Z zebing. Wasy oznaczaja przedzialy ufnosci 0,95 wokot wartosci $rednich.
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Ocena mikroskopowa przelomow

Probki po tescie na maszynie wytrzymatosciowej poddano obserwacji za pomocg
mikroskopu swietlnego. Wyniki oceny ilosciowej czestosci wystgpowanie okreslonego rodzaju
przetomoéw zostaly zawarte w Tabeli 3 dla probek bez sztucznego starzenia oraz w Tabeli 4 dla

probek poddanych termocyklingowi.

Tabela 3. IloSciowa ocena czgstosci wystgpowania okre$lonego rodzaju przetomow

po przeprowadzeniu testu wytrzymatosci na $cinanie dla probek bez sztucznego starzenia.

Rodzaje ztaman [%]

Adhezyjne Adhezyjne ztamanie Kohezyjne Mieszane
zlamanie pomiedzy zlamanie w zlamanie
Ceramika Cement pomiedzy cementem/ceramika cemencie
z¢bina/cementem
IPS Empress CAD  RelyX U200 75 0 25 0
Maxcem Elite 75 0 25 0
Panavia SA 83.33 0 0 16.67
Panavia V5 0 0 50 50
IPS e.max CAD RelyX U200  83.33 0 0 16.67
Maxcem Elite  91.66 0 8.34 0
Panavia SA 100 0 0 0
Panavia V5 0 91.66 0 8.34
IPSe.maxZirCAD  RelyX U200 100 0 0 0
Maxcem Elite  91.66 8.34 0 0
Panavia SA 75 25 0 0
Panavia V5 50 50 0 0
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Tabela 4.

Ilosciowa ocena czestosci wystepowania okreslonego rodzaju przetomoéw

po przeprowadzeniu testu wytrzymato$ci na $cinanie dla prébek poddanych przyspieszonemu

starzeniu.
Rodzaje ztaman [%]
Adhezyjne Adhezyjne ztamanie Kohezyjne Mieszane
zlamanie pomiedzy zlamanie w zlamanie
Ceramika Cement )
pomiedzy cementem/ceramika cemencie
zebing/cementem
IPS Empress  RelyX U200 58.4 0 0 41.6
CAD
Maxcem Elite  66.7 0 33.3 0
Panavia SA 75 0 25 0
Panavia V5 0 0 33.3 66.7
IPS e.max CAD RelyX U200 75 0 8.3 16.7
Maxcem Elite 83.3 0 0 16.7
Panavia SA 75 0 25 0
Panavia V5 58.4 0 0 41.6
IPS RelyX U200 50 0 25 25
e.maxZirCAD
Maxcem Elite  66.7 16.6 0 16.6
Panavia SA 50 25 0 25
Panavia V5 58.4 41.6 0 0
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VIIIl. DYSKUSJA

Dhugoterminowy sukcesu kliniczny pelnoceramicznych uzupehlnien protetycznych
wigze si¢ nie tylko z wytrzymato$ciag mechaniczng ceramiki, ale takze z trwatoscia i silng
adhezja materialu ceramicznego do twardych tkanek zeba zapewnione przez wilasciwe
cementowanie. Niezawodnos¢ 1 odpornos¢ na wyjatkowo trudne srodowisko jamy ustnej jest
szczegollnie istotnym aspektem stomatologii odtworczej [3,7-9]. Trwale potaczenie ceramiki
z tkankg zgba opiera si¢ na wigzaniu chemicznym i mikromechanicznym blokujace.
Wspolczesnie temat taczenia nowoczesnej ceramiki wysokowytrzymalej przetwarzanej
w cyfrowych technologiach CAD/CAM, jest intensywnie badany w wielu aspektach. Wiele
badan skupia si¢ na modyfikacjach powierzchni ceramiki w celu uzyskania najwyzszej
mozliwej sity wigzania [1-8,12—15]. W przeciwienstwie do tego punktu widzenia jest podejscie
podkreslajace potencjal zastosowania samotrawigcych, samoadhezyjnych cementow na bazie
zywic, znacznie zmniejszajacych liczbe etapow zwigzanych z przygotowaniem powierzchni do

cementowania, co w rezultacie zmniejsza rowniez mozliwe btedy operatora [19].

Symulacja zachowania si¢ materiatow dentystycznych w czasie odbywa si¢ za pomoca
sztucznego starzenia. Niestety nie istnieje ujednolicony protokot do symulacji tego procesul.
W literaturze opisano symulacje dynamiczne [17,18] lub przechowywanie probek w tazniach
wodnych o statej temperaturze [6,14,21], czy termocykling [19]. Termocykling jest obecnie
jedna z najczestszych metod starzenia materiatu [5], jednak jego parametry rowniez nie zostaly
jeszcze jednoznacznie ustandaryzowane. Comino-Garayoa i wsp. przeprowadzili przeglad
systematyczny analizujac 45 réznych badan, dochodzac do wniosku, Ze sztuczne starzenie
powinno by¢ oparte na 5000 termicznych cykli lub 30 dniach ciaglej kapieli wodnej [12]. Inne
przeglady systematyczne [8-10] porownujgce parametry sztucznego starzenia pozwalaja
wyciggna¢ ogdlny wniosek, ze a nalezy zastosowaé gradient temperatur od 5° C do 55° C.
Te temperatury sa rowniez zgodnie ze Specyfikacja Techniczng ISO TS 11405 do badania
przyczepnosci do struktur zeba. Z drugiej strony nadal istnieja znaczne réznice w liczbie

wykonanych cykli, co sugeruje, Ze jest to parametr oparty na predykcji.
Przeprowadzone badanie wraz z analizg statystyczng wykazaly, ze sily wigzania

wybranych cementéw samotrawiacych, samoadhezyjnych byly silnie uzaleznione od

zastosowania metody sztucznego starzenia.
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Zauwazalny, cho¢ znacznie mniejszy, byt rowniez spadek sity wigzania konwencjonalnego
cementu Panavia V5 stosowanego jako grupa kontrolna [27]. Niektore badania in vitro
dowiodly, ze cementy samotrawigce, samoadhezyjne moga by¢ bardziej korzystne dla tkanek
z¢ba, poniewaz mogg wykazywa¢ mniejszg toksyczno$¢ niz cementy konwencjonalne [21].
Z drugiej strony jest to sprzeczne z wynikami Sawada i wsp., w ktorych nie zaobserwowano
istotnych réznic miedzy cementami samotrawigcymi, samoadhezyjnymi [13,27]. Jako ze,
metody przygotowania probek badawczych i oceny ich sily wigzania prezentowane
we wspolczesnej literaturze r6znig si¢ znacznie, niemozliwe jest przeprowadzenie rzetelnej
metaanalizy, pozwalajgcej na wyciagnigcie szerszych wnioskow [27-31]. Metodologia opisana
w tym badaniu jest ustandaryzowana w oparciu o wytyczne ISO, ktére dajg mozliwo$¢ ich
reprodukcji oraz poréwnania w przypadku przeprowadzenia innych badan wedtug tych samych
wytycznych. Glownym ograniczeniem tego badania jest zastosowanie, najpopularniejszej,
aczkolwiek prostej metody sztucznego przyspieszonego starzenia. Dalsze badania
sg niezbedne, bioragc pod uwagg rowniez inne metody starzenia probek. Ogodlnie trzeba wzigc
pod uwage ze cementy na bazie zywic, podobnie jak inne materiaty stosowane do odbudowy
twardych tkanek zebow, musza wytrzymaé szereg czynnikow bezposrednio i posrednio
wplywajacych na site i stabilno$¢ potaczenia. Nalezy zauwazy¢, ze srodowisko jamy ustnej
zalezy nie tylko od zmian temperatury. Zmiany wilgotno$ci, pH, enzymow w §$linie lub sit
fizycznych dziatajace w trzech osiach rowniez znaczgco wptywajg na utrzymanie rekonstrukcji
[19]. Shahin i wsp. Zastosowali przyspieszone starzenie w oparciu 0 kombinowany
termocykling i dynamiczne tadowanie materiatu probek, ktore wydaje si¢ lepiej odzwierciedla¢
rzeczywiste warunki w jamie ustnej [16]. Podazanie w tym kierunku bytoby cenng kontynuacja

dla obecnego badania.

Z przeprowadzonego przegladu systematycznego wynika, ze potaczenie modyfikacji
mechanicznej 1 chemicznej powierzchni ceramiki sg niezbedne dla uzyskania dobrej
przyczepnosci. Jednak obecnie brak jest dowodoéw na poparcie uniwersalnego protokotu
adhezji [17,18]. Przeglad systematyczny skupiat si¢ przede wszystkim na wptywie modyfikacji
powierzchni na sile wigzania miedzy ceramikg a podtozami dentystycznymi. Zdecydowana
wigkszo$¢ sposrod wybranych badan obejmowata modyfikacj¢ cyrkonu w celu uzyskania
trwale] metody cementowania tego materiatu. Oprocz oceny skutecznosci metod modyfikacji

powierzchni, w przegladzie zwrdcono rowniez uwage na efekty dziatania sztucznego starzenia.
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Kolejng interesujgca kwestig, ktorg nalezy zbada¢ w przyszioSci, sg ograniczenia badania
wytrzymato$ci z wykorzystaniem testu na §cinanie poniewaz, nie odzwierciedlaja w pelni
rzeczywistej sytuacji klinicznej ze ztozonym wzorcem rozktadu naprgzen. W zwigzku z tym
wykonywanie badan zmeczeniowych pod obcigzeniem cyklicznym, wydaje si¢ lepiej

symulowa¢ funkcj¢ zucia.
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IX. WNIOSKI

1. Konwencjonalny cement Panavia V5 wykazywal znacznie wyzszg site wigzania do kazdego
rodzaju ceramiki dentystycznej w poréwnaniu z samoadhezyjnymi, samotrawigcymi

cementami zaréwno po przyspieszonym starzeniu termicznym, jak i bez jego zastosowania.

2. Niezaleznie od badanego cementu, najnizszg sit¢ wigzania sposréd badanych ceramik

uzyskano dla probek wykonanych z IPS e.maxZirCAD.

3. Wiasciwy dobor cementu do ceramiki ma kluczowe znaczenie, poniewaz réznice w wigzaniu

badanych kombinacji wybranych cementéw i ceramiki byty istotne statystycznie.

4. Statystyczne porownanie probek poddanych przyspieszonemu starzeniu z probkami
badanymi 24 godziny po zacementowaniu wykazato najwigkszy spadek sit wigzania dla

cementéw samoadhezyjnych, samotrawigcych.

5. W oparciu o przeanalizowane wyniki, potaczenie mechanicznej i chemicznej modyfikacji
powierzchni ceramiki daje najskuteczniejszy sposob zwigkszania sity wigzania pomigdzy

ceramikg a tkankami twardymi zebow.

6. Przeglad dostgpnej literatury podkresla potrzebe standaryzacji metodyki modyfikacji
powierzchni dla przysztych badan ze wzgledu na uzycie réznych materialow, protokotow
i testow przez badaczy poniewaz, porownanie danych jest problematyczne ze wzglgdu na brak

jednorodnosci.

7. Ponadto standaryzowane protokoty powinny probowac odtworzy¢ stan kliniczny poprzez:
stosowanie roznych metod testowania, w tym testOow zmeczeniowych, a takze poprzez sztuczne

starzenie probek.
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Komisja Bioetyczna przy Uniwersytecie Medycznym we Wroclawiu, powolana
zarzgdzeniem Rektora Uniwersytetu Medycznego we Wroclawiu nr 133/XV R/2017 z dnia 21
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prof. dr hab. Krzysztof Grabowski (chirurgia)

dr Henryk Kaczkowski  (chirurgia szczgkowa, chirurgia stomatologiczna)-.
mgr Irena Knabel-Krzyszowska (farmacja) )
prof. dr hab. Jerzy Liebhart (choroby wewngtrzne, alergologia)

ks. dr hab. Piotr Mrzygléd (duchowny)

mgr Luiza Miiller  (prawo)

dr hab. Stawomir Sidorowicz (psychiatria)

dr hab. Leszek Szenborn (pediatria, choroby zakazne)
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dr hab. Jacek Zielinski (filozofia)

pod przewodnictwem
prof. dr hab. Jana Kornafela ( ginekologia i potoznictwo, onkologia)

Przestrzegajac w dziatalnosci zasad Good Clinical Practice oraz zasad Deklaracji Helsinskiej,
Ppo zapoznaniu si¢.z projektem badawczym pt.:

,»Ocena sily polgczenia miedzy wybranymi ceramikami dentystycznymi a zgbing
z wykorzystaniem samoadhezyjnych samotrawigcych cementéw na bazie zywic”
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zgloszonym przez lek dent. Andrzeja Malyse zatrudnionego w Katedrze i Zakladzie
Stomatologii Doswiadczalnej Uniwersytetu Medycznego we Wroctawiu oraz zlozonymi
wraz z wnioskiem dokumentami, w tajnym glosowaniu postanowila wyrazi¢ zgode¢ na
przeprowadzenie badania w Katedrze i Zakladzie Stomatologii Doswiadczalnej Uniwersytetu
Medycznego we Wroctawiu.

Uwaga: Badanie to zostalo objgte ubezpieczeniem odpowiedzialnosci cywilnej Uniwersytetu
‘Medycznego we Wroctawiu z tytutu prowadzonej dziatalnosci.

Pouczenie: W ciggu 14 dni od otrzymania decyzji wnioskodawcy przystuguje prawo
odwotania do Komisji Odwolawczej za posrednictwem Komisji Bioetycznej UM we

Wroctawiu.

Opinia powyzsza dotyczy projektu badawczego bedacego podstawg dziatalnosci statutowej.

Uniwersytet y we Wri dawiy
KOMISUABIOETYCZNA
é 2acy
Wroclaw, dnia [ lutego 2018 1. prof. d ' Kornafel
\
\

46



XI11. PUBLIKACJE STANOWIACE CYKL PRACY DOKTORSKIEJ
PRACE ORYGINALNE

I. Bond strength of modern self-adhesive resin cements to human dentin and different
CAD/CAM ceramics. [AUT.] ANDRZEJ] MALYSA, [AUT. KORESP.] JOANNA
WEZGOWIEC, [AUT.] DARIUSZ DANEL, KLAUS BOENING, KATARZYNA
WALCZAK, MIESZKO WIECKIEWICZ. Acta Bioeng Biomech. 2020 Vol.22 no.2 s.25-34,
ryc., tab., bibliogr. 25 poz., summ. DOI: 10.37190/ABB-01526-2019-02. Impact Factor: 1,073;
punktacja MEIN: 100.

