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ABSTRACT

Project Code: RSA6080090

Project Title: Validating the mini-(interfacial) fracture toughness testing on bonding effectiveness
and biomedical materials

Investigator: Asst.Prof.Dr.Pong Pongprueksa, Department of Operative Dentistry and Endodontics,
Faculty of Dentistry, Mahidol University

E-mail Address: pong.pon@mahidol.ac.th

Project Period: 36 months

The first study evaluated the bonding effectiveness of dental adhesive with various initiator
concentrations using the mini- interfacial fracture toughness test. The result found that the higher
photoinitiator increased the higher mini-iFT and the different photoinitiator showed the different
polymerization kinetic. (Appendix 1) The second study was the influence of bioactive glass and
zinc oxide on resin composite. The experimental composite property was test using in mini-FT,
flexural strength, and anti-bacterial. The result showed that the mini-FT and flexural strength were
correlated, however, the anti-bacterial property was absent. (Appendix 2) The third study was the
ion-releasing influence to the material surface hardness. The surface microhardness was
investigated on the material surface, which storing in either deionized water or artificial saliva for
42d. This study found that the microhardness of glass ionomer cement gradually increased in
artificial saliva storage at 42d. Phosphorus, calcium, potassium, and magnesium element in
artificial saliva influence to the surface microhardness of material. (Appendix 3) The last study was
the retrospective clinical study on the success and failure on Class V composite restoration. This
study found an impressive clinical success at 95% in 5 years. The adhesive was the most factor
influence to the clinical failure, while the composite was not influence to the clinical success and
failure. (Appendix 4)

This project has been successfully on the validating the mini-(interfacial) fracture toughness
of materials in the reliable and valuable technique. The technique is an essential step to the
development of an innovative dental materials, which consequently to the successfully used in
clinical practice.

Keywords: Mini-FT, Dental bioactive material, Dental adhesive, Clinical success, Clinical failure
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interfacial fracture toughness 1a8) Tam and Pilliar lud 1993 (adapted from Sdéderholm,

2010)
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andsznaun 2 MWLEAITUAIBENINa&aY interfacial fracture toughness (a) Chevron-
notched short bar interfacial fracture toughness specimen 1a¢ Lin and Douglas Tud 1994.

(b) Plane-strain chevron-notched short bar fracture toughness specimen 1ag Armstrong et

al. lud 1998. (adapted from Séderholm, 2010)
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andsznaun 3 NMNULEAITUAIBENINATaY interfacial fracture toughness lag Cheng et al.

Tud 1999 (adapted from Soderholm, 2010)



nMndsznaui 4 MwLaasTwala819Naral Notchless triangular prism interfacial fracture

toughness specimen 1ae Far and Ruse huil 2003 (adapted from Sdderholm, 2010)

AMNUIENaun 5 NMWLIAITUAILN19INARAL Chevron notched beam interfacial fracture

toughness specimen 1a8) De Munck et al. Tuil 2013 (adapted from De Munck et al., 2013)

B=1.5mm

L, [L=2.0mm

L1 .
© o

ANisznaui 6 MWULEAITUAIBENNAREL Mini-interfacial fracture toughness specimen

design. (a) MW mini-IFT specimen &371997101U5WN3 Finite Elements Analysis; 8WNULEA

. a A . a A ' . . @ a
composite, RLANBILEAN dentin LLASRLAINTBYABLEAY adhesive resin. (b) AMWAAVINWNLILITH
JOUUNVBITUNATOU mini-iIFT; FUAILEAI adhesive interface (adapted from Pongprueksa et

al., 2016).
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25 mini-iFT (NMA®BIN 1)

a A

WwSsNantiafandanudutusesasnadidenuaessia laud CQ/amine uaz TPO law
gandsznouuazanudutuasansnan lauaaslu a15197 1 Masiafaaiuniulazaaiuaay
Inde ansuaIieln3aIansusIfida U uuLas 1,100 mWiem aufuueingesusem antuwiy
Wiwllwindwna 1 e il ludalwldtunasauuuuursama (Winae1.5x2.0 ¥a. 812
16-18 x.) st dunesevlliasousasdadlsuHRGANTITINALNIRLAE  (M1DOS; Struers)
LLazﬁ’leiJVl@aauﬁLﬂ%iaW@aau universal testing machine (Instron 5848 Micro Tester, MA, USA)
LLuuﬁuﬁa?}ﬁ;@ (4-point-bending) AMeRAININATAL AU AasHINdaTUNAsaLLazinlUaTasaL
WA ”:1Uﬂa”adﬁgamiﬂﬁ&aﬂmauﬁﬁ@daamm (scanning electron microscope; JSM-6610LV,
JEOL, Tokyo, Japan) iansiaderninualunageunsuaa (degree of conversion) L&z N1ILNG?

NIIRARAT (polymerization  kinetic) @78 micro-Raman spectroscopy (Senterra; BrukerOptik,

Ettlingen, Germany) LU3UABuMILua Ut a NuULasn1TLUAILBILNKNIZAN (glass slide)
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A3 9N 1 LEedRIuUTEnauvaIgTiada LUB ﬁﬁaﬂiﬂi:@uﬂ']iriaé’aﬁ@mﬁ'ﬂummlﬂmﬁﬁ

GN9Nth
Adhesive Composition® Initiators’
LUB-CQ/amine_high 2.0 wt% CQ, 2.0 wt% EDMAB