Il. Effect of thermocycling on the bond strength of self-adhesive resin cements used for
luting CAD/CAM ceramics to human dentin. [AUT.] ANDRZEJ MALYSA, JOANNA
WEZGOWIEC, WOJCIECH GRZEBIELUCH, DARIUSZ P. DANEL, [AUT. KORESP.]
MIESZKO WIECKIEWICZ. Int J Mol Sci. 2022 Vol.23 no.2 art.745 [14 s.], ryc., tab., bibliogr.
31 poz., summ. DOI: 10.3390/ijms2302074. Impact Factor: 6,208 ; punktacja MEiN: 140.

PRACE POGLADOWE

I11. Effect of different surface treatment methods on bond strength of dental ceramics to
dental hard tissues: a systematic review. [AUT.] ANDRZEJ MALYSA, [AUT. KORESP.]
JOANNA WEZGOWIEC, [AUT.] SYLWIA ORZESZEK, WOJCIECH FLORJANSKI,
MAREK ZIETEK, MIESZKO WIECKIEWICZ. Mol. 2021 Vol.26 no.5 art.1223 [15 s.], ryc.,
tab., bibliogr. 46 poz., summ. DOI: 10.3390/molecules26051223. Impact Factor: 4,927;
punktacja MEIN: 140.

47



Original paper
DOI: 10.37190/ABB-01526-2019-02

Acta of Bioengineering and Biomechanics
Vol. 22, No. 2, 2020

Bond strength of modern self-adhesive resin cements
to human dentin and different CAD/CAM ceramics

ANDRZEJ MALYSA', JOANNA WEZGOWIEC'*, DARIUSZ DANEL?,
KLAUS BOENING®, KATARZYNA WALCZAK', MIESZKO WIECKIEWICZ'

! Department of Experimental Dentistry, Faculty of Dentistry,
Wroclaw Medical University, Wroctaw, Poland.
2 Department of Anthropology, Ludwik Hirszfeld Institute of Immunology and Experimental Therapy,
Polish Academy of Sciences, Wroctaw, Poland.
? Department of Prosthetic Dentistry, Faculty of Medicine,
Dresden University of Technology, Dresden, Germany.

Purpose: The aim of the study was to evaluate the shear bond strength of CAD/CAM ceramics to dentin after cementation with con-
ventional or self-adhesive resin cements. Methods: Three self-adhesive, self-etching cements (Panavia SA, RelyX U200, Maxcem Elite),
and one conventional cement (Panavia V5), were selected to lute three CAD/CAM ceramics (IPS Empress CAD, IPS e.max CAD, IPS
e.max ZirCAD) onto the dentin. The bond strength was evaluated using a shear strength test according to the PN-EN ISO 29022:2013-10.
Evaluation of the differences was performed using the Statistica software. Failure modes were analyzed using a light microscope.
Results: All the studied cements differed (regardless of the ceramic type) in the bond strength. The highest bond strength was observed in
Panavia V5, lower — in RelyX U200 and Panavia SA, and the lowest — in Maxcem. For IPS e.max ZirCAD, it was observed that com-
pared to Panavia V5, the other cements were characterized by a significantly higher bond strength. For the IPS Empress CAD and the
IPS e.max CAD, Panavia V5 displayed the highest bond strength. For all the studied self-adhesive cements, the failure of adhesion be-
tween the cement and dentin was predominant mode. Conclusions: Significant differences were found in the shear bond strengths of the
CAD/CAM ceramics luted to dentin using tested self-adhesive and conventional cements. The bond strength depended on the combina-
tion of ceramic and cement. The IPS e.max ZirCAD had the highest bond strength to dentin after cementation with RelyX U200, while
the IPS Empress CAD and IPS e.max CAD — with Panavia V5.

Key words: shear bond strength, self-adhesive resin cement, dentin, CAD/CAM ceramic, dental materials, adhesion

dardized manufacturing process, and long-term clini-
cal success [23].
The indirect restorative materials commonly used in

1. Introduction

A remarkable technical development in the manu-
facturing of dental materials allowed for the creation
of restorations that almost perfectly match the natural
ones in terms of both function and esthetics. For this
purpose, modern prosthodontics uses computer-aided
design/computer-aided manufacturing (CAD/CAM)
technology, which has several advantages, such as
ease of application, minimal invasiveness, stan-

CAD/CAM technology are glass ceramics (feldspathic
ceramics, mica-based ceramics, leucite- or lithium di-
silicate-reinforced ceramics, glass-infiltrated alumina
or zirconia ceramics) and polycrystalline ceramics,
such as alumina and zirconia. These are highly bio-
compatible and esthetic; however, taking the huge
amount of load in the oral environment into ac-
count, dental restorations should be ensured to pos-
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sess appropriate mechanical properties to avoid their
fracture or loss of contact with dentin. For this reason,
many efforts have been recently made to develop mate-
rials that are characterized by not only excellent es-
thetics but also high strength in addition to good bond
strength to the dental substrates [2], [4], [16].

To achieve a strong bonding between the ce-
ramic and dentin, a proper luting cement should be
applied. Several types of cements are used in den-
tistry: zinc phosphate cement, polycarboxylate ce-
ment, glass ionomer cement, resin-modified glass
ionomer cement, and resin cement [14]. Resin ce-
ments can be divided into three groups: total-etch
and self-etch cements, which require to be bonded
to the tooth surface; and self-adhesive resin cements.
Significant technological advancements made in the
manufacturing of self-adhesive self-etching resin
cements have enabled achieving unprecedented
speed and ease of operation [1]. The issues related
to bond strength that are encountered with the new-
generation self-adhesive cements are currently in-
vestigated by many research groups [1], [5], [7],
[8], [14], [21], [24]. Unfortunately, due to differ-
ences in the method, the data from these studies are
hardly comparable, and therefore, it is very difficult
to draw a general conclusion. As many factors in-
fluence the results of bond strength tests, including
the properties of dentin, properties of ceramics and
their preparation, and parameters related to testing,
research methods should be designed in a more
standardized way [22].

This study evaluated and compared the shear
bond strengths of CAD/CAM ceramics to dentin after
cementation with the modern self-adhesive resin ce-
ments following the PN-EN ISO 29022:2013-10
standard to ensure the reproducibility of the results. In
addition, a complex statistical analysis was performed
to evaluate the differences in the bond strengths after

cementation with the conventional and modern self-
adhesive self-etching cements to propose the most
strong combination of CAD/CAM ceramic and resin
cement. The tested null hypothesis was that there
would be no difference in the shear bond strengths
between the CAD/CAM ceramics luted to dentin us-
ing the modern self-adhesive and conventional resin
cements.

2. Materials and methods

2.1. Materials

A total of 144 ceramic samples in a shape of
a cylinder were prepared and cemented into the
dentin (12 samples for each ceramic — cement combi-
nation). Three types of ceramics (IPS Empress CAD,
IPS e.max CAD, IPS e.max ZirCAD) possessing dif-
ferent physical and chemical properties were milled
using CAD/CAM technology. For each type of ce-
ramic, 48 cylinders were prepared and divided into
four groups consisting of 12 each, depending on the
type of resin cement used for cementing the ceramic
onto the dentin. Three resin-based cements (Panavia
SA, RelyX U200, Maxcem Elite) characterized by
similar physicochemical properties and binding type
(self-etching, self-adhesive) were used as study mate-
rials, while one resin-based adhesive cement (Panavia
V5) was selected as a control sample. The different
types of ceramics and resin cements used in this study
are summarized in Table 1. Ceramics were cemented
into the cylinders prepared from 53 human molars,
which were freshly removed and cut into 144 plasters,
in accordance with the PN-EN ISO 29022:2013-10
standard.

Table 1. CAD/CAM ceramics and resin cements used in this study

Name Manufacturer Type
CERAMICS
IPS Empress CAD HT Al Ivoclar Vivadent (Schaan, Liechtenstein)  |Leucite glass
IPS e.max CAD HT Al Ivoclar Vivadent (Schaan, Liechtenstein)  |Lithium disilicate
IPS e.max ZirCAD Ivoclar Vivadent (Schaan, Liechtenstein)  |Zirconia
RESIN CEMENTS
Panavia V5 Al Kuraray Noritake (Tokyo, Japan) Adhesive
Panavia SA Cement Universal A1 |Kuraray Noritake (Tokyo, Japan) Self-adhesive, self-etching
RelyX U200 A1 3M ESPE (Maplewood, Minnesota, USA) |Self-adhesive, self-etching
Maxcem Elite A1l Kerr (Brea, California, USA) Self-adhesive, self-etching




Bond strength of modern self-adhesive resin cements to human dentin and different CAD/CAM ceramics 27

2.2. Tooth preparation

Immediately after the extraction procedure (Wro-
claw Medical University Bioethical Committee approval
No. KB-37/2018), the teeth were stored in a 10%
methanol solution (CHEMPUR, Piekary Sl., Poland)
at 4 °C for approximately 24 h. The soft tissue resi-
dues were removed from the teeth using a scalpel, and
their surfaces were cleaned. The preprepared teeth
were sectioned using the PetroThin Thin Sectioning
System with diamond cutting and water cooling fea-
tures (Buehler, Lake Bluff, Illinois, USA). First, the
root was cut off, and then, the crown of the teeth was
cut into 3-mm slices to reveal the healthy dentin. The
slices were embedded in a transparent Villacryl H
Plus fast-curing acrylic (Zhermack, Ohlmiihle, Ger-
many) in a silicone mold of dimensions of 35 mm
x 25 mm x 4 mm. Before cementing, the surfaces of
the samples to which the ceramic materials were in-
tended to be attached were ground with a carborun-
dum paper of P 400 granularity (Luna, Berno, Swit-
zerland) under a stream of running water to obtain
a flat surface.

2.3. Ceramic samples preparation

For each resin cement, 12 cylinders of CAD/CAM
ceramics, with a diameter of 2.38 mm and a height of
5 mm, were prepared following the PN-EN ISO
29022:2013-10 standard. In the first stage, the cylin-
ders were designed in Sirona Cerec inLAB using
a silicone mold and the BlueCam Sirona Cerec scanner
(Sirona, New York, USA). Then, the cylinders were
milled and the dimensions of the ceramic samples
were checked using 150 mm Limit 144550100 digital

Table 2. The parameters of crystallization process and sintering

IPS e.max | IPS e.max
CAD ZirCAD

Programat | Programat
Furnace gCS gSl
Standby mode [°C] 403 403
Closing time [min] 6:00 4:00
Temperature increase [°C] 90 40
Holding temperature T1 [°C] 820 960
Holding time H1 [min] 0:10 01:00
Holding temperature T2 [°C] 840 -
Holding time H2 [min] 7:00 -
Vacuum on [°C] 550 450
Vacuum off [°C] 820 959
Long-term cooling [°C] 700 0

caliper (Limit, Wroctaw, Poland). The IPS e.max CAD
and IPS e.max ZirCAD samples were heat-treated in
accordance with the manufacturer’s instructions in the
Ivoclar Vivadent Programat CS and Ivoclar Vivadent
Programat S1 furnaces (Schaan, Liechtenstein). The
parameters of the crystallization process and sintering
for the IPS e.max CAD and IPS e.max ZirCAD ce-
ramics are presented in Table 2.

2.4. Cementing ceramics into dentin

Cementation was carried out in accordance with
the manufacturers’ recommendations. In the case of
Panavia V5 cement, both the ceramics and dentin sur-
faces were required to be prepared. After digestion with
37% orthophosphoric acid (3M ESPE, Maplewood,
Minnesota, USA), the dentin surface was rinsed with
distilled water and dried. The surfaces of the IPS Em-
press CAD and IPS e.max CAD ceramic samples were
subjected to etching with 9% hydrofluoric acid (3M
ESPE, Maplewood, Minnesota, USA) for 1 min, rinsed
with distilled water, and dried with air jet, while the
surface of the IPS e.max ZirCAD ceramic was sand-
blasted with alumina of 110-pm diameter using the
Colet System (3M ESPE, Maplewood, Minnesota,
USA). In the case of Panavia SA, RelyX U200, and
Maxcem Elite cements, the joined surfaces should be
dried. Therefore, after rinsing under a stream of dis-
tilled water, the sample surfaces were dried with com-
pressed air.

The process of cementation was carried out under
the control of the FB(C) dynamometer (Axis, Gdansk,
Poland) with a fixed compression force of 10 N for
each sample. Firstly, resin cements were applied to
both surfaces and the samples were pressed. Then, the
excess resin cement was removed and cement in the
joined surfaces was polymerized using an Elipar LED
lamp (3M ESPE, Maplewood, Minnesota, USA) for
20 s. Before performing the shear bond strength test,
the prepared samples were stored in distilled water
at 37 °C for 24 h.

2.5. Evaluation
of the shear bond strength
between ceramic and dentin

The laboratory shear bond strength tests were carried
out using a universal testing machine (Thumler, Nurn-
berg, Germany). The schematic illustration of a sam-
ple subjected to shear force is presented in Fig. 1. The
crosshead with a 1-mm/min speed of shear knife
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movement and a maximum force of 3000 N were
applied in the tests in accordance with the PN-EN
ISO 29022:2013-10 standard. Each of the 12 tested
groups representing a ceramic—cement combination

had 12 samples.
F
E
A

"\\\a

c

N

D

Fig. 1. Schematic illustration of a sample subjected to shear force:

A — ceramic cylinder, B — resin cement, C — slice of human tooth,

D — acrylic used for mounting the prepared tooth, £ — shear blade
of the testing machine, and F — direction of the applied force

2.6. Statistical analysis

A mixed-design analysis of variance (split-plot
ANOVA) was carried out, considering ceramics (i.e.,
IPS e.max ZirCAD, IPS Empress CAD, IPS e.max
CAD) as a within-group repeated measure and the
dental cement (i.e., Panavia SA, Panavia V5, RelyX
U200, Maxcem Elite) as a between-group factor. A post
hoc analysis was conducted to identify and statistically
test the differences between the compared groups.
Additionally, a planned contrast analysis was per-
formed. A probability value of p < 0.05 indicated sta-
tistically significant results. All the statistical analyses
were conducted in Statistica version 13 using online
tools for calculating the effect sizes as described by
Lenhard and Lenhard [15].

2.7. Analysis of failure mode
under a light microscope

The fractured specimens were observed under x5
magnification using a light microscope (Axio Lab. Al
MAT, Zeiss, Oberkochen, Germany) to determine the
failure mode: failure of adhesion between ceramic and

cement, failure of adhesion between dentin and ce-
ment, failure of cohesion in cement, failure of cohe-
sion in ceramic, failure of cohesion in dentin, or
mixed failure.

3. Results

3.1. Evaluation
of the shear bond strength
between ceramic and dentin

The results of the comparative analysis of the shear
bond strength between the selected types of ceramics
and dentin connected using selected resin cements are
presented in Fig. 2.

All four types of dental cements examined differed
(regardless of the ceramic type) in the bond strength
(F(3, 44) = 161.03, p < 0.0001, 7 = 0.92). The high-
est bond strength was observed in Panavia V5 (M =
18.02), lower — in RelyX U200 (M = 15.36) and
Panavia SA (M = 15.05), and the lowest — in Maxcem
(M = 12.40). The post hoc analysis by Tukey’s hon-
estly significant difference (HSD) test showed statisti-
cally significant differences (all p, < 0.0002) in all but
one pairwise comparison of the dental cements. Only
in the case of comparison between Panavia SA and
RelyX U200, a statistically nonsignificant difference
in the bond strength was observed (p = 0.61).

Regardless of the dental cements, the examined ce-
ramics differed in the bond strengths (F(2, 88) =235.18,
p <0.0001, nf, = 0.84). The highest bond strength was
observed in IPS Empress CAD (M = 16.97), lower
—in IPS e.max ZirCAD (M = 16.39), and the lowest — in
IPS e.max CAD (M = 12.26). Tukey’s post hoc tests
showed that the differences observed in all the compari-
sons were statistically significant (IPS Empress CAD vs.
IPS e.max ZirCAD: p = 0.04; IPS Empress CAD
vs. IPS e.max CAD: p = 0.0001; IPS e.max ZirCAD vs.
IPS e.max CAD: p =0.0001).

The statistically significant results observed in the
analysis of the interaction between the ceramics and
the resin cements (F(6, 88) = 284.02, p < 0.0001,
1, = 0.95) indicated that the bond strength depends on
the combination of both materials (Fig. 2). While the
bond strength for RelyX U200 and Panavia SA ce-
ments decreased from IPS e.max ZirCAD through IPS
Empress CAD to IPS e.max CAD, a reverse pattern of
results was observed for Panavia V5 (i.e., the lowest
bond strength was observed for IPS e.max ZirCAD,
higher — for IPS Empress CAD, and the highest — for



Bond strength of modern self-adhesive resin cements to human dentin and different CAD/CAM ceramics 29

22 }:

_
(o]
' |
1
1
1
1
]
i
'
1
[
1
1
1
1
]
'
'
]
U

o -$- Panavia SA
< =% Panavia V5
= = RelyX U200
I5) AN = Maxcem
E —— - \":\ N
5 SN
c N
@ S \\
N
N
N N
10 e NN
“m“I\I
6

IPS e.max ZirCAD

IPS Empress CAD

IPS e.max CAD

Fig. 2. Shear bond strength of the examined samples. Vertical bars denote 0.95 confidence intervals

Table 3. Planned contrast analysis of the differences in the bond strength
between Panavia V5 and Panavia SA, RelyX U200, Maxcem, respectively. The Cohen’s d value for groups
with equal size was calculated according to the method described by Lenhard and Lenhard [15]

IPS e.max ZirCAD IPS Empress CAD IPS e.max CAD
Panavia V5 Cohen’s Cohen’s Cohen’s
Vs, 1(44) P d 1(44) P d 1(44) P d
Panavia SA 15.85 | <0.0001 6.97 -5.82 | <0.0001 2.78 -38.56 | <0.0001 15.46
RelyX U200 25.75 | <0.0001 13.01 -8.93 | <0.0001 3.49 —43.63 | <0.0001 20.61
Maxcem 4.60 <0.0001 2.28 -8.32 | <0.0001 4.90 -43.02 | <0.0001 17.97

IPS e.max CAD). Maxcem had the highest bond
strength for IPS Empress CAD, lower — for IPS e.max
ZirCAD, and the lowest — for IPS e.max CAD. The
post hoc analysis by Tukey’s HSD test showed that
only seven (out of 66) pairwise comparisons did not
show statistically significant differences, while the
differences in bond strength observed in all the
other comparisons were statistically significant (all
Pps<0.018).

In order to directly test the null hypothesis, a series
of planned contrast analyses were performed (de-
tailed results are presented in Table 3). Firstly, the
study focused on the IPS e.max ZirCAD samples and
their bond strength to Panavia V5 was compared to
that of Panavia SA, RelyX U200, and Maxcem, re-
spectively. All the planned contrasts were statistically
significant, indicating that compared to Panavia V5, the
other types of resin cements examined were charac-

terized by a significantly higher bond strength (in
ascending order: Maxcem, Panavia SA, RelyX U200).
The analogous analysis performed for the IPS Em-
press CAD samples also showed that all the planned
contrasts were statistically significant. In this case,
Panavia V5 was characterized by a significantly
higher bond strength compared to the other types of
resin cements (in descending order: Panavia SA,
Maxcem, RelyX U200). In the last series of planned
contrasts, the study focused on the IPS e.max CAD
samples and their bond strength to Panavia V5 was
compared to that of other types of cements. As
observed in the other cases, all the planned con-
trasts were statistically significant. Compared to
Panavia V5, all the other types of cements were
characterized by a significantly lower bond strength
(in descending order: Panavia SA, Maxcem, RelyX
U200).
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3.2. Analysis of failure mode
under a light microscope

Representative photographs obtained in the analy-
sis of failure mode are presented in Figs. 3 (photo-
graphs of ceramic surfaces) and 4 (photographs of den-
tin surfaces), and the quantitative results are presented
in Table 4. In the case of all the self-adhesive cements
studied (Panavia SA, Maxcem, RelyX U200), the

IPS e.max ZirCAD

No cement

Panavia V5

Panavia SA

RelyX
U200

Maxcem

IPS Empress CAD

predominant failure mode was the failure of adhesion
between the cement and dentin was. However, for
Panavia V5, different modes of failure were observed
for different ceramics used: for IPS e.max ZirCAD
ceramic, the failure mode identified was failure of
adhesion between dentin and cement or ceramic and
cement; for IPS Empress CAD, the mode was failure
of cohesion in cement or mixed failure; and for IPS
e.max CAD, it was failure of adhesion between ce-
ramic and cement.

IPS e.max CAD

Fig. 3. Light microscope photographs of different failure modes observed on ceramic surfaces
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IPS e.max ZirCAD

IPS Empress CAD

IPS e.max CAD

Panavia V5
Panavia SA
RelyX
U200
Maxcem
Fig. 4. Light microscope photographs of different failure modes observed on dentin surfaces
Table 4. Quantitative results of the analysis of failure mode
Failure mode [%]
Ceramic Resin cement Adhesiye failure Adhesi\{e failure Co}}esive Mixed
at dentin/cement at ceramic/cement failure .
. . . failure
interface interface in cement
IPS e.max ZirCAD Panavia V5 50 50 0 0
Panavia SA 75 25 0 0
RelyX U200 100 0 0 0
Maxcem 91.66 8.34 0 0
IPS Empress CAD Panavia V5 0 0 50 50
Panavia SA 83.33 0 0 16.67
RelyX U200 75 0 25 0
Maxcem 75 0 25 0
IPS e.max CAD Panavia V5 0 91.66 0 8.34
Panavia SA 100 0 0 0
RelyX U200 83.33 0 0 16.67
Maxcem 91.66 0 8.34 0

31
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4. Discussion

Due to their very good biocompatibility, esthetics,
and cost-effectiveness, CAD/CAM ceramics are widely
gaining attention for application in permanent pros-
thetic reconstructions. The clinical success of a bonded
ceramic restoration strongly depends on its durable
bonding to dentin, ability of optimal marginal adaptation
after cementation, and overall strength [3], [12], [24].

In order to achieve a strong bonding of a ceramic
material to the supporting tooth structure, it is necessary
to apply an appropriate cement. The new-generation
self-adhesive self-etching resin cements seem to be an
ideal option for this purpose since they do not need
a separate etching, priming, or bonding process, and
are, therefore, easier to handle and less technique-
sensitive. However, a previous study indicated that
self-adhesive resin cements have a lower bonding
ability compared to adhesive cements [18].

The present study revealed that, in general, ceram-
ics cemented to dentin using the conventional Panavia
V5 cement displayed a significantly higher shear bond
strength than those cemented using the self-adhesive
self-etching cements. Similar results were reported in
the study by Ab-Ghani et al. [1], which demonstrated
that the multistep etch-and-rinse adhesive bonding
(Variolink II cement) of CAD/CAM ceramics to dentin
was characterized by a statistically significantly higher
shear bond strength than the bonding achieved using
the self-adhesive cement (RelyX U200). In addition,
Gundogdu et al. [8] revealed that the self-etch adhesive
resin cements exhibited a higher shear bond strength
than the self-adhesive resin cements. Their study was
performed following the ISO/TS 11405:2003 standard,
but instead of the CAD/CAM ceramics, they used two
types of pressable ceramic materials (IPS e.max Press
and Prettau Zirconia). The lower shear bond strength of
the self-adhesive resin cements noted in the study may
be explained by the fact that this type of material inter-
acts superficially with mineralized tissue and cannot
demineralize the dentin completely. Thus, the smear
layer cannot be completely removed, and hence, it is
impossible to achieve the full formation of resin tags in
the hybrid layer [5], [13], [20], [24].

Nevertheless, in the analysis of the bonding ability
of the individual cements to the individual ceramics in
the current study, one of the ceramics — IPS e.max
ZirCAD — was found to show the highest adhesion to
dentin (22.74 MPa) after cementation with RelyX
U200 among all the cements tested, even higher than
that observed after cementation with Panavia V5. In
a study by Lee et al. [14], the shear bond strength of the

combination of zirconia (Zirtooth, HASS, Kangneung,
Korea) and RelyX U200 was reported at an average
level of 2.84 MPa. Moreover, the shear bond strength
measured by Lee et al. [14] for another resin cement
— Maxcem Elite — was 2.86 MPa, while in the present
study it was 13.29 MPa. The discrepancies in the ob-
tained results may be due to the use of different ce-
ramic materials and different methods for the prepa-
ration of zirconia samples.

One of the possible reasons for the differences in
the measured bonding forces of the selected cements
can be attributed to the different compositions of these
materials. Additionally, Arango et al. [2] reported that
the shear bond strength of the cements was dependent
on the nature of the prosthodontic substrate. In the
present study, three CAD/CAM ceramics, differing in
composition and crystal structure, were studied. IPS
e.max ZirCAD MO is a 3Y-TZP generation of dental
zirconia (yttria-stabilized tetragonal zirconia poly-
crystal) which has a typical crystal size of 0.5 um and
a crystal phase volume of 98% [9]. IPS e.max CAD is
a glass ceramic containing lithium disilicate crystals at
a volume of approximately 70% and a typical size of
1.5 pm [10]. IPS Empress CAD is a leucite-reinforced
glass ceramic with a crystal phase volume of 35-45%
and a crystal diameter of 1-5 um [11]. In this study, it
was found that, notwithstanding the dental cements,
IPS Empress CAD had the highest bond strength. This
observation can be explained by the biggest size of the
crystals present in this material.

The analysis of failure mode revealed that in the
case of all the studied ceramics luted with self-adhesive
cements, the most frequently noted mode of failure
was adhesive failure at the dentin/cement interface.
The dentin/resin cement interface was weaker than the
resin cement/ceramic interface, which corresponds to
the observations described previously by the other
researchers and could be explained by the limited
ability of the self-adhesive cements to demineralize
dentin [8], [17]-[19], [25]. In order to improve the
bonding of self-adhesive resin cements to dentin, either
the dentin should be properly pretreated or the chem-
istry of the cements should be modified [6].

The current study was performed in laboratory
conditions in order to determine some basic relation-
ships, however, the associated simplifications should
be first understood. One of the limitations is related to
the simplified structure of the tested samples, since
only one surface of dentin was cemented, whereas in
the case of crowns or bridges the restoration is cemented
into five surfaces of the prepared teeth. Additionally,
in further studies, some important phenomena, such as
the degradation of resin cements after long periods of
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exposure to oral fluids and cyclic mechanical fatigue
occurring during chewing should also be taken into
account in order to simulate the clinical conditions
more realistically. In a study by Sathish et al. [21], it
was demonstrated that thermocycling, which was used
for artificial aging, affected the bond strength of the
different resin cements used. Moreover, additional
physical properties, such as tensile strength and flexural
strength, should be examined. Application of several
methods of surface treatment, such as hydrofluoric acid
etching, silanization, and treatment with adhesives or
laser, that can improve the bond strength of dental res-
torations, is also worth investigating [3]. In the future,
the preliminary results reported in this research should
be verified by a clinical study evaluating the in vivo
performance of the self-adhesive resin cements.

5. Conclusions

The present study revealed significant differences
between the shear bond strengths of the CAD/CAM
ceramics luted to dentin using different self-adhesive
and conventional resin cements, and so the tested null
hypothesis was rejected.

The following conclusions can be drawn on the
basis of the obtained results:

1. Notwithstanding the dental ceramic, the examined
cements differed in the bond strengths; the highest
bond strength was observed in Panavia V5, lower
—in RelyX U200 and Panavia SA, and the lowest
— in Maxcem.

2. Similarly, notwithstanding the dental cements, the
examined ceramics differed in the bond strengths;
the highest bond strength was observed in IPS
Empress CAD, lower — in IPS e.max ZirCAD, and
the lowest — in IPS e.max CAD.

3. The bond strength depends on the combination of
ceramic and cement. IPS e.max ZirCAD displayed
the highest bond strength to dentin after cementa-
tion with RelyX U200, while IPS Empress CAD
and IPS e.max CAD showed the highest strength
after cementation with Panavia V5.