15 wt% Bis-GMA, 30 wt% HEMA, 10 wt%
MDP, 15 wt% TEGDMA, 10 wt% colloidal
LUB-TPO_high silica, 15 wt% ethanol, 15 wt% water, 2.0 wt% TPO

stabilizers (minute amount)
LUB-TPO_low 0.35 wt% TPO

LUB-CQ/amine_low 0.35 wt% CQ, 0.35 wt% EDMAB

15-35 wt% Bis-GMA, 10-35 wt% HEMA,
MDP, hydrophilic aliphatic dimethacrylate,
Clearfil S* Bond Plus’ hydrophobic aliphatic methacrylate,
colloidal silica, <0.1 wt% sodium fluoride,
<20 wt%, water ethanol

dl-camphorquinone,
accelerators, initiators

!Abbreviations: Bis-GMA: bisphenol A glycidyl dimethacrylate; CQ: camphorquinone; EDMAB: ethyl 4-
(dimethylamino)benzoate;, HEMA:  2-hydroxyethyl — methacrylate;, MDP:  10-methacryloyloxydecyl!
dihydrogenphosphate; TEGDMA: triethylene glycol  dimethacrylate; TPO: diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide; 2Commercially available, precise composition not released by Kuraray
Noritake (Lot: 00012A).
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Q . . A & & 1 A A A
ﬂ7iﬁﬂﬂ1ﬂaﬂ7'ﬂﬁ&l bioactive glass wag mmaanl%m ﬁaili&’anﬁﬂ'TWﬂaN[Wﬂﬂ (MAaANUIN 2)

wSsuaanlnialasls 15wt% 45S5 bioactive glass %38 15wt% S53P4 bioactive glass W38

1
04

1wt% zinc oxide TaNAUAIALAN (filler) THladinaulasan’ad IWlduUTunm 25wt% nunuiagnil
Fanowlasanlodadnadion WansaduainsInguiuIsEuiinausznins UDMATEGDMA 1
803181 80:20 WATHRUFIIABAA (initiator) BHka CQ, TPO waz EDMEB duidsznauvsinaulnia
waszsfiaugasln a1519% 2 iasulnFafildunagou mini-fracture toughness (mini-FT), flexural

strength, flexural modulus, water sorption, water solubility, depth of curing LLag MItaauuaAfLIe
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M13199 2 UaadaIulszn ﬂiJ“lli’NﬂallIWﬁ@]l%LLGiﬂ‘;‘ﬂ@:&lﬂ’]iﬂ@aﬂd

Composition® 45S5 S53P4 Zn0 Sio, Systemp onlay
BAG-45S5 15 - - - -
BAG-S53P4 - 15 - - -
Zn0O powder - - 1 - -
Sio, 10 10 24 25 -
Highly dispensed SiO,, - - - - 19.4
silanized
Prepolymerized 42 42 42 42 42.7
dimethacrylate
UDMA 25.2 25.2 25.2 25.2 -
Polyester urethane - - - - 29.4
dimethacrylate
TEGDMA 6.3 6.3 6.3 6.3 -
Ethyl triglycol methacrylate - - - - 7.5
CAS:39670-09-2
cQ 0.5 0.5 0.5 0.5 -
EDMAB 0.5 0.5 0.5 0.5 -
TPO 0.5 0.5 0.5 0.5 -
Catalysts, stabilizers and - - - - 1.0
triclosan
Pigments - - - - <0.1

Abbreviation: BAG-45S5, 45%0Si0,, 6%0P,0s, 24.5%Na,0, 24.5%Ca0; BAG-S53P4,

53%0Si0,, 4%0P,0s, 23%Na,0, 20%Ca0; Zn0O, 40nm Zinc Oxide, CAS:1314-13-2; Si0,, 0.7um
silanized glass filler, CAS:65997-17-3; UDMA, urethane dimethacrylate, CAS:72869-86-4;
TEGDMA, triethylene glycoldimethacrylate, CAS:109-16-0; CQ, Camphorquinone, CAS:10373-

78-1; EDMAB, ethyl 4-(dimethylamino)benzoate,
trimethylbenzoyl)phosphine oxide, CAS:75980-60-8.
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CAS:10287-53-3; TPO, diphenyl(2,4,6-



o A'a 1 & Aa Y o 1 g’ = % S
n')iﬁnﬂvﬂaaﬂn&mamaﬁ')')mmmna@waduﬂuu’msau’ra’mmsm (MAaNuIN 3)

(%

a%smzﬂu 6 wha laun Equia Forte Fil, Ketac Universal, Beutifil I, Fuji Il LC, Activa
BioActive LLaz Filtek Z350XT E&auﬂi:ﬂaumaﬁa@;LL@iawﬁmLamlu a1397 3 ﬁﬁ'a%im:mm?w
FLﬁ"L@i”gﬂi’mé’ﬂwmummm@Léfumuguﬁﬂma 5 uy. An 2 . L@]’%‘wmuﬁ’nm:ﬁ’maw?ﬁ'ﬂ53:545@1
ﬁﬁa@m‘g\mmmeLﬂuﬁ’]ﬂﬁﬂmﬂvlaaau (deionized water) wialwinanaifiua (artificial saliva) oy
sungusostnaefiuugaslilu a1sef 4 ﬁn”a@‘]vl,ﬂmaaumwmﬁaﬁa (surface microhardness)
@Twm%aamaaummuﬁaﬁa (microhardness tester, FM700; Future Tech, Tokyo,Japan) ‘ﬁILLNﬂ@
100 n3u WWinud 1, 7, 21 uaz 42 WTudee9i 1 34 uas 7 42 5 lushdnaannlesanuszly
HanuLiey mmwaaum’mqﬁﬁaﬁw ﬂﬁaoﬂamiﬂﬁﬁmﬂmammudaons’m (SEM-EDX,
JSM610LV; JEOL, Tokyo Japan) wndanlossunasusdunagaud 1, 21 waz 42 3% an
mwaauﬂ%mmﬂaaauhﬁwﬁamﬂ%iaa Inductively Coupled Plasma - Optical Emission

Spectrometer (ICP-OES; ACTIVA M, Horiba Jobin Yvon, France) I@ﬂ"l,aaauﬁﬁﬂmvlﬁuﬁ JCTGHEY

an = a A a A %]
TaAOW UANLTUN ALY UNALTY wazWNagWa IR
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Materials