4. In the case of all the studied self-adhesive cements
(Panavia SA, Maxcem, RelyX U200), the predomi-
nant mode of failure observed was the failure of
adhesion between the cement and dentin.
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Abstract: The aim of the study was to evaluate the influence of thermocycling on the shear bond
strength of self-adhesive, self-etching resin cements luted to human dentin and computer-aided
design/computer-aided manufacturing (CAD/CAM) ceramics. Three modern self-adhesive dental
cements (Maxcem Elite, RelyX U200, Panavia SA) were used to lute three CAD/CAM ceramics
(IPS Empress CAD, IPS e.max CAD, IPS e.max ZirCAD) onto the dentin. One conventional cement
(Panavia V5) served as a control. After preparation, the samples were subjected to thermocycling as a
method of artificial aging of dental materials applied to simulate long-term use in oral conditions.
Shear bond strength was evaluated according to PN-EN ISO 29022:2013-10 and failure modes were
observed under a light microscope. Statistical analysis was performed. The study demonstrated that
a combination of ceramics and cements directly impacts the bond strength. The highest bond strength
was observed in Panavia V5, lower in Panavia SA and Maxcem Elite and the lowest-in RelyX U200.
Adhesive failure between human dentin and cements was the most common failure mode. Moreover,
thermocycling highly decreased bond strength of self-adhesive, self-etching cements.

Keywords: shear bond strength; self-adhesive resin cement; adhesion; luting agents; tooth; dentin;
CAD/CAM ceramic; thermocycling; artificial aging

1. Introduction

The use of all-ceramic restorations in modern dental prosthetics is still increasing due
to the development of innovative ceramic materials and computer-aided design/computer-
aided manufacturing (CAD/CAM) technologies. One of the most important clinical aspects
of prosthetic ceramic reconstruction is providing a suitable bond strength between ceramic
surface and tooth tissues [1-3]. The strong adhesion achieved due to the application of
proper cements directly translates into the longevity of the prosthetic restoration, especially
in the case of minimally invasive restorations such as veneers, inlays or overlays [4]. In
particular, stable cementation of ceramic materials strengthens the marginal adaptation,
protects against micro-leakage and significantly reduces the risks of cracking and fracturing
of the restoration [5,6]. As a result, it is crucial for functional properties of the restoration,
influencing both its mechanical and biological behavior.

The choice of cement is one of the most important steps to obtain a strong bond
between dental ceramics and the hard tissues of the teeth [3-6]. The use of conventional
resin-based cements with well-developed methods of surface modification allows us to
obtain a high-quality bond of ceramic restoration to a tooth [7-10]. However, due to the

Int. . Mol. Sci. 2022, 23, 745. https:/ /doi.org/10.3390/ijms23020745

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23020745
https://doi.org/10.3390/ijms23020745
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-6175-3928
https://orcid.org/0000-0003-4953-7143
https://doi.org/10.3390/ijms23020745
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23020745?type=check_update&version=1

Int. J. Mol. Sci. 2022, 23, 745

2 of 14

multitude of surface modification techniques, duration and complexity of the procedure,
as well as the dependence on the operator skills, simplification of the methodology has
become necessary to reduce the risk of error. For this reason, contemporary technology, in
order to meet the growing expectations, has developed self-etching, self-adhesive cements.

Using 10-methacryloyloxydecyl dihydrogen phosphate (MDP) or long carbon-chain
silane (LCSi) coupling agent monomers in modern self-adhesive, self-etch cements is
claimed to ensure high durability of the joined surfaces and elimination of additional
steps needed to obtain proper bond strength of the prosthetic reconstruction to the tooth
tissues [11,12]. On the other hand, research shows large discrepancies in the bond strengths
of modern self-adhesive cements based on MDP monomers, particularly in the cases when
they are used for cementation of zirconium materials [6-13]. The selection of an appropriate
cementing protocol or modifications of ceramic surface directly affects the obtained bond
strength results [14-16].

Our previous research evaluated the potential of self-adhesive, self-etching cements for
the cementation of the selected CAD/CAM ceramic materials from various groups (glass
ceramics, lithium disilicate and zirconium) [17]. The obtained shear forces depended on the
selection of cement in relation to the cemented ceramic material. The study revealed much
a higher bond strength of conventional cement than self-adhesive, self-etching cements. To
obtain a broader view concerning long-term behavior, the bond strength analysis of dental
materials should also apply some type of accelerated aging method [14-20].

The artificial decrease of bond strength over time better reflects the real behavior and
characteristics of the cement and, therefore, is necessary during in vitro studies. However,
a single optimal method of accelerated aging perfectly mimicking intraoral conditions has
not yet been developed. Various approaches and protocols have been described, based on
thermocycling, thermomechanical aging, dynamic load or water storage [18-23]. In the
current study, we applied thermocycling as one of the most common methods of artificial
aging of dental materials [5,14]. Most of the research follows the temperature range of
5-55 °C defined in ISO/TS 11405, but they differ in terms of dwell time and number of
cycles performed [5,6,14,16].

The present study aimed to assess the shear bond strength of self-adhesive, self-etching
resin cements used for luting CAD/CAM ceramics to human dentine when then samples
were subjected to artificial aging (thermocycling). The following research hypothesis was
tested: there is no significant difference between the shear bond strength of the modern
self-adhesive resin cements and the conventional luting agent (Panavia V5). The second
hypothesis was formulated as follows: there is no significant difference between the shear
bond strength obtained for thermocycled and non-thermocycled samples.

2. Results
2.1. Shear Bond Strength between Ceramic and Dentin

The four types of dental cement differed (regardless of the ceramics type) in the
shear bond strength (F(3, 44) = 5763.53, p < 0.0001, n? = 0.997). The highest shear bond
strength was observed in Panavia V5 (M = 14.63); this was lower in Panavia SA (M = 2.91)
and RelyX U200 (M = 2.82) and the lowest in Maxcem (M = 2.58). The post-hoc Tukey’s
HSD test showed statistically significant differences between Panavia V5 and all other
cements (all p’s < 0.0002), as well as between Panavia SA and Maxcem (p = 0.024). The
differences between RelyX U200 and Panavia SA (p = 0.83) and Maxcem (p = 0.17) were not
statistically significant.

Regardless of the dental cements used, the examined ceramics differed in their shear
bond strengths (F(2, 88) = 467.81, p < 0.0001, n? =0.91). The highest shear bond strength
was observed in IPS e.max CAD (M = 6.96); this was lower in IPS Empress CAD (M = 6.64)
and the lowest in IPS e.max ZirCAD (M = 3.61). The Tukey’s post-hoc tests showed that all
differences between ceramics were statistically significant (IPS Empress CAD vs. IPS e.max
ZirCAD: p = 0.0001; IPS Empress CAD vs. IPS e.max CAD: p = 0.02; IPS e.max ZirCAD vs.
IPS e.max CAD: p = 0.0001).
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The statistically significant effect of the interaction between ceramics and cement
(F(6, 88) = 297.84, p < 0.0001, n? = 0.95) indicated that the shear bond strength depends
on the combination of both materials (Figure 1 and Table A1). The shear bond strength
for Panavia V5 and Panavia SA increased from IPS e.max ZirCAD through IPS Empress
CAD to IPS e.max CAD. For RelyX U200, the shear bond strength increased from IPS
e.max ZirCAD through IPS e.max CAD to IPS Empress CAD. In the case of Maxcem,
that lowest shear bond strength was observed of IPS e.max CAD, higher for IPS e.max
ZirCAD and the highest for IPS Empress CAD. The post-hoc analysis by Tukey’s HSD test
showed that 20 (out of 66) pairwise comparisons did not reach the statistical significance
level (all p’s > 0.14). The differences in shear bond strength between all other groups
were statistically significant (all p’s < 0.016). Detailed results of the post-hoc analysis are
presented in Table A2.
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Figure 1. Shear bond strength in the examined samples. Vertical bars denote 0.95 confidence intervals.

In order to directly test our research hypothesis, we ran a series of planned contrast
analysis (detailed results are presented in Table 1 and Figure 1). Firstly, we focused on IPS
e.max ZirCAD samples and compared shear bond strength in Panavia V5 to Panavia SA,
RelyX U200 and Maxcem, respectively. All planned contrasts were statistically significant,
indicating that, when compared to Panavia V5, other examined types of cement were
characterized by significantly lower shear bond strength (in descending order: Panavia SA,
Maxcem, RelyX U200). Analogous analysis for IPS Empress CAD samples also showed
that all planned contrasts were statistically significant. In this case, the Panavia V5 was
characterized by the highest shear bond strength and statistically significantly different
than other types of cement (in descending order: Maxcem, RelyX U200, Panavia SA). In
the last series of planned contrasts, we concentrated on the IPS e.max CAD samples and
compared the shear bond strength in Panavia V5 to other types of cement. As in the
previous cases, all planned contras were statistically significant. Comparing to Panavia V5
all other types of cement were characterized by significantly lower shear bond strength (in
descending order: Panavia SA, RelyX U200, Maxcem).
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Table 1. Planned contrast analysis for differences in the shear bond strength between Panavia V5
and Panavia SA, RelyX U200, Maxcem respectively. The Cohen’s d for groups with equal size was
calculated according to Lenhard, W. & Lenhard, A [24].

IPS e.max ZirCAD IPS Empress CAD IPS e.max CAD
Panavia V5 t (44) 4 Col:ien s t (44) 4 Col:ien s t (44) P Col:ien s
Panavia SA 22.61 <0.0001 7.542 60.07 <0.0001 18.221 7213 <0.0001 28.188
RelyX U200 25.26 <0.0001 8.638 58.41 <0.0001 21.586 72.46 <0.0001 28.135
Maxcem 23.63 <0.0001 9.496 58.35 <0.0001 21.783 77.25 <0.0001 34.233

2.2. Microscopic Evaluation of a Failure Mode

The microscopic photographs of the sheared samples surfaces are presented in Figure 2
(surfaces of ceramic cylinders) and in Figure 3 (surfaces of human dentin). Quantitative
results of the failure mode analysis were summarized in Table 2. It was found that the
adhesive failure between dentin and cement were predominant mode among the self-
etching, self-adhesive cements with the selected ceramics. Application of Panavia V5
cement in case of IPS Empress CAD ceramics most often resulted in a mixed failure.
However, in the case of IPS e.max ZirCAD and IPS e.max CAD, an adhesive failure at
cement/dentin interface was a predominant mode, similarly to the studied self-adhesive,
self-etching cements (Table 2).

IPS e.max CAD IPS e.max ZirCAD TIPS Empress CAD
R TR _.?_,_4;,;

Maxcem
Elite

Panavia

Figure 2. Light microscope photographs of different failure modes observed on ceramic surfaces.
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IPS e.xmax CAD IP’S e.max ZirCAD TIPS Empress CAD

Figure 3. Light microscope photographs of different failure modes observed on dentin surfaces.

Table 2. Quantitative results of failure mode analysis.

Failure Mode [%]

Ceramic Resin Cement Adhesive Failure Adhesive Failure at Cohesive Failure

at Dentin/Cement Ceramic/Cement . Mixed Failure
in Cement
Interface Interface
IPS Empress CAD RelyX U200 58.4 - - 41.6
Maxcem Elite 66.7 - 33.3 -
Panavia SA 75 - 25 -
Panavia V5 - - 33.3 66.7
IPS e.max CAD RelyX U200 75 - 8.3 16.7
Maxcem Elite 83.3 - - 16.7
Panavia SA 75 - 25 -
Panavia V5 58.4 - - 41.6
IPS e.max ZirCAD RelyX U200 50 - 25 25
Maxcem Elite 66.7 16.6 - 16.6
Panavia SA 50 25 - 25
Panavia V5 58.4 41.6 - -

2.3. Comparison of Shear Bond Strength for Thermocycled and Non-Thermocycled Samples

The results of the current study were compared with the results of the previous
research carried out using exactly the same materials and methodology, but without
thermal accelerated aging [17].

The bond strength after thermocycling was statistically significantly weaker in all
samples. This observation applies to all four types of cement on three ceramics. As shown
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by the calculated effect sizes, the magnitudes of the observed differences in all cases were
substantial, indicating the large effect of aging (thermocycling) on the bond strengths.
Detailed results are presented in Table 3 and Figures 4-6.

Table 3. Statistical comparation of shear bond strength for thermocycled and non-thermocycled samples.

Wlthout. With Thermocycling Bond Stfength t-Test (df = 11) Effect Size
Thermocycling Decline
Cement M (MPa) SD M (MPa) SD M (MPa) SD t-Value p-Value Cohen’s d.
IPS e.max ZirCAD
Panavia SA 18.31 1.357 2.55 0.558 15.77 1.424 38.36 <0.0001 11.07
Panavia V5 11.23 0.475 7.60 0.765 3.632 0.875 14.37 <0.0001 415
RelyX U200 22.73 1.148 1.95 0.520 20.78 1.196 60.18 <0.0001 17.37
Maxcem 13.29 1.185 2.32 0.182 10.97 1.212 31.35 <0.0001 9.05
IPS Empress CAD
Panavia SA 16.94 1.533 2.98 0.667 13.96 1.924 25.13 <0.0001 7.25
Panavia V5 20.33 0.787 16.84 0.844 3.488 1.041 11.61 <0.0001 3.35
RelyX U200 15.13 1.953 3.36 0.260 11.77 1.895 21.51 <0.0001 6.21
Maxcem 15.48 1.158 3.37 0.229 12.11 1.274 32.92 <0.0001 9.50
IPS e.max CAD
Panavia SA 9.888 0.926 3.209 0.588 6.679 1.162 19.91 <0.0001 5.75
Panavia V5 22.50 0.690 19.45 0.564 3.059 0.952 11.13 <0.0001 3.21
RelyX U200 8.228 0.696 3.135 0.595 5.092 0.908 19.42 <0.0001 5.61
Maxcem 8.428 0.867 2.058 0.445 6.370 0.739 29.87 <0.0001 8.62
30
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Figure 4. The effect of thermocycling on luting cement bond strength to IPS e.max ZirCAD. Vertical
bars denote 0.95 confidence intervals around the mean values.
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Figure 5. The effect of thermocycling on luting cements bond strength to IPS Empress CAD. Vertical
bars denote 0.95 confidence intervals around the mean values.
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Figure 6. The effect of thermocycling on luting cements bond strength to IPS e.max CAD. Vertical
bars denote 0.95 confidence intervals around the mean values.