Composition®

EQUIA® Forte Fil (capsule)
(Batch no. 1606221)
GC Corporation, Tokyo, Japan

Ketac™ Universal Aplicap™ (capsule)
(Batch no. 637544)
3M, ESPE, St. Paul, MN, USA

Filtek™ Z350XT

(Batch no. N827976)

3M, ESPE, St. Paul, MN, USA
Beautifil Il

(Batch no. 121496)

Shofu, The Alpha, Science Park Il
Singapore

GC Fuji Il LC ® (capsule)

(Batch no. 1508211)

GC Corporation, Tokyo, Japan

Activa BioActive RESTORATIVE (Batch
no. 150212)

Pulpdent Corporation, Watertown, MA
USA

Powder; Ultrafine highly reactive FAS glass, high molecular weight polyacrylic acid
powder,
Iron(l11) oxide(CASRN: 1309-37-1)

Liquid; Distilled water, Polybasic carboxylic acid, Tartaric acid(CASRN: 87-69-4)
Powder; Oxide glass chemicals(CASRN: 65997-17-3)

Liguid; Water(CASRN: 7732-18-5), Copolymer of acrylic acid-maleic acid(CASRN: 29132-
58-9),

Tartaric acid(CASRN: 87-69-4), Benzoic acid(CASRN: 65-85-0)

Silane treated ceramic(CASRN: 444758-98-9), Silane treated silica(CASRN: 248596-91-0),
Silane treated zirconia, UDMA, Bis-GMA, TEGDMA, Bis-EMA(6), PEGDMA

Bis-GMA, TEGDMA, UDMA, Bis-MPEPP, Aluminofluoro-borosilicate glass(CASRN: 65997-
18-4), Al,O; (CASRN: 1344-28-1), DL-Camphorquinone(CASRN: 10373-78-1),

Powder; (Fluoro) alumino silicate glass (FAS Glass)

Liquid; Distilled water(CASRN: 7732-18-5), UDMA, HEMA, 2-hydroxy-1,3
dimethacryloxypropane(CASRN:1830-78-0), Polyarcylic acid(CASRN: 9003-01-04), Tartaric
acid(CASRN: 87-69-4), Camphorquinone(CASRN: 465-29-2),

UDMA, Bis (2-(Methacryloyloxy) Ethyl) phosphate,
Barium glass, lonomer glass, Polyacrylic acid/maleic acid copolymer,
Dual-cure chemistry, Amorphous silica, Sodium fluoride

® Abbreviations: UDMA: Diurethane dimethacrylate (CASRN: 72869-86-4); Bis-GMA: Bisphenol A
diglycidyl ether dimethacrylate (CASRN: 1565-94-2); TEGDMA: Triethylene glycol dimethacrylate
(CASRN: 109-16-0); HEMA: 2-Hydroxyethyl methacrylate (CASRN: 868-77-9); Bis-EMA(6): Bisphenol A
polyethylene glycol diether dimethacrylate (CASRN: 41637-38-1); PEGDMA: Polyethylene glycol
dimethacrylate (CASRN: 25852-47-5).

A . ¥ a P =
A19719N 4 LLa@Na’JuﬂizﬂaU"ﬂaduqaqULWﬂNﬂlﬂuﬂqﬁﬂﬂﬂq

Composition Weight/Volume
Sodium chloride (NaCl) 0.798 grams
Potassium chloride (KCl) 1.2  grams
Calcium chloride (CaCl,) 0.147 grams
Potassium dihydrogen phosphate (KH,PO,) 0.272 grams
Magnesium chloride hexahydrate (MgCl,.6H,0) 0.093 grams
Deionised water 990 millilitres
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uwnaenaas laotufingieflaiunisinsandndnsiuaunnduaziuaunndnaslTygias
AUANTINAADNT TWINTUN 1 WosnnAY 2561 9 TuN 31 qanan 2561 nsdnwitlaniunts
Jusasaiorrwlunsdinsnidolunysdiauf COA MU-DT/PY-IRB 2018/025.3004 fihielaiuns

a

=] @ \ A = a v Ao & v o ' a

Wi?%%qﬂuﬂﬂﬂﬁq“aﬂﬂiwufyq 2 vinw LWallIsuiney I@UﬁQQUﬂU%WﬂVL@LLﬂ LNE a’lq @]’]LL%u\iﬂuw
dq‘ dl a L 6 v s s dl v o =1

Himz nIUaLA YA ﬂ’J’]%JLaUGﬂ’]iLﬂ@ﬁmg V]u@LLW‘Y]EJE»TLV\ﬂ’]i?ﬂH’] LL&z’J&@!ﬂl‘ﬁHimz I@Uﬂ?’]&la’]lﬁ"ﬂ

LLazmma”umm@mn mimagmaﬁa@; AR msﬁmﬁﬁmam‘“&q LLazmmLLuuaﬁmaﬁa@; Tag

linusivas modified USPHS AILEAIlH ANT19N 5 PNBUINHANL AN P UNF w9 a

A1319N 5 Lﬂmsﬁﬂﬁiﬂimﬁ%ﬂ’nwﬁﬁL%"ﬂl%ﬂ’]iiﬂimzﬂ’%ﬂ%‘]ﬂgﬁﬂ uLN A9 modified USPHS

Retention A Good retention
B  Partially dislodged restoration
C Totally dislodged restoration
Caries A No caries present
C  Caries present
Marginal A Nodiscoloration
discoloration B  Discoloration without axial penetration, can be removed by polishing
C Discoloration with penetration in pulpal direction, cannot be removed by
polishing
Marginal integrity =~ A The restoration appeared to adapt closely to the tooth
B  Explorer penetrates, edge of the restoration does not adapt closely to the tooth

structure, dentin or base are not exposed
C  Explorer penetrates, crevice in which dentin is exposed

A=Alpha, B=Bravo, C=Charlie
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AanNIINaAaad