Complimentary analyses showed that thermocycling affected the magnitude of changes
in the bond strength differently depending on the type of cement. This effect was statis-
tically significant for all three ceramics (IPS e.max ZirCAD: F(3, 44) = 449.387, p < 0.0001,
12 =0.97); IPS Empress CAD: F(3, 44) = 104.358, p < 0.0001, n? = 0.88); IPS e.max CAD:
F(3, 44) = 35.795, p < 0.0001, ? = 0.71).
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In the case of IPS e.max ZirCAD, the lowest decline in the bond strength was observed
for Panavia V5, larger in Maxcem and Panavia SA. The largest drop in the bond strength
was observed for RelyX U200 (Table 3 and Figure 4). Tukey’s post-hoc tests showed that
the differences in the bond strength decline were statistically significant between all cement
types (all p’s = 0.0002).

Similarly, for the IPS Empress CAD, Panavia V5 had the lowest decline in the bond
strength (Table 3 and Figure 5). Larger decline values were observed (in ascending order)
for RelyX U200, Maxcem and Panavia SA. While the RelyX U200 and Maxcem were not
statistically significantly different in the magnitude of bond strength decline (p = 0.95),
the other comparisons showed that the magnitudes of change in the bond strength were
statistically significant between analyzed types of cement (Panavia SA vs. Panavia V5:
p = 0.0002; Panavia SA vs. RelyX U200: p = 0.008; Panavia SA vs. Maxcem: p = 0.03; Panavia
V5 vs. RelyX U200: p = 0.0002; Panavia V5 vs. Maxcem: p = 0.0002).

In the case of IPS emax CAD, the pattern of changes in the bond strength were
analogous as in IPS Empress CAD. Again, the lowest decline was observed for Panavia V5.
Larger values were observed (in ascending order) for RelyX U200, Maxcem and Panavia
SA (Table 3 and Figure 6). The magnitude of the bond strength declines did not statistically
significantly differ between Panavia SA and Maxcem (p = 0.86). Statistically significant
differences were observed between other types of cement (Panavia SA vs. Panavia V5:
p = 0.0002; Panavia SA vs. RelyX U200: p = 0.001; Panavia V5 vs. RelyX U200: p = 0.0002;
Panavia V5 vs. Maxcem: p = 0.0002; RelyX U200 vs. Maxcem: p = 0.01).

3. Discussion

The essence of the clinical long-term success of all-ceramic prosthetic restoration
is not only related to the mechanical strength of ceramic, but also to the durable and
strong adhesion of ceramics material to the tooth’s hard tissues provided by the proper
cementation. A strong need for a reliability and resistance to the oral cavity environment is
a particularly crucial aspect of minimally invasive reconstructions [3,7-9]. Especially the
durability of veneers, overlays, inlays, etc., directly depends on the surface adhesion [7].
Durable ceramic-tooth tissue connection relies on chemical bonding and micromechanical
interlocking [12,15].

Nowadays, the subject of adhesion of modern high-strength ceramics, and also those
processed in digital CAD/CAM technologies, is intensively researched in many aspects.
A large number of studies focuses on the modification of the ceramic surface in order to
obtain the highest possible bond strength [1-8,12-15]. In opposition to this point of view is
the approach emphasizing the potential of the use of self-adhesive self-etching cements,
which significantly reduces the number of steps involved in preparation of the surfaces to
be joined and, as a result, also reduces possible operator errors [19]. Despite these obvious
advantages, the possible risks associated with the use of self-adhesive cements still require
investigation, particularly in terms of its effect on the long-term durability of restoration.

To simulate the wear of dental materials over time, artificial aging should be performed
and its effect must be assessed, e.g., during the evaluation of the strength of adhesive mate-
rials applied between tooth tissue and ceramics. These challenges remain since there is no
unified protocol for simulating accelerated aging. The literature describes dynamic simula-
tions [23,25,26] or the storage of samples in water baths at constant temperature [6,14,26].
Thermocycling is one of the most common methods to age the material; however, its pa-
rameters have not yet been unified. Comino-Garayoa et al. conducted a systematic review
analyzing 45 different papers, concluding that artificial aging should be based on 5000 ther-
mal cycles or 30 days of continuous water bath [26]. Other systematic reviews [5,9,10,26]
comparing parameters of thermocycling enable us to draw the general conclusion that a
gradient of temperatures from 5 °C to 55 °C should be applied. These temperatures are
also in accordance with the ISO TS 11405 Technical Specification for testing the adhesion to
tooth structure. On the other hand, there are still significant differences in the number of
cycles performed, suggesting that this is a prediction-based parameter [10,22,23].
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Our study revealed that thermocycling significantly reduced a bond strength of dental
cements. The performed statistical analysis showed that the bond strengths of self-etching,
self-adhesive cements were strongly dependent on the use of this method of artificial
aging (or not). Noticeable, though much smaller, decrease of bond strength was also
demonstrated for the conventional Panavia V5 cement used as a control group.

Results of different preclinical and clinical studies concerning self-adhesive, self-etch
cements used as a luting agent for prosthetic restorations revealed that there is no doubt
that conventional resin cement with proper surface modification provides better dentin
bonding and sealing performance [22]. However, not only focusing on the stabilization
of the restoration, but also effective and durable bonding to dentine is still a fundamental
prerequisite for clinical success when using self-adhesive resin cements for the luting of
ceramic restorations [21]. Some in vitro studies proved that bonding with self-adhesive,
self-etch cements might be beneficial for the tooth tissue, as they may be less toxic than
conventional agents [21]. On the other hand, this is in contrast to the results of Sawada
et al., in which no significant differences were observed between the self-adhesive, self-etch
bonding agents [13,27].

As the methods of research sample preparation and their bond strength evaluation
presented in the literature differ significantly, it is impossible to conduct a reliable meta-
analysis [27-31]. The methodology described in this study is standardized based on ISO
guidelines, which provide an opportunity for their reproduction. However, the main
limitation is connected with the simple method of artificial aging applied. Further research
is required, taking other methods into account. Generally, it must be taken into account
that resin-based luting cements, similarly as other materials used for the reconstruction of
teeth hard tissues, must withstand a number of factors directly and indirectly affecting the
strength and stability of the connection. It should be noted that the oral cavity environment
is not only affected by temperature variations. Changes in humidity, pH, saliva enzymes
effects or physical forces acting in three axes also significantly influence the maintenance of
the reconstruction [19]. Shahin et al. used accelerated aging based on combined thermocy-
cling and the dynamic loading of samples material, which seems to better reflect the oral
cavity conditions [16]. Following this direction would be a valuable continuation for our
current research.

4. Materials and Methods

The current study strictly followed a methodology applied in the previous research [17].
In this section, only a brief description is presented.

4.1. Samples Prepration

Detailed description of the materials used in this study is included in Table 4. Four
resin cements were used: Panavia SA, RelyX U200, Maxcem Elite (self-etching, self-adhesive
cements) and Panavia V5 (a conventional resin cement used as a control). Three types of
ceramics were selected: IPS Empress CAD, IPS e.max CAD, IPS e.max ZirCAD. For each
combination of cement and ceramics 12 samples were prepared. Following the PN-EN
ISO 29022: 2013-10 standard, 144 ceramic cylinders with a diameter of 2.38 mm and a
height of 5 mm were designed and milled in CAD/CAM technology using the Sirona
Cerec inLAB SW 19.0 system (Sirona, New York, NY, USA). The cylinders were cemented
into human dentin slices obtained from 67 freshly extracted, caries-free human molars
(approved by Wroclaw Medical University Bioethical Committee, No. KB-37/2018). For
this purpose, a PetroThin Thin Sectioning System with diamond disc and water cooling
(Buehler, Lake Bluff, IL, USA) was used to cut the coronal dentin into 3 mm thick slices.
Before cementing the ceramic cylinder, each prepared dentin specimen was grounded with
a carborundum paper of P 400 granularity (Luna, Bern, Switzerland).
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Table 4. Ceramics and resin cement manufacturers.

Name Type Manufacturer
Resin Cements
RelyX U200 A1 Self-adhesive, self-etch 3M ESPE (Maplewood, MN, USA)
Maxcem Elite A1l Self-adhesive, self-etch Kerr (Brea, CA, USA)
Panavia SA Cement Universal Al Self-adhesive, self-etch Kuraray Noritake (Tokyo, Japan)
Panavia V5 Al Adhesive Kuraray Noritake (Tokyo, Japan)
Ceramics

IPS Empress CAD HT Al Leucite glass Ivoclar Vivadent (Schaan, Liechtenstein)
IPS e.max CAD HT Al Lithium disilicate Ivoclar Vivadent (Schaan, Liechtenstein)
IPS e.max ZirCAD Zirconia Ivoclar Vivadent (Schaan, Liechtenstein)

The cementation of ceramic cylinders onto human dentine was carried out in accor-
dance with the manufacturer’s guidelines. For self-etching, self-adhesive cements, only the
modification of the ceramic surface was performed. The IPS Empress CAD and IPS e.max
CAD ceramics were etched with 9% hydrofluoric acid (3M ESPE, Maplewood, MN, USA)
for 1 min. The surface of the IPS e.max ZirCAD ceramic was pretreated using CoJet
System (3M ESPE, Maplewood, MN, USA). Conventional Panavia V5 cement required
additional modification of dentin surfaces with 37% orthophosphoric acid (3M ESPE,
Maplewood, MN, USA). Cementation of ceramics onto dentin was carried out with a
fixed compression force of 10 N under the control of the FB(C) dynamometer (Axis,
Gdansk, Poland). Polymerization was performed using Elipar LED lamp (3M ESPE, Maple-
wood, MN, USA) for 20 s. Before performing simulated artificial aging, the prepared
samples were stored in distilled water at 37 °C for 24 h.

4.2. Artificial Aging

The process of artificial aging of the samples was performed using THE-1100 thermo-
cycler (SD Mechatronik, Munich, Germany). Each specimen was subjected to 2000 cycles in
temperatures between 5 °C and 55 °C with a dwell time of 40 s and transfer time of 15 s.
Immediately after completion of accelerated aging, the samples were sheared.

4.3. Evaluation of the Shear Bond Strength between Ceramic and Dentin

The shear bond strength tests were carried out using a universal testing machine
(Thumler, Nurnberg, Germany), following PN-EN ISO 29022:2013-10 standard, with the
crosshead speed of a 1-mm/min and a maximum force of 3000 N. Preparation of samples,
thermocycling and shear bond strength test were presented in Figure 7.

mo " /

A B &

Figure 7. Schematic illustration of the sample preparation, thermocycling and shearing: (A) ceramic
cylinder cemented onto human dentin embedded in an acrylic retainer; (B) thermocycling; (C) shear
bond strength measurement; I-ceramic cylinder; II-resin luting cement. III and VIII-acrylic dentin
slice retainer; IV-slice of human dentine; V-basket with thermocycled samples; VI-distilled water
baths; VII-shear knife of the universal testing machine.
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4.4. Microscopic Evaluation of a Failure Mode

Failure modes were observed under light microscope (Axio Lab. Al MAT, Zeiss,
Oberkochen, Germany) with x5 magnification. For each sample, the type of fracture was
specified as a failure of: adhesion between ceramic and cement, adhesion between dentin
and cement, cohesion in cement, cohesion in ceramic, cohesion in dentin or mixed failure.

4.5. Statistical Analysis

Mixed-design analysis of variance (split-plot ANOVA) with ceramics (i.e., IPS e.max
ZirCAD, IPS Empress CAD, IPS e.max CAD) as a within-group repeated measure and
dental cement (i.e., Panavia SA, Panavia V5, RalyX U200, Maxcem) as a between-group
factor was used for this study. We employed a post-hoc analysis with Tukey’s honestly
significant difference (HSD) test for equal sample sizes to investigate differences between
all compared groups. Additionally, to directly test our predictions, we performed a planned
contrast analysis.

In a second step, we used a paired sample t-test to compare the bond strength of four
types of cement (Panavia SA, Panavia V5, RelyX U200, Maxcem) tested in two experimental
conditions (with or without thermocycling). The analyses were conducted separately for
three ceramics (IPS e.max ZirCAD, IPS Empress CAD, IPS e.max CAD). To estimate the
effect size of the observed differences, we calculated Cohen’s d, for correlated samples [24].
A one-way ANOVA was conducted to test if the changes of the bond strength resulting
from thermocycling (dependent variable) are statistically different in four types of cement
(independent variable). To test this effect in more detail and identify which types of cement
differ in the bond strength change from each other, we ran post-hoc pairwise comparisons
using Tukey’s HSD test. The complementary analyses were also conducted separately for
each of the three ceramics.

A probability value of p < 0.05 indicated statistically significant results. All statistical
analyses were conducted in Statistica (data analysis software system), version 10 (StatSoft
Inc., Tulsa, OK, USA), and using Psychometrica online tools (Psychometrica—https:/ /www.
psychometrica.de/effect_size.html (accessed on 16 December 2021), Alexandra Lenhard,
Dettelbach, Germany) for calculating the effect sizes for the planned contras analysis [24].

5. Conclusions
Within the limitations of this in vitro study, the following conclusions were drawn:

1.  Conventional resin cement (Panavia V5) showed significantly higher bonding strengths
compared to self-adhesive, self-etching cements after accelerated thermal aging.

2. Regardless of the tested cement, the lowest bond strength among the tested ceramics
was obtained for IPS e.max ZirCAD.

3. The appropriate selection of cement for ceramics is crucial, since differences in bond
strengths for the studied combinations were statistically significant.

4. Comparing samples not subjected to thermocycling to the ones that were artificially
aged, the greatest decreases in bond strength were observed for self-etching self-
adhesive cements.
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Appendix A.
Appendix A.1. Validation of the Assumptions for Split-Plot ANOVA

The Mauchly’s test showed no deviations from sphericity (W = 0.99, x? = 0.46, p = 0.80).
The Leven’s test indicated equal variances for IPS e.max CAD (F(3, 44) = 0.41, p = 0.75)
and variance heterogeneity for IPS e.max ZirCAD (F(3, 44) = 6.13, p = 0.001) and IPS
e.max CAD (F(3, 44) = 4.89, p = 0.005). Since in balanced designs (as in the current study)
the F statistic is reasonably robust to variance heterogeneity we considered observed
heterogeneity acceptable.