Useans5nImn15InAAYaIa1TEINARTIAAINNTNTBYDIFITADAIANTRAAK (NIANKIN 1)

UTeANTANWNSEAAATaIRNIHARANT AN VT NTRVaIRIIABAININTUTEANTAWASEada
P 1 2K A dld % U ] [ 2 a o =S a dl a
Y83 mMini-IFT ANNINRIIHARANTANNITUTUUAIFTAaNINDE Lazla1 lld19NR1IEARaNLANRIT
Aae291NUSEN laglszAnTAMWnIIEaae mini-iFT TadsTiaAanigadTia CQ/amine waz TPO Nd
mmlﬂwfuga FUTEANTAINNIEAAA bl 19N AILFAIIUNINUIZNOLN 7 Ua: aNHUSTUNAROL

BRININAFAL mMini-iFT meagﬂumwﬂs:ﬂauﬁ 8

MIUNAINNARAIRAS  (polymerization kinetic) UUNWAILaNBLAZUBLEKNTZANTANN
LANAINH LaNITAaA LWL AN WA NITLNAINIIINARAT gaﬂ'jﬂmiﬁa@"‘;uulmuﬂizaﬂ ATLNAD

! @ a 0/ 1 o AI &I 1 [ [
‘Y]']dﬁ]’ﬂﬂ']ﬁ(ﬂiﬂll?Nﬁ']iﬂQ@I'J‘Y]\Taﬂd“ﬁ%@]ﬁﬂﬂﬂthL(ﬂﬂ@ﬂdﬂuI@]El TPO 4NStANTUBININEAIRAINT

o A ' o [ . =] ° A ' ' [
PIYLRIUD Y IHTmz‘ﬂﬂ’]iﬂa@]’l‘lﬂﬂ\‘]ﬂ’]iﬂ’]ULLﬁ\‘]Tﬂ\‘i CQ/amine Nﬂ?i@]’]l,uu@lﬂvl:l]&l’]ﬂﬂ’l’l 2R

AWsznaun 9

1.5

= . 5 4
1

1.0

Mini-iFT (MPam'?)

0.5

high low high low Clearfil S3
LUB-CQ/amine LUB-TPO Bond Plus

nalsznaui 7: uNu)il Box plots LEAIAT mini-iFT mﬂmsﬁ@ﬁ@ﬁﬁmmLﬁmﬁua']iﬂi:@j”uﬂwsﬁa

>

AN, LAY ITUBALRE A WNHLEAIANN LI LANANNWNIIRD G
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LUB-CQ/amine high
Clearfil S Bond Plus

anilsznaun 8 .ﬂ’l‘W'%’]ﬂﬂE‘Tﬂx‘l"gﬂﬂiiﬂamﬂ@lia‘l«LLL‘U‘Uiﬂ'a\‘Iﬂiﬁﬂ LRASNINTUNARDUARINATOL

Ut ANTNWNIEARAGI AT mini-iFT

100 1 —_———— —_— 100
F .-4-_—_'-%?_—_-__—_-__—_-__—;-__—_1_—_-__—_-__—_1
.
’ ’
RAE I
: r'
#
80 . 80
: .
B —
—_— -
o | -_
o~ J I
S L -
o® - ]
(]
401 L L aaaaa LUB-CQ/amine_high . | e
..... LUB-CQ/amine_low Jm—"
— - — LUB-TPO_high ege—""
— « — LUB-TPO_low 1
Clearfil S* Bond Plus
20 20-
5 min 10 min 1h 24 h 1w 5 min 10 min 1h 24 h 1w
LogTime LogTime

'
a a

nmndsznavuh 9 nLaaInTllAsuwulaInTLu@q (polymerization kinetic) vavsnsdiafianians

ﬂixéjumiﬁa@T’J@mrTuﬁﬁﬂ’rmnTMTmmﬁ’u
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Q . . A ¢ & 1 A A Aa
Wan13teN bioactive glass Uag ﬁdﬂaanlﬁﬂ ﬂaili&’ﬂﬂﬁﬂ']WﬂaN[Wﬂﬁ (MANKIN 2)

@1 mini-fracture toughness, flexural strength, L8 flexural modulus WRAILUAIIIN 6 WRAI
1ﬁLﬁuﬂix§w§mwLLaxqmauﬁ'ﬁmam"'aq"l,ﬂ‘l,w,l,mmaLﬁmﬁ'u I@m”a@;ﬁﬁmuwawaa Fananla
¢ A A ¢ & A A o & o A, o o A @ a A
aanlod wia Gidean’sd ddginigalasiagnisesdafianlidranu uazlidnannnitiagaauluiad

W&X bioactive glass 1i9xainfia lapfiizgaaylndafinaa bioactive glass Nimasziiaddn i1

13197 6. @1 flexural strength, flexural modulus and fracture toughness 2p3naNlnRainasay

Material Flexural strength Flexural Fracture toughness
B (m) 7’ Characteristic modulus  B'(m) 4*  Characteristic
strength® (GPa) strength®
4555 15.3 36.5  36.5(34.8-38.5)° 1.5 (0.1)" 5.9 1.6 1.6(1.4-1.8)"
S53P4 12.0 358  35.8(33.7-38.3)° 1.5 (0.1)° 14.1 1.6 1.6(1.5-1.7)"
ZnO 14.5 82.7  82.7(785-87.3*  25(0.2)° 26.2 2.5 2.5(2.4-2.6)'
SiO, 12.4 85.6  85.6(80.6-91.2)" 2.2 (0.3)* 7.0 2.8 2.8(2.5-3.1)'

Systemponlay 59 117  11.7(10.3-13.3)°  0.1(0.01)° - - -

Different letters indicate statistical differences within a column (p<0.05).

! Beta, shape, slope or modulus of Weibull parameter.

2 Eta, Characteristic life or scale of Weibull parameter.

¥ 95% confidence interval at Characteristic strength (=63.2% unreliability); groups with the same superscript
letter are statistically not different.

ATN13QaUI (water sorption) ANNTIRZANBUN (water solubility) LRZAIANNANTBINITLNG?
(depth of curing) uaadlua1T97 7 d1nsgath dengegaluiagaanlnianuan 15wt% 4585 laofl
Ansgainues Taquandideanlod uazGinoulasanlad Jarliuandraiu dnisazansti wod

@iﬁLﬂuauluu”a@;ﬂameﬁmﬁwau 15Wt% S53P4 fNANNRNYAINITLNAD wu*jﬁ'a@;ﬁmmmﬂm”ﬂﬁ

] 12

>

=S = = a Aaa 6 n:i o n:id 1 1 = dl £ 1 a
anfigada aaNlnFaNaNGRAawlaaan loa N 3.9 Ui, lagIRaNG AL muﬂq@"l,mmm@;ﬂaﬂwm

q

A € & A = o & ‘A A a @ a A
Nﬁ&lsﬁx‘iﬂaaﬂvlfﬁ@] NAMU[N 2.7 V. I@]El"Jﬁ@rﬂ\wﬁN@1NNﬂ5$ﬁﬂﬁﬂ7W@7uLLUﬂVlLiEl
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A13197 7 1 water sorption, solubility and depth of cure madfé’(@lmfﬂﬂaau

Material Water sorption Water solubility Depth of cure
(ng/mm?’) (ng/mm?’) (mm)
45S5 63.2 (2.5)" 5.5 (1.7)*" 3.0 (0.2)""
S53P4 56.5 (3.3)° -10.1 (0.9)° 3.2 (0.3)"
ZnO 20.1 (1.1)° 2.1 (0.8)*"¢ 2.7 (0.2)"
SiO, 20.8 (1.5)° 0.5 (0.7)"° 3.9 (0.3)'
Systemp onlay 20.4 (1.7)° 27.9 (2.8)° 4.4 (0.5)'

Different letters indicate statistical differences within a column (x0.05).
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o a4 ] & Aa o o ] -3 - ¥ )
J@Qﬂn&lﬂaWE]ﬂ??N!L?IJN?'Jﬂ@WR\HGﬁi%%"IW5&7%')a'lﬂLTlEl&l (MaNuIn 3)

' & A o A v @ A ¥ A A
mm’mmemaom@mLLmlumﬂsmmnVLaaau LLa:’sa@;mLﬂummymymmm”l:i’lum’rswm
8, kA 9 ANA AU ﬁshLﬂ%'almﬁﬂumwuﬁaﬁwaai’a@;ﬁuﬂuﬁﬁﬂﬁﬂmﬂ%aau waziIaeney N
AN LABUALANNLTIATHLIA uaaslunwdsznauf 10 franuudsfiives naalalal
& A 4 A A o A = o & a 4 % A =
was nusluwindsannlosanddinani 42 M HaiuuNUAIANNLTIRIN 1 7% LauNa1ALT9
A & A 4 a A A £ o a A A & a & A
f7v09 naRtalaluiyas ALsluinanoiuuda1 WLk 18 Thadn FA10 M UUTIAIAARININ T L34
WUTeanlaoanuazinaaiyw I@lmhm’mLLﬁaﬁwaﬁa@;ﬁLLﬂuﬁ’]mmﬁwﬁ@hmmiﬁa@;ﬁw

Twindseaanlasan

{ 1 a . 2 [ a 1 { ) :’
A19197 8 UFRAIAIANNUTIRY (Hv in kgf/mm +SD) 183IRqTHA99 A i luhdneaanlesan

a1, 7, 21, uaz 42 Tu

Time
Materials

1 day 7 days 21 days 42 days
Equia Forte Fil 79.243.4% 86.9+6.0"° 83.8+5.6A"% 79.6+2.8%%
Ketac Universal 83.8+2.1% 95.4+1.8" 86.7+2.5% 83.1+3.0%
Filtek Z350XT 90.3+1.4™ 87.2+1.7%° 84.5+1.4° 82.1+1.5%
Beautifil Il 81.5+1.5" 79.6+2.3% 68.3+10.5% 68.0+6.0%°
Fuji Il LC 66.6+4.1" 61.6+1.8* 53.345.2% 46.0+2.0%
Activa BioActive 28.4+1.9" 22.0+0.6% 20.8+0.9% 20.5+0.3%

!Different superscript capital or small letter indicates a statistically significant difference in the rows and

columns, respectively.
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{ ] a . 2 > a ' { ' :’ {
@130 9 UFAIAIANMAULTIRY (Hv in kgf/mm £SD) vasdaquliadni g Nutliluhaefioy Ana

1,7, 21, WAz 42 1%

Time
Materials

1 day 7 days 21 days 42 days
Equia Forte Fil 77.4+3.5% 86.9+1.7"° 89.5+4.3%° 89.1+2.4*°
Ketac Universal 85.2+3.2% 97.7+6.5™ 103.6+5.3* 103.3+4.2"
Filtek Z350XT 90.2+0.9™ 85.5+2.0%° 82.3+1.1° 83.3+1.7°
Beautifil Il 81.3+1.6™ 78.0+1.7% 77.4+1.8% 75.7+1.5%
Fuji Il LC 70.6+4.3" 57.3+3.1% 59.3+3.9% 58.6+4.9%
Activa BioActive 28.4+1.2"¢ 22.2+0.4% 21.8+1.0% 21.6+1.4%

!Different superscript capital or small letter indicates a statistically significant difference in the rows and

columns, respectively.