Appendix A.2. Descriptive Statistics for the Examined Samples

Table Al. Descriptive statistics for the examined samples; N-number of samples,
SD-standard deviation.

Shear Bond Strength [MPa]

Cement Ceramics N
Mean SD

IPS e.max ZirCAD 2.55 0.558 12

Panavia SA IPS Empress CAD 2.98 0.667 12

IPS e.max CAD 3.21 0.588 12

IPS e.max ZirCAD 7.60 0.765 12

Panavia V5 IPS Empress CAD 16.84 0.844 12

IPS e.max CAD 19.45 0.564 12

IPS e.max ZirCAD 1.95 0.520 12

RelyX U200 IPS Empress CAD 3.36 0.260 12

IPS e.max CAD 3.14 0.595 12

IPS e.max ZirCAD 2.32 0.182 12

Maxcem IPS Empress CAD 3.37 0.229 12

IPS e.max CAD 2.06 0.445 12

Appendix A.3. Results of the Post-Hoc Tukey’s HSD Test

Table A2. Tabularized representation of the results from the post-hoc Tukey’s HSD test for differences
between means of the shear bond strength in particular samples defined by ceramics and cement
type. The samples are sorted according to the means in ascending order. The means that are not
significantly different from each other form a homogenous group and are marked by three black dots
(“ee®e”) in the same column. All means that do not share dots in the same column are significantly
different from each other.

. Shear Bond
Cement Ceramics Strength [MPal Homogenous Groups
Mean SE 1 2 3 4 5 6 7

RelyX U200 IPS e.max ZirCAD 1.95 0.158 oo

Maxcem IPS e.max CAD 2.06 0.159 eoe

Maxcem IPS e.max ZirCAD 2.32 0.158 ooo XY
Panavia SA IPS e.max ZirCAD 2.55 0.158 XY eoe YY)
Panavia SA IPS Empress CAD 2.98 0.163 YY) eoe YY)
RelyX U200 IPS e.max CAD 3.14 0.159 oeo eoe
Panavia SA IPS e.max CAD 3.21 0.159 YY) YY)

RelyX U200 IPS Empress CAD 3.36 0.163 ooe
Maxcem IPS Empress CAD 3.37 0.163 oeo
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Table A2. Cont.

Cement Ceramics S tf::ga:hB[oMnlcia] Homogenous Groups
Mean SE 1 2 3 4 5 6 7
Panavia V5 IPS e.max ZirCAD 7.60 0.158 ooo
Panavia V5 IPS Empress CAD 16.84 0.163 oo
Panavia V5 IPS e.max CAD 19.45 0.159 YY)
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Abstract: For long-term successful use of ceramic materials in dental procedures, it is necessary to
ensure reliable bonding of restorations to dental substrates. This can be achieved by the application of
a proper luting cement and through additional surface conditioning. The present systematic review
summarizes the most up-to-date evidence on the use of different surface modification methods to
enhance the bond strength of dental ceramics to the hard tissues of the teeth. The authors of the
review searched the Web of Science, Scopus, and MEDLINE databases to identify relevant articles
published between 1 January 2010 and 1 January 2020. A total of 4892 records were identified, and
after screening, the full text of 159 articles was evaluated, which finally resulted in the inclusion
of 19 studies. The available reports were found to be heterogeneous in terms of materials and
methodology, and therefore, only within-studies comparison was performed instead of comparison
between studies. A statistically significant difference in the bond strength between the samples treated
with different methods of surface conditioning, or between conditioned and nonconditioned samples,
was revealed by most of the studies. Predominantly, the studies showed that a combination of
mechanical and chemical methods was the most effective way of enhancing bond strength. Artificial
aging and luting cement were also identified as the factors significantly influencing bond strength.

Keywords: dental ceramic restoration; resin cement; luting agent; teeth; dentin; enamel; surface
conditioning; surface modification; artificial aging; adhesion

1. Introduction

Due to growing esthetic demand and the development of computer-aided design/
computer-aided manufacturing (CAD/CAM) systems in recent years, ceramics have be-
come a very popular material for the manufacturing of fixed dental prosthetics, ranging
from veneers, inlays, and onlays to full-crown restorations and bridges. This popularity
is mainly attributed to their properties, such as biocompatibility, excellent esthetic effect,
and chemical and volumetric stability [1-4]. However, the clinical success of a ceramic
restoration also depends on good marginal adaptation as well as strong and reliable ad-
hesion of the ceramic surface to the tooth tissues. Adhesive bond strength, calculated
by dividing the failing load by the bond area, could be determined using various tests
(shear, tensile, microtensile or pull-out test). Reliable adhesion could be achieved by using
a proper luting cement providing attachment of dental restoration to the prepared teeth
(including conventional cements, such as zinc phosphate or glass-ionomer, and contem-
porary cements, such as resin and resin-modified glass-ionomer) and through additional
surface conditioning. This will not only increase the retention of the restoration but also
minimize microleakage, improve marginal adaptation, and increase the fracture resistance,
thereby ensuring durability and long life of the prosthetic reconstruction [5-7].
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The successful bonding of ceramic restorations is strongly associated with proper
chemical and mechanical interactions of the ceramic surface with luting cement and the
hard tissues of the teeth [5,8-10]. For this purpose, various methods of surface treatment
are applied to increase the adhesion of the ceramic material to the luting cement and the
dental substrates [11-13]. Micromechanical retention, which results in increased surface
roughness, could be facilitated by methods such as acid etching, airborne particle abra-
sion (APA), tribochemical silica coating, and laser irradiation [12]. On the other hand,
chemical conditioning can be performed using bifunctional silane agents that enhance the
wettability of the ceramic surface and improve the penetration of the resin cement into
microscopic porosities created in the conditioned surface [13,14]. A frequently studied
alternative is the universal adhesive system which is based on phosphate monomers (10-
methacryloyloxydecyl dihydrogen phosphate, MDP) [10-13]. The 10-MDP, incorporated
into dental adhesive systems as a functional monomer, promotes chemical interaction with
dental substrates, enhancing adhesion forces. Through the formation of MDP-calcium salts
it promotes also the protection of collagen fibers [15].

The proper choice of surface conditioning method is of huge importance for the clinical
utility of ceramic restorations. The selection of this method is dependent on the chemical
and physical properties of the material. Silica-based ceramics, such as leucite, lithium
disilicate, or feldspathic porcelain, are easier to work with because their glassy phase can
be more easily chemically treated than high-strength zircon dioxide [3-5]. On the other
hand, zirconia has favorable mechanical properties such as high flexural strength, relatively
low elastic modulus, and high fracture toughness [16]. This material is also characterized
by good chemical and dimensional stability [5,6]. However, the adhesion of zirconium to
the dental substrates is unstable and poor which attracts the attention of many research
groups attempting to achieve optimum bond strength without altering the strength of the
ceramic itself [5-9]. Due to their crystalline structure, zirconium materials are acid-resistant.
Therefore, the first modification of their surface mainly involves a mechanical process
and the creation of a layer containing a glassy phase that can be modified chemically
in a much simpler way. For this purpose, APA, silica coating, or porcelain glazing was
performed [3,5,9,10].

Although numerous studies have been carried out on ceramic surface conditioning,
there is still no consensus on the optimal protocol that would enable the best bonding
between a ceramic restoration and the dental tissue to be obtained. The aim of this
systematic review was to summarize the most up-to-date available evidence on the use of
different surface conditioning methods to enhance the bond strength of dental ceramics to
the hard tissues of the teeth. The authors of the review focused on the critical revision of
the technical details concerning the materials and techniques applied in the most recent
experimental research, which could allow the identification of the strengths and weaknesses
of the available reports. Additionally, the review is intended to determine the significance
of the other factors influencing the bond strength values, such as artificial aging and luting
cement, in order to identify the most effective surface conditioning methods that would
contribute to increasing the clinical utility of modern dental materials.

2. Results
2.1. Study Selection

Three authors (A.M., S.O. and W.E)) were involved in the literature identification
and record screening procedure. The selection process is detailed in the PRISMA flow
diagram in Figure 1. A total of 4892 records were found in the databases: 2035 in Web
of Science, 1724 in Scopus, and 1133 in MEDLINE. In addition, two records were added
after screening the reference lists of the qualified studies. After removing the duplicates
from the studies identified from the different databases, a total of 4070 records remained.
Then, three authors screened the titles and abstracts of these remaining records based on
the inclusion and exclusion criteria, after which 3911 articles were excluded. Afterward,
two authors (A.M. and W.F.) independently assessed the full text of 159 selected articles for
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the final evaluation of eligibility. Their assessment was critically revised by another author
(J.W.). Finally, 19 articles were included in this systematic review.

=
.g Full-text articles
o Records identified through included from
;g database searching other sources
P (n=4892) (n=2)
c
(7]
1)
oo
£ FRr—— Records excluded
q:) Records after zplcates based on title
() {sTZ\(/)(;o) |:|'> and abstract
et =
(s} (n=3911)
(%}
Full-text articles excluded,
with reasons (n=140):
- 1. no hard tissues of human
= Full-text articles assessed teeth used (n=134)
= for eligibility |:> 2. no modification of
e (n=159) ceramic surface (n=3)
o= 3. rebonding of orthodontic
= brackets (n=1)
4. no shear bond test (n=1)
5. review article (n=1)
e
[} .
- Studies included
= in evidence
g synthesis
. (n=19)

Figure 1. PRISMA flow diagram of the systematic review protocol.

2.2. Material Characterization and Specimen Preparation

All the qualified papers investigated the bond strength of dental ceramics to dental
hard tissues. Fifteen of these studies described ceramics luted to human dentin [7,16-29],
two described ceramics luted to human enamel [30,31] and one described ceramics luted to
the dentin of bovine teeth [32]. Saker et al. performed a comparative study on two human
dental tissues: dentin and enamel [33].

The types of ceramic materials and dental cements used in the included studies for
specimen preparation are summarized in Table 1. Most of the selected studies focused on
yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) [16,18-22,24,26,31-33]. Further-
more, lithium disilicate glass-ceramic was investigated by Madina et al. [17], feldspathic
ceramic by Jetti et al. [25], and monolithic zirconia by Reddy et al. [20], Feng et al. [23], But-
ler et al. [29], and Zandparsa et al. [30], while Park et al. evaluated resin nanoceramics [7].
Different types of dental ceramics were compared by Kara et al. [27] (feldspathic ceramic,
leucite-reinforced hot-pressed ceramic, hot-pressed lithium disilicate ceramic, and zirconia)
and Gamal et al. [28] (lithium disilicate and zirconia).
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Table 1. Characteristics of the materials used in the studies included in the systematic review, presented in chronological

order.

Author and Year

Ceramics (Commercial Name, Manufacturer)

Cement (Commercial Name, Manufacturer)

Madina 2010 [17]

IPS e.max PRESS (Ivoclar Vivadent)

Panavia F 2.0 (Kuraray)

Qeblawi 2010 [16]

IPS e.max ZirCAD (Ivoclar Vivadent)

Multilink Automix (Ivoclar Vivadent)

Shahin 2010 [18]

In-Ceram YZ for inLAB (Vita)

(1) Hoffmann quick setting (Hoffmann Dental)

(2) Ketac Cem Maxi Cap (3M ESPE)
(3) Panavia 21 TC (Kuraray)

Chai 2011 [19]

(1) In-Ceram Zirconia (Vita)
(2) YZ Zirconia (Vita)

Panavia F 2.0 (Kuraray)

Reddy 2012 [20]

Incoris ZI (Sirona)

Multilink Speed (Ivoclar Vivadent)

De Castro 2012 [21]

In-Ceram YZ (Vita)

(1) RelyX ARC (3M ESPE)
(2) RelyX U100 (3M ESPE)
(3) Panavia F (Kuraray)

Saker 2013 [33]

In-Ceram Zirconia (Vita)

Panavia F 2.0 (Kuraray)

Zandparsa 2013 [30]

Zirconia (3M ESPE)

Panavia F 2.0 (Kuraray)

Bottino 2014 [22]

In Ceram YZ 2000 (Vita)

(1) Panavia F (Kuraray)
(2) Clearfil SA Cement (Kuraray)

Feng 2014 [23] Sintered zirconia blocks (3M ESPE) @) (112311; a;‘;‘g?czéﬁgﬁrggém
Menani 2014 [32] Lava Frame Y-TZP (3M ESPE) Panavia F (Kuraray)

Alves 2015 [24]

(1) RelyX ARC (3M ESPE)

InCeram YZ (Vita) (2) RelyX U200 (3M ESPE)

Jetti 2015 [25]

CEREC (Sirona) Variolink II (Ivoclar Vivadent)

Lv 2015 [31]

(1) Superbond C and B (Sun Medical)

Yttria-stabilized zirconia powder (Tosho) (2) Panavia F 2.0 (Kuraray)

Unal 2015 [26]

(1) Panavia F 2.0 (Kuraray)

ZirkonZahn (Steger) (2) Variolink N (Ivoclar Vivadent)

Park 2016 [7]

Lava Ultimate (3M ESPE) RelyX (3M ESPE)

Kara 2017 [27]

(1) Finesse (Ceramco)
(2) IPS Empress Esthetics (Ivoclar Vivadent)
(3) IPS Empress e.Max (Ivoclar Vivadent)
(4) Zirkonzahn Prettau (Zirkonzahn GmBh)

Clearfil Esthetic Cement (Kuraray)

Gamal 2018 [28]

(1) IPS e.max CAD (Ivoclar Vivadent)

(2) IPS e.max ZirCAD (Ivoclar Vivadent) RelyX Ultimate (3M ESPE)

Butler 2018 [29]

NexxZr (Sagemax Bioceramic) Duo-link (Bisco)

The included papers also differed in terms of the dental cement used to lute the
ceramic to the tooth tissue. In many studies, Panavia F2.0, a self-etching, MDP-containing
dual-polymerizing resin cement, was either used separately [17,19,30,33] or compared
with adhesive self-curing resin cement (Superbond C and B [31]) or dual-polymerizing
resin cement (Variolink N [26]). Other self-adhesive materials evaluated were Multilink
Speed, a self-curing composite resin cement, which can be light-cured if desired [20],
and Clearfil Esthetic Cement [27]. Some studies also investigated the dual-polymerizing
adhesive cements, including Multilink Automix [16], Variolink II [25], RelyX Ultimate [28],
and Duo-link [29]. Shahin et al. compared the various groups of cements, namely zinc
phosphate cement (Hoffmann quick setting), glass-ionomer cement (Ketac Cem Maxi Cap),
and adhesive resin cement (Panavia 21) [18]. Alves et al. compared an adhesive resin
cement (RelyX ARC) with a self-adhesive resin cement (RelyX U200) [24], while De Castro
et al. compared an adhesive resin cement (RelyX ARC) with a self-adhesive (RelyX U100)
and a dual-polymerizing resin cement (Panavia F) [21]. Menani et al. [32] also separately
studied Panavia F as well as comparing this cement with self-adhesive dual-polymerizing
resin cements (Clearfil SA Cement [22], RelyX Unicem [23]). One study focused on a
cement material described as “RelyX,” but it is not very informative [7].
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2.3. Methodology of the Selected Studies: Surface Treatment, Artificial Aging, and Bond Strength

Evaluation

The methods used for surface conditioning and artificial aging in the included studies
are presented in Table 2.