SURFACE HARDNESS

14 ioni 14 ifici i

Deionized water | . ..o Artificial saliva e« Equia Forte il

=a— Ketac Universal =& Ketac Universal
£ 12 --m-+Filtek Z350XT g 12 «-m--Filtek Z350XT
c ® T
g A N v FUji 11 LC E woe FUji I LC
~ 1085 T & —w—ActivaBioActive ~_ 10 —w— Activa BioActive
i 5
2 X
2 o :
> 08 2 08
06 06 — —
1 10 100 1 10 100
log(DAY) log(DAY)

P ] & A @ , A 4 A A Y & a o
nwdsznauh 10: danuudaiivedingedsg Nwdsuudashhidafisonuanaudfialuinum
wadud B luihdneanlessn uazlwinaoifisy The calculated fitting lines were plotted for each

material
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SEM-EDX
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ICP-OES
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Undergraduate student
B L B

Survival restoration

©
1 T e EYEN ;
708
....... 'i"i“H"H+'"|""""""""" )
= :
o [ 1 £
= 2 : 1 3 06 p=0606
8 ! .
E <3 N i
ot 3. 5 p=0.447 = p?
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2 =& : Time (month)
© S: 8! _M2-E8R Postgraduate student
3 B <_t : Fi.SE L T === m e e = e
£ S 3 5
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’ < é : + 2-E&R -censored .g
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awdsznaui 13 rmwmemmﬁwL%ﬁﬂumsgsm:ﬁamasf[wﬁ@ Kaplan-Meier survival analysis

Wisunuansiadariadnsg (a) ﬂ‘S’W\|LL&@Gﬂ’J’]&JﬁﬁL%ﬁ]l%ﬂ’]iHimﬂﬂEJTJSJ (b) NINUFAIAMNENTD

'
a A et

1umiysmuﬁaLﬁﬂumiﬁ@mwmaﬂu lusindnsriuaunng (c) rmwLLammwﬁ’n%lumiHsm:

A = R a A . [ @ R a a
LNBLNEURITUANANHNINY 1%%?’]?[?’]1&?’“%1/‘1'12“(]’13%&31]3@@']
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ANusNMAINIARANTaINIYIBeRuLLLN 5 dasaanlnda luanudumairgduuueng
dl s cid 1 £ aa ni £ 1 a
uaadluan9n 10 uaz 11 Tadumeouanfiinadaanuduimaineadfinuinigaldun siiauaznis
o 2 a o o ) o o o A A A9 o ' A ' o
1FR13TAAN ANFILNWALNNENANITINGN Icﬂyﬁﬁ]ﬁmLsa\‘mawiwa@wlmqﬂvmuwa@amwaumm
2{ [ dld d' U 1 s = U d‘y
vaimIyIne wannniasumeluninanniigalaun Tadbvainanures@nuud1uuaiAuIzas

Wuﬁgimz mwﬁummﬁwumﬂﬁq@ﬁammLmumaﬁa@mim:

A1519%0 10 LL&@NWJ’]&J&?&Jma’ﬂumiyimﬂué"ﬂﬁmz restoration loss, partial retention loss and

. . A A @ o [ ] AN vo [ ° <3
caries failure V]Lﬂf;l’J"lladﬂUﬂ"ﬂﬁ]U@]’Ns] Nawvl,@ml,aualugmmmaﬂaz LLGz’ﬂ’]%’J%ﬂWUI%’NLﬂU

Factor Teeth Restoration p-value Partial retention loss (B+C) Caries p-value
loss (C) Occlusal p-value Gingival p-value

Gender Male 36.1(166) .6(6) 0.905 | 9.6(16) 0.124 13.9(23)  0.005* | 0.6(1) 0.544
female 63.9(294) 3. 4(10) 5.8(17) 6.1(18) 1.0(3)

Age 15-59 years 50.0(230) .5(8) 1.0 | 7.0(16) 0.857  7.8(18) 0.413 | 0.9(2) 0.688
>60 years 50.0(230) 3.5(8) 7.4(17) 10.0(23) 0.9(2)

Arch Upper 53.0(244) 2.0(5) 0.075 5.3(13) 0.103 7.0(17) 0.12 | 0.8(2) 0.641
Lower 47.0(216) 5. 1(11) 9.3(20) 11.1(24) 0.9(2)

Position Ql 28.0(129) 3(3) 0.317 7.0(9) 0.144 6.2(8) 0.156 | 1.6(2) 0.263
Q2 25.7(118) 1 7(2) 3.4(4) 8.5(10) 0(0)
Q3 23.5(108) 5.6(6) 7.4(8) 7.4(8) 0(0)
Q4 22.8(105) 4.8(5) 11.4(12) 14.3(15) 1.9(2)

Tooth type  Anterior 28.1(129) 6.2(8) 0.107 | 8.5(11) 0.354 10.9(14) 0.387 | 1.6(2) 0.49
Premolar 54.1(249) 2.0(5) 5.6(14) 7.2(18) 0.8(2)
Molar 17.8(82) 3.7(3) 9.8(8) 11.0(9) 0(0)

Occlusion Denture 12.7(59) 3.4(2) 0.926 6.8(4) 0.716 15.3(9) 0.174 | 1.7(1) 0.830
Fixed 8(37) 2.7(1) 2.7(1) 13.5(5) 0(0)
Natural 76.1(354) 3.7(13) 7.6(27) 7.3(26) 0.8(3)
Edentulous 2.2(10) 0(0) 10.0(1) 10.0(1) 0(0)

Wear facets  Yes 61.5(283) 4.9(14) 0.03* | 8.8(25) 0.081 12.4(35)  0.001* | 1.1(3) 0.501
No 38.5(177) 1 1(2) 4.5(8) 3.4(6) 0.6(1)

Caries risk High 7.0(32) 6.3(2) 0.652 15.6(5) 0.133 12.5(4) 0.117 0(0) 0.813
Moderate 75.6(348) 3. 2(11) 6.9(24) 9.5(33) 0.9(3)
Low 17.4(80) 3.8(3) 5.0(4) 5.0(4) 1.3(1)

Operator Undergraduate 81.1(378) 4. 0(15) 0.16 8.3(31) 0.05%* 9.9(37) 0.081 | 0.8(3) 0.569
Postgraduate 18.9(87) (1) 2.3(2) 4.6(4) 1.1(1)

Adhesive 2 step E&R 40.2(185) 5. 9(11) 0.017* | 11.4(21)  0.003* 12.4(23) 0.087 | 1.1(2) 0.6
2 step SE 20.2(93) 4.3(4) 8.6(8) 7.5(7) 0(0)
Selective etching 39.6(182) (1) 2.2(4) 6.0(11) 1.1(2)

Composite  Filtek Z350 70.4(324) .8(9) 0.22 | 6.2(20) 0.378  9.0(29) 0.419 | 0.3(1) 0.081
Estelite Sigma 26.1(120) .8(7) 10.0(12) 10.0(12) 2.5(3)
Filtek 2250 3.5(16) 0(0) 6.3(1) 0(0) 0(0)

Overall Total 100(460) 3.5(16) 7.2(33) 8.9(41) 0.9(4)

*Association between the factor of the restoration and the parameter failures; retention and caries (p-value<0.05, Pearson chi-square or

Fisher’s exact test)

29



a15719% 11 LLammm&i”mmmlummsmﬂué’nwm: marginal discoloration and marginal integrity

a A @ @ [N A vo @ o =
ﬂLﬂU?dﬂa\‘]ﬂUﬁ"ﬂ"ﬂU@q\‘]q NaVIVL@u']LﬁualuEﬂLLUU§aUa$ LLaZ‘ﬂ’]u?uﬂqﬂlu?ﬂLﬂU

Factor Marginal discoloration (B+C) Marginal Integrity (B+C)

Occlusal  p-value Gingival  p-value Occlusal  p-value Gingival  p-value

Gender Male 15.1(25) 0.721  15.1(25) 0.01* | 47.6(79) 0.09  59.6(99)  0.004*
Female 16.3(48) 7.5(22) 39.5(116) 45.6(134)

Age 15-59 years 16.1(37) 0.898 9.6(22) 0.644 | 38.7(89) 0.109  48.3(11) 0.305
>60 years 15.7(36) 10.9(25) 46.1(106) 53.0(122)

Arch Upper 14.3(35) 0.341 7.8(19) 0.067 | 43.9(107) 0.5 49.6(121) 0.628
Lower 17.6(38) 13.0(28) 40.7(88) 51.9(112)

Position Q1 15.5(20) 0.819 8.5(11) 0.429 | 42.6(55) 0.817  53.5(69) 0.426
Q2 13.6(16) 7.6(9) 45.8(54) 44.1(52)
Q3 16.7(18) 12.0(13) 39.8(43) 52.8(57)
Q4 18.1(19) 13.3(14) 41.0(43) 52.4(55)

Tooth type  Anterior 16.3(21) 0.917 13.2(17) 0.15 34.9(45) 0.091 55.0(71) 0.433
Premolar 15.3(38) 10.4(26) 46.6(116) 49.8(124)
Molar 17.1(14) 4.9(4) 41.5(34) 46.3(38)

Occlusion Denture 22.0(13) 0.537 15.3(9) 0.172 | 35.6(21) 0.46  71.2(42)  0.002*
Fixed 13.5(5) 2.7(1) 45.9(17) 48.6(18)
Natural 15.3(54) 9.9(35) 42.7(151) 48.3(171)
Edentulous 10.0(1) 20.0(2) 60.0(6) 20.0(2)

Wear facets  Yes 18.0(51) 0.11  13.8(39)  0.001* | 42.8(121) 0.841 59.4(168) <0.001*
No 12.4(22) 4.5(8) 41.8(74) 36.7(65)

Cariesrisk  High 25.0(8) 0.074 25.0(8)  0.007* 59.4(19) 0.114  65.6(21) <0.001*
Moderate 16.7(58) 10.5(35) 40.5(141) 53.7(187)
Low 8.8(7) 5.0(4) 42.4(35) 31.3(25)

Operator Undergraduate 16.9(63) 0.215 11.8(44) 0.021* | 45.6(170) 0.004*  54.4(203) 0.001*
Postgraduate 11.5(10) 3.4(3) 28.7(25) 34.5(30)

Adhesive 2-step E&R 16.2(30) <0.001* 13.5(25) 0.01* 46.5(86) <0.001* 57.8(107)  0.016*
2-step SE 28.0(26) 14.0(13) 58.1(54) 51.6(48)
Selective etching 9.3(17) 4.9(9) 30.2(55) 42.9(78)

Composite  Filtek Z350 13.3(43) 0.059 9.0(29) 0.381 | 43.2(140) 0.826  49.1(159) 0.384
Estelite Sigma Quick | 21.7(26) 13.3(16) 40.0(48) 55.8(67)
Filtek Z250 25.0(4) 12.5(2) 43.8(7) 43.8(7)
Overall Total 15.9(73) 10.2(47) 42.4(195) 50.7(233)

*Association between the factor of the restoration and the parameter failures; marginal discoloration, and marginal integrity (p-
value<0.05, Pearson chi-square or Fisher’s exact test)
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UseansnImn15InAAYaIa1TEINARTIARINNTNTBYDIAITADAIANTRAAK (N1ANKIN 1)

MIAN NI WNIIANBINATDIRIIAAAIRAITRANGIINWNAINNAN VT UTWGAINY MRIIHA

Aa {a o o . 3 . A A
fandsiutsznautdsInuny Clearfil S” Bond Plus (Kuraray Noritake) lasfinsnisz@nsninnisia

v

ad P = 6 1 o . . . . A a dql,
ANILIT MIini-iFT LRTANEIRAIRAINITLUNAD (polymerization kinetic) LUANITNTLAAAARIL LD