Table 2. Characteristics of the surface treatment and artificial aging methods, and primary and secondary outcomes of the
studies included in the systematic review, presented in chronological order. HF acid = hydrofluoric acid; APA = airborne

particle abrasion; SBS = shear bond strength.

Primary Outcome: Impact of

Secondary Outcome:

Aut;lorrand Surface Treatment Artificial Aging Different Surface Treatment S:n:iliazltlz) f tthi Otl?f}l;
ea Methods on the Bond Strength uclec ractors on the
Bond Strength
. 1 ro . No statistically significant
Madina (.1 ) HE aqd 5@ + sﬂane' . None difference was found between the -
2010 [17] (2) APA + tribochemical silica coating + silane e
surface conditioning methods.
16 groups: (1) Statistically
4 different mechanical treatments: significant difference
(1) No mechanical treatment (1) None was observed between
. (APA A (2) 90 days at 100% humidity _ the groups
. (3) Tribochemical silica coating o . (immediate/aged).
Qeblawi (4) Wet hand grindi and 37 °C; 2000 thermal The highest SBS values were ) Artificial agi
2010 [16] Combi AN ffan grndamg . cycles (5-55 °C, 10 s dwell achieved for silica coating + silane. rutica e.afg.mg
ombined with 4 different chemical treatments: . d resulted in significantly
(1) No chemical treatment P tlmte) tefe?éggo aysl lower SBS for silica
(2) Acid etching + silane oratotalo cycles coating + silane and for
(3) Silane no mechanical treatment
(4) Zirconia primer + zirconia primer.
(1) 3 days in distilled water at (1) Artificial aging
37°C significantly reduced
(2) 150 days in distilled water retention.
Shahin 2010 (1) No treatment at 37 °C; 37,500 thermal cycles APA significantly increased crown (2) Adhesive resin
[18] (2) APA (5-55 °C, 30 s dwell time); retention. cement (Panavia 21)
after thermocycling, allowed significantly
masticatory simulation higher retention than the
(300,000 cycles, load of 50 N) conventional cements.
(1) No treatment
(2) Chairside tribochemical silica coating + In-Ceram Zirconia treated with The bond strength
Chai 2011 silane (CoJet, 3M ESPE) + resin-bonding agent N CoJet had a significantly higher between the two ceramic
[19] (Visio Bond, 3M ESPE) one SBS than those untreated or types was not
(3) Laboratory tribochemical silica coating + treated with Rocatec. significantly different.
silane (Rocatec, 3M ESPE)
(1) The highest values were
1) No treatment obtained for zirconia primer, the
p
(2) APA second highest for APA, and the
Redf%]zm (3) HF acid 4.5% None third for HF acid with silane. -
(4) HF acid 4.5% + silane (2) There were no significant
(5) Zirconia primer differences between HF acid and
nontreated control.
(1) Resin cement and
(1) No additional i 'fa'rtiﬁclial ?fgingd h
o additional storage - PR . significantly atfected the
o qes Statistically significant difference
De Castro (1) APA 2)60 days;fr;;l nglled water was found between the groups mean bvoarllgesstrength
2012 [21] (2) Tribochemical silica coating (3) 10,000 thermal cycles treated with different surface (2) The hi heét bond
. e conditioning methods. 8 .
(5-55 °C, 30 s dwell time) strength was achieved
for Panavia F with APA
after thermal cycling.
the surface treatment
(1) All th f
protocols significantly increased
@ I\Ig)tfle’l[t%mem the tensile bond strength Substrate type (enamel
Saker 2013 (3) Tribochemical silica coating + silane 5000 thermal cycles (5-55 °C, @ ;ﬁ?ﬁ) iﬂi‘::;gfé:;gl"/ms vs. dentin) had a
[33] (4) Tribochemical silica coating + metal 20 s dwell time) : . significant influence on
rimer-containing MDP achieved for APA, and the highest the bond strength.
(5) Glazepceramic +HF ac;gd 9.6% + silane for glaze + HF acid (for enamel) or B
' tribochemical silica coating +
metal primer (for dentin).
(1) APA
(2) APA + Z-PRIME Plus
Zandparsa ©) ?PA ; alloly an;r 500 thermal cycles (5-55 °C, APAﬁ+ Z_P.RIME Plus shpwsegls
2013 [30] (4) Piranha solution 7:1 15 s dwell time) significant improvement in -

(5) Piranha solution 7:1+ Z-PRIME
(6) Piranha solution 7:1 + alloy primer
(7) Tribochemical silica coating + silane

compared to all other groups.
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Table 2. Cont.

Primary Outcome: Impact of

Secondary Outcome:
Impact of the Other

Author and e . .
Year Surface Treatment Artificial Aging Different Surface Treatment Studied Factors on the
Methods on the Bond Strength
Bond Strength
(1) Low-fusing porcelain glaze + HF acid 10% + No statistically significant Re(?igacr?irlr)‘zr:d(ifc?rzvf g
Bottino 2014 &P silan§ ° 5000 thermal cycles (5-55 °C, difference was found between the conditions (nonagi I“lg >
[22] . 1 . 30 s dwell time) groups treated with different . > \NONAgnE
(2) Tribochemical silica coating S aging) significantly
surface conditioning methods. .
influenced the SBS.
Specimens bonded with
(1) No treatment The bond strength of APA + silica Panavia F exhibited
Feng 2014 (2) APA+ silane None _coating + ‘s1lane group was the. significantly higher bqnd
[23] (3) APA+ tribochemical sili tine + sil highest, while the bond strengthin  strength than those with
1bochemical stfica coating + stlane the control group was the lowest. RelyX Unicem regardless
of the surface treatments.
(1) The extrusion shear strength of
(1) No treatment the group etched with 40% HF
Menani (2) Alloy primer N acid was significantly higher than B
2014 [32] (3) HF acid 40% one that of other groups.
(4) HF acid 40% + alloy primer (2) Differences for the other groups
were not statistically significant.
(1) No treatment (1) Uni 1 ori licati
(2) Chairside tribochemical silica coating + ruvgésil glrlr}r:.er}'la plt:)sl];as ton C " did not
Alves 2015 silane (CoJet, 3M ESPE) 30 days in distilled water at provided the fughes —emen type did no
) . . . o compared to other methods. significantly affect the
[24] (3) Laboratory tribochemical silica coating + 37°C
silane (Rocatec + 3M ESPE) (2) Nontreated control group SBS.
(4) Universal primer presented the lowest SBS.
(1) The application of silane
significantly increased the SBS in
both groups bonded with Prime
(1) HF acid <5% + Prime and Bond NT a’g) ‘%%gfel\f;;‘io“:fh nﬁf;‘aﬁn
Jetti 2015 (2) HF acid <5% + silane + Prime and Bond NT N ) . 8
. o one differences in SBS between the -
[25] (3) HF acid <5% + Xeno III . .
groups bonded with Prime and

(4) HF acid <5% + silane +Xeno III

Bond NT and with Xeno III.
(3) The highest SBS was achieved
using <5% HF acid + silane and
Prime and Bond NT.

(1) No treatment
(2) APA
(3) Hot-etching treatment (800 mL of methanol,
200 mL of 37% HCl and 2 g of FeCl3) for 1 h at
100 °C

Lv 2015 [31]

5000 thermal cycles (5-55 °C,
30 s dwell time)

The hot-etching group had
significantly higher SBS than the
control and APA groups.

SBS was significantly
lower after thermal
cycling in all groups
except for the
hot-etching group that
was cemented with
Panavia F2.0.

(1) No treatment

Laser-irradiated groups had

Cement type
significantly affected the

Unal 2015 (2) APA 5000 thermal cycles (5-55 °C, L X
[26] (3) Tribochemical silica coating 15 s dwell time) mgmﬁcan(t)lg}z?;g};(e)l;sgs than the SBS values (Panavia F 2.0
(4) YbPL laser groups. > Variolink N).
(1) APA + universal adhesive
(1) APA resulted in the highest bond
(2) APA + Singlebond Universal Adhesive strength followed by
(3) HF acid 4% + Singlebond Universal tribochemical silica coating +
Adhesive universal adhesive.
Parl[<7?016 (4) HF acid 4% + silane + Singlebond Universal None (2) The lowest bond strength was -
Adhesive achieved for 4% HF acid etching +
(5) Tribochemical silica coating universal adhesive.
(6) Tribochemical silica coating + Singlebond (3) Universal adhesive increased
Universal Adhesive the bond strength, while silane
had no significant effect.
(1) No significant differences in
bond strength were seen in
(1) No treatment Finesse ceramic groups treated
(2) APA with different methods.
(3) HF acid 9% (2) HF acid etching increased the
(4) Hot acidic solution containing HCI and o bond strength of IPS Empress
Kara 2017 o X . 5000 thermal cycles (5-55 °C, .
[27] FeCl3 (100 °C) applied for 30 min 30s dwe)il tim(e) Esthetlcs: ) -
(5) Nd:YAG laser (3) APA and HF acid etching
(6) Nd:YAG laser + APA increased the bond strength of IPS

(7) Nd:YAG laser + HF acid 9%
(8) Nd:YAG laser + hot acidic solution

Empress e-Max.
(4) APA and Nd:YAG + APA
increased the bond strength of
Zirkonzahn Prettau.
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Table 2. Cont.

Author and

Primary Outcome: Impact of

Secondary Outcome:
Impact of the Other

Year Surface Treatment Artificial Aging Different Surface Treatment Studied Factors on the
Methods on the Bond Strength B
ond Strength
(1) Laser irradiation increased the
SBS between zirconia and dentin
compared with nonirradiated
(1) CO;, laser + HF acid 9% + silane ceramic surfaces.
Gamal 2018 (2) HF acid 9% + silane None (2) Laser irradiation combined
[28] (3) CO; laser + APA + silane with HF acid and silane did not
(4) APA + silane seem to be an alternative method
for improving the
dentin-to-ceramic surface (lithium
disilicate) bonding.
(1) No treatment (1) SBS was significantly
(2) APA influenced by the use of APA,
Butler 2018 (3) Primer None primer, or adhesive.
[29] (4) APA + primer (2) The use of Z-Prime Plus and

(5) APA + All-Bond Universal

All-Bond Universal resulted in

(6) APA + ScotchBond Universal Adhesive

significantly higher bond strength.

The included studies investigated the techniques of both micromechanical and chem-
ical bonding of ceramics to dental hard tissues. Among the methods applied to achieve
micromechanical bonding, there were different kinds of mechanical treatments such as
APA [7,16-18,20,21,23,26-31,33], tribochemical silica coating [7,16,17,19,21-24,26,30,33],
laser irradiation [26-28], and wet hand grinding [16]. The second approach utilized for
micromechanical bonding was a chemical-based one which involved the use of various
acid solutions to etch the conditioned surface [7,16,17,20,22,25,27,28,30-33]. On the other
hand, different methods applied to achieve chemical bonding were also evaluated. These
included the use of porcelain glaze [22,33] and coupling agents such as primers and
silanes [7,16,17,19,20,22-25,28-30,32,33]. A nontreated control was used in 12 of the 19 in-
cluded studies [16,18-20,23,24,26,27,29,31-33]. In the rest of the studies, different methods
of surface conditioning were compared with each other [7,17,21,22,25,28,30].

Additionally, in 10 of the 19 selected studies, artificial aging was performed [16,18,
21,22,24,26,27,30,31,33]. The parameters of aging differ significantly. In the studies, the
specimens were subjected to prolonged storage in distilled water at 37 °C for different
periods of time [18,21,24] or subjected to different numbers of thermal cycles between 5 °C
and 55 °C with different dwell times [21,22,26,27,30,31,33]. Both prolonged water storage
and thermal cycles were performed in the study conducted by Qeblawi et al., [16]. In
a study carried out by Shahin et al., water storage and thermocycling were followed by
masticatory simulation [18].

To investigate the bond strength between dental ceramics and dental hard tissues,
most of the researchers used shear bond strength test with a shear crosshead speed of
1.0 mm/min [16,20,24-26,28,31] or 0.5 mm /min [19,22,29,30]. The other methods used
for evaluating bond strength were the pull-out test of retentive strength [17,18], extrusion
shear test [32], tensile test [33], and microtensile strength test [7,21,23,27].

2.4. Outcomes

The primary and secondary outcomes of the selected studies are described in Table 2.

As a primary outcome, a statistically significant difference in bond strength between
the samples treated with different surface conditioning methods, or between the condi-
tioned and nonconditioned samples, was revealed in most of the studies [7,16,18-21,23-33].
Only two studies showed no statistically significant difference between the compared
experimental groups [17,22]. However, in these studies, there were no nontreated con-
trol groups, but different surface conditioning methods were compared to each other
(hydrofluoric (HF) acid + silane vs. APA + tribochemical silica coating + silane [17] or
low-fusing porcelain glaze + HF acid + silane vs. tribochemical silica coating [22]). Kara
et al. found no significant differences in bond strength in one out of four evaluated ceramic
groups that were treated with different methods [27]. All the studies conducted using a
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nontreated control group concluded that the bond strength of the nontreated specimens
was significantly lower than that of the specimens subjected to surface modification [16,18—
20,23,24,26,27,29,31-33]. Many studies suggested that a combination of mechanical and
chemical methods, such as silica coating + silane [16], silica coating + primer or HF acid
+ glaze [33], APA + primer [30], APA + silica coating + silane [23], and APA + universal
adhesive [7], was the most effective way of enhancing bond strength.

The impact of the other studied factors on bond strength between ceramics and
teeth was investigated as a secondary outcome in 10 of the 19 selected papers. Artifi-
cial aging [16,18,21,22,31] and luting cement [18,21,23,26] were identified as the factors
significantly influencing the obtained values of bond strength. Furthermore, Saker et al.
demonstrated that substrate type (enamel vs. dentin) also had a significant influence on
bond strength [33].

2.5. Evidence Synthesis

The quality of the evidence presented in the studies, with overall GRADE (Grading
of Recommendations Assessment, Development and Evaluation) scores for primary and
secondary outcomes, is shown in Table 3. The number of samples in each experimental
group used in the included studies ranged from 3 [21] to 30 [7]. Most of the included
studies (17 out of 19) revealed the significant influence of the surface conditioning methods
on the bond strength of dental ceramics to dental hard tissues. A significant effect of the
other studied factors (e.g., luting cement and artificial aging) was demonstrated in 8 out of
10 studies.

Table 3. Summary findings for the primary and secondary outcomes.

Outcome Outcome Significance Author and Year No. of Specimens per Group Quality of the Evidence (GRADE)
Qeblawi 2010 [16] 12 ++++ high
Shahin 2010 [18] 8 +++— moderate due to indirectness
Chai 2011 [19] 12 ++—— low due to imprecision and risk of bias
Reddy 2012 [20] 4 +++— moderate due to imprecision
De Castro 2012 [21] 3 ++—— low due to imprecision and risk of bias
Saker 2013 [33] 10 ++++ high
Zandparsa 2013 [30] 10 +++— moderate due to risk of bias
Significant correlation Feng 2014 [23] 10 +++— moderate due to imprecision
Primary Menani 2014 [32] 7 ++— low due to imprecision and indirectness
outcome Alves 2015 [24] 10 ++++ high
Jetti 2015 [25] 10 ++—— low due to imprecision and risk of bias
Lv 2015 [31] 10 ++++ high
Unal 2015 [26] 15 +++— moderate due to imprecision
Park 2016 [7] 30 ++—— low due to imprecision and risk of bias
Kara 2017 [27] 12 ++++ high
Gamal 2018 [28] 6 ++—— low due to imprecision and risk of bias
Butler 2018 [29] 10 ++++ high
No significant correlation Madina 2010 [17] 8 ++—— low due to indirectness and risk of bias
Bottino 2014 [22] 10 +++— moderate due to risk of bias
Qeblawi 2010 [16] 12 +++— moderate due to risk of bias
Shahin 2010 [18] 8 +++— moderate due to indirectness and risk of bias
De Castro 2012 [21] 3 ++—— low due to imprecision
Significant correlation Saker 2013 [33] 10 +++— moderate due to indirectness
Secondary Bottino 2014 [22] 10 ++++ high
outcome
Feng 2014 [23] 10 +++— moderate due to imprecision
Lv 2015 [31] 10 ++++ high
Unal 2015 [26] 15 +++— moderate due to imprecision
Chai 2011 [19] 12 ++—— low due to imprecision and risk of bias

No significant correlation

Alves 2015 [24] 10 ++++ high
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The quality of the evidence presented in most of the included studies was scored
as +++— (moderate), ++++ (high), or ++— (low). The common causes of score reduction
included imprecision and risk of bias.

3. Discussion

Due to their huge clinical importance, the methods that promote reliable bonding of
ceramic restorations to the dental hard tissues are of interest to many research groups. Sev-
eral interesting reviews of the research concerning surface conditioning methods applied
to increase the bond strength between ceramics and teeth have been published in recent
years. The conducted analyses drew the conclusion that a combination of mechanical and
chemical treatments is essential for good adhesion. However, they revealed that currently
there is a lack of evidence to support a universal adhesion protocol [34-36].

This systematic review focused primarily on the influence of surface modification
methods on the bond strength between ceramics and dental substrates. The vast majority
of the selected articles performed the modification of zirconia to achieve long-term, durable
bonding of this material. In one study, a lithium disilicate glass-ceramic [17] and feldspathic
ceramic [25] were investigated. One research paper was based on resin nanoceramic [7],
which is a relatively new material, used mainly for minor restorations. Different types of
dental ceramics were compared in the studies by Kara et al. (feldspathic ceramic, leucite-
reinforced hot-pressed ceramic, hot-pressed lithium disilicate ceramic, and zirconia) [27]
and Gamal et al. (lithium disilicate and zirconia) [28]. These studies demonstrated that
different types of ceramics required different methods of surface conditioning for strong
bonding to dental substrates [27,28].

The present systematic review revealed that different mechanical treatments (APA, tri-
bochemical silica coating, laser irradiation, and wet hand grinding) and chemical treatments
(acid etching) were investigated to achieve micromechanical bonding. Other methods of
chemical bonding such as the use of porcelain glaze and coupling agents (primers and
silanes) were also evaluated. A statistically significant difference in bond strength between
the samples treated with different surface conditioning methods, or between conditioned
and nonconditioned samples, was revealed in most of the studies. Predominantly, the
studies showed that a combination of mechanical and chemical methods, such as silica
coating + silane [16], silica coating + primer or HF acid + glaze [33], APA + primer [30], APA
+ silica coating + silane [23], and APA + universal adhesive [7], was the most effective way
of enhancing bond strength. Three studies investigated the effectiveness of laser irradiation
as an alternative technique for treating ceramic surfaces prior to bonding resin cements.
They revealed increased shear bond strength between zirconia and dentin after irradiation
with YbPL laser [26], Nd:YAG laser [27], and CO; laser [28] compared with nonirradiated
ceramic surfaces.

Apart from evaluating the effectiveness of surface conditioning methods in the present
review, attention was also paid to the significance of the effects of artificial aging perfor-
mance and the selection of luting agent on bond strength. Artificial aging was performed
in 10 out of 19 selected studies [16,18,21,22,24,26,27,30,31,33]. The parameters of aging
differ significantly—in the selected studies, the specimens were stored in distilled water
at 37 °C for different periods of time or were subjected to different numbers of thermal
cycles between 5 °C and 55 °C. One study combined prolonged water storage and ther-
mocycling [16], while another study additionally performed masticatory simulation after
water storage and thermocycling [18]. Only 5 out of 10 studies that used artificial aging
compared the results for aged and nonaged samples. All of them reported a statistically
significant decrease in the bond strength of specimens after artificial aging [16,18,21,22,31].

In total, 6 out of 19 studies compared the bond strength values achieved using different
luting agents. Shahin et al. compared various groups of cements—zinc phosphate cement
(Hoffmann quick setting), glass-ionomer cement (Ketac Cem Maxi Cap), and adhesive
resin cement (Panavia 21), and demonstrated that the adhesive resin cement (Panavia 21)
provided significantly higher retention than the conventional cements [18]. Most of the
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other studies also revealed a statistically significant difference in bond strength between
the groups luted with different cements [21-23,26]. Application of the adhesive resin
cement Panavia F resulted in a significantly higher bond strength compared to several
self-adhesive cements (RelyX U100 [21], Clearfil SA [22], RelyX Unicem [23]). Unal et al.
showed a higher bond strength after cementation with adhesive MDP-containing Panavia
F 2.0 compared to Bis-GMA-containing Variolink N cement [26]. Only one study did not
show any statistically significant difference between the compared adhesive resin cement
(RelyX ARC) and self-adhesive resin cement (RelyX U200), and thus did not confirm the
influence of the type of cement on bond strength [24].

An additional huge advantage of this systematic review is the selection of papers
describing research conducted on samples luted to dental hard tissues (dentin or enamel)
of humans. This criterion for the method of specimen preparation significantly reduced
the number of studies that could be qualified for the review, but it enabled a more precise
analysis in terms of the clinical utility of the results obtained. In one study, bovine teeth
were used as a substitute for human tissue [32], but the validity of such an approach was
confirmed in previous reports [37-40].

The main limitation of this review is the lack of a meta-analysis, which could not be
performed due to the heterogeneity of the available reports on dental ceramic surface mod-
ifications, both in terms of materials and protocols. Therefore, the results were compared
only within studies but not between studies. The identified risk of bias can be attributed
mainly to the lack of information regarding the number of operators performing the exper-
iments and a low sample size which was observed in several studies. Furthermore, some
of the reports did not precisely define the full names of the materials used.

One of the sources of heterogeneity was the application of different bond strength tests
(shear, pull-out, extrusion, tensile, and microtensile strength tests). Most of the included
studies performed a shear bond strength test, which is easy to use, but is characterized by
less uniform stress distribution compared to a tensile bond strength test [7,41]. In addition,
some previous analyses revealed that microbond tests are more reliable than macrobond
tests [42].

Another interesting issue that should be investigated in the future is the limited
usefulness of bond strength testing, including shear loading. As they do not fully mimic
the real clinical situation with a complex pattern of stress distribution during failure,
additional methods should be applied to better predict the clinical behavior of ceramic
restorations. Thus, the performance of fatigue tests under cyclic loading, as a way of
masticatory simulation, should be considered [43]. The application of degradation protocols
(e.g., water or saliva storage and thermal cycling) should also be included to simulate
the chemical and thermal conditions that restorations may be subjected to. Due to their
low costs, water storage and thermocycling in water are the most common methods of
artificial aging. However, many different models could be proposed to evaluate the effect
of the oral environment (different pH levels, thermal fluctuations, enzymatic activity,
masticatory forces, etc.,) on the degradation of dental materials. Consideration of these
factors is strongly recommended for future laboratory research in order to simulate the
clinical situation more accurately. Finally, apart from the recommendation for using
more comparable methodologies in laboratory studies evaluating the different aspects of
bond strength, further clinical trials are needed to provide relevant evidence of successful
bonding [34,35].

4. Materials and Methods

This systematic review was accomplished in accordance with the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) guidelines used to collect
and report data [44,45]. It was conducted in an attempt to answer the following questions:
(1) Does surface conditioning significantly influence the bond strength of dental ceramics
to dental tissue? (2) Which surface conditioning method can most effectively improve
the bond strength of dental ceramics to dental tissue? (3) What are the other factors (e.g.,
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artificial aging, luting cement) that significantly influence the bond strength of dental
ceramics to dental tissue?

4.1. Search Strategy
4.1.1. Data Sources and Searches

The authors searched the Web of Science, Scopus, and MEDLINE databases to identify
the relevant articles published in English between 1 January 2010 and 1 January 2020. The
literature search was performed combining each of the following keywords: (1) dental
ceramic, (2) dental resin cement, (3) dental luting cement, and (4) teeth; with each of
the following keywords: (A) surface modification, (B) surface treatment, and (C) surface
conditioning; and with each of the following additional keywords: (a) bond strength, (b)
durability, and (c) adhesion. The database search was supplemented with a hand search of
the bibliographic references of the retrieved articles aimed at the identification of potentially
relevant papers [44,45].

Three authors (A.M., S.0. and W.E)) were involved in the literature identification and
record-screening procedure. After removing the duplicates from the records identified in
different databases, the three authors screened the titles and abstracts of the remaining
records based on the inclusion and exclusion criteria. For a final evaluation of eligibility,
two authors (A.M. and W.E) performed an independent assessment of the full text of the
selected articles, which was critically revised by another author (J.W.). None of the review
authors was blind to the title of the articles, author names, and affiliations.

4.1.2. Eligibility Criteria for Initial Study Selection

During the database search, the authors aimed to select studies that quantitatively
investigated the effects of different surface treatment methods on the bond strength of
dental ceramics luted with resin cements to the hard tissues of the tooth.

The authors added filters to identify only English language and full-text articles
published between 1 January 2010 and 1 January 2020. Inclusion and exclusion criteria
were defined according to the PICOS (Population, Intervention, Comparison, Outcomes
and Study Design) approach and are listed in Table 4.

Table 4. Inclusion and exclusion criteria.

PICOS Inclusion Criteria Exclusion Criteria
Samples that are not made of ceramic
Population Ceramic samples luted to hard tissues of Ceramic—cement combination without tooth tissue
P tooth (enamel or dentin) Ceramic luted to another material (composite, metal),
without tooth tissue
Intervention Any method of surface modification No surface modification applied
Nontreated control or any other method
Comparator o None
of surface modification
Shear or tensile bond strer}gth or Any other methods used for the evaluation of the quality of
Outcome retentive strength of the ceramics luted to .
. the bond between the ceramic and the tooth
the tooth tissue
Only English language and full-text Review papers
Study articles published between 1 January Articles not in English
2010 and 1 January 2020 Articles published before 1 January 2010

4.2. Data Extraction

After the inclusion of final studies, two reviewers (A.M. and W.F.) carried out data
extraction independently. Then, the third author (J.W.) checked the validity of the extracted
data. The data extraction process included retrieval of information regarding the type
of specimen, type and name of ceramics, type and name of the resin cement, number
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of samples, methods of surface treatment, methods of artificial aging, methods of bond
strength evaluation, and primary and secondary outcomes.

The primary outcome of interest was the impact of surface treatment methods on the
bond strength of dental ceramics to the tooth structures, while the secondary outcome was
the impact of the other studied factors on the mentioned parameter.

4.3. Data Synthesis and Analysis and Quality Assessment

The studies included in this systematic review were very heterogeneous; therefore,
it was not possible to perform a meta-analysis, and instead, a narrative and qualitative
summary was prepared.

The GRADE approach was used to assess the quality of evidence for the primary and
secondary outcomes. For each outcome, the quality of evidence was assigned to one of the
following categories: very low, low, moderate, or high [46].

5. Conclusions

Different methods of surface treatment can be applied to achieve strong, durable
bonding of different types of ceramics to dental substrates. The present review of labo-
ratory studies revealed a statistically significant difference in bond strength between the
samples treated with different surface conditioning methods, or between conditioned and
nonconditioned samples. Based on the results analyzed, a combination of mechanical and
chemical methods is proposed as the most effective way of enhancing bond strength.

In addition, this review of the available literature highlights the need for standardizing
the methodology of surface modification for future investigations. Due to the use of
different materials, protocols, and tests by researchers, data comparison is quite difficult.
Moreover, standardized protocols should attempt to reproduce clinical conditions by
applying different methods of testing, including fatigue tests, as well as through artificial
aging of samples. Such an approach will allow better prediction of the real clinical behaviors
of the evaluated ceramic materials.
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