33D

A ' =2 A ' v £ o o ' %
WUHATDUBULHBNTZAN NNTANEINLNTLUReBLYaIn1TLua7 GunuUae8vaI813n0a? LazAIal
L UTWUBIRITAOA s'i?as'mNaﬁaﬂszﬁﬂﬁmwmsﬁ@amaam‘iﬁ@a@ LLﬂ$W1_Iﬂ’J']3Ji%llle%‘ﬁsi:%’j']dﬂ']‘i

YAz ANTMwnIsiadaae

1 bt { 1 [l s n' ‘3’ 3 ] L%
MIANBIRERATNITLNA? NUN LU RUUULRIAINTU VAR UL UAFINNNNTLNAITLHZUTN
D9 1 FUINYA TIFUNUSAUNTANIIABURING (Guo et al. 2009; Zhang and Wang 2013; Luhrs et
al. 2014; Inokoshi et al. 2016) MIANVIANLINRNBUZARAIFATANTLNAINLAANNETABAG19THA
o Ao \ % | A A N ) v A A .
nudansmzenenu nandda TPO Inistindamiinduaslidngeluszazusn Gadn9a1n CQ/amine
Aa L @ . | A A X @ [ a o A X
pfinsuvdr liannluszozusn uddnadnduesnmadudmainndniinizdu uazaraiiaings
1 1 o g % 2 s A A =3 dycz o 6 o
ANNSLNARERE TPO  Tuunsanududy asuaaslunnysznaui 9 GInan AN RFNNUSAL
=3 1 o A 1 1A 1 (3 > U % A . =
nsdnwdauniinudt TPO  lifimadudinendinisnszgduaiouas luamel CQ/amine {n13

o

SIEY 's@iaLﬁamaﬁmsm:@uﬁ’sfJLLmVLiJLLﬁT’J (Liu et al. 2016)

a A A

mMsdans i wudszininwnsiafevesansiafadagadloansiafadanuituduuod

U

CAPDEEEN AILRAI ILAINLTENAUN 7 BIRNNBTNUNIIAN A URINANNLIN dntiadalule
X e

t&l &/ { v v 1 Qs g QI
smu"lmﬁmmmﬁam'mmeumsnamgwu (Van Landuyt et al. 2009) #an31NH YIWUINNITLNY

AaNnuTNTwIIssnaavh e dssunnaIgIuansidas
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Q . . A & & 1 A A Aa
Wan13teN bioactive glass Uag ﬁdﬂaaniﬁﬂ Walli&’ﬂﬂﬁﬂ']WﬂaN[Wﬂﬁ (MANKIN 2)

@1 flexural strength, flexural modulus, and fracture toughness fualdlumadsinudonay
a . A € & A ' @ A . a 4 @
Inda Si0, uaz adaanlad ddnlddsnuuazddnginit aanlwiafinay 4555 and S53P4 aanaly
A A [ ' v o o 2 ' o A A A ¢ A o A
A13197 6 TINAAINAMFNWUINUNITANEINDURINN NTLANTIRean tad bwlSumwiauas 1-5 bl
Nagiafn flexural strength LAz flexural modulus 2ginaNlnEe (Hojati et al. 2013)uaﬂﬁ]’mﬁ nILAw
bioactive glasses (4585 and S53P4) ANadian13aaadas flexural strength Wae flexural modulus 1%
FUNUSAUNIANEAOUANN (Yang et al. 2013; Par et al. 2019b) lasdSunas bioactive glass 7
A X 4o & o ) an .

WANAUN To88z 5-40 lastinwiin awaimma@]amsa@awaoqmaummaﬂa (mechanical property)
284189 (Par et al. 2019b) 3# An13AnWINLIY WINLRNYIID bioactive glass NFpuAz 10 (Par et

al. 2019b) W38308az 15 (Khvostenko et al. 2013a) a:hidawaﬁ'uqmauu”&maﬂamaaﬂasﬂwﬁm.

% v % a o A &

\ e Yy & o A Y do
AINNIQATHIUAZNNTAEALI muﬂuﬂsmmmﬁm@ﬁmummmauﬂumsa:mm TINI
] a &/ 2 a ‘; % 6 > 1 > o o d.
sadatisaziinduniannu (Ferracane 2006) Iunuadeliznauvadizg MILNaL uazaIinazaisd
l6An®Y (Mese et al. 2008; Van Landuyt et al. 2011) mig@ﬁwaaﬂamiwﬁ@ﬁﬁﬁ'mwamaa
bioactive glass mﬂﬂi’mauiwﬁmmjuﬁu AILRAI AN 7 FUWUTAUNNTANIIABURUNG (Par et

4 a o . . & - o vo o X '

al. 2019a) sdﬁda’ﬁlm;lmm@;vh’n bioactive glass Janusauiin (hydrophilic) AU duuiunnin

aaulngansznavlidls Ganawlasanlad atna@en

o

VY [ | e i . [ A { e 'Y
mia:a’mmauwuﬁﬂumiuum (polymerization) mama@; Gﬁﬂﬁﬁ@lﬁﬁﬂqiﬂwfﬂ'}@n Nﬂﬁﬂ'ﬁ
1 1 1 A Q = Q
vaantalaadaasdiulsznauaanununnnin (Pongprueksa et al. 2014) TITFNANBTALUNTAZANE

s [ =2 & J v A Ada A =
@]’J"]JE]G’J&@J NMIANENBNUAINTAZALAILT ULV ﬂE]SJI‘Wﬁ@]‘YISJ S53P4 I@]Uﬂ’]“mﬂ%ﬂﬂﬁﬂﬂﬂﬂdﬂﬁi

ﬁ's”a@%'uﬁmmvlfj”uazleiﬂdanﬁwaaﬂmmm:ﬁﬂﬁfm}uﬁa %aé’nmmm”aﬂdnv[&ivlﬁﬁmﬂﬂ’;’m’jn‘"mfl,&i

q

IN1382818 LARAN ﬂﬁd’i’ﬁ@yﬁ'uﬁ']Lm"lfi"mﬂﬂ'j'mﬁa:awm”'saaﬂ"l,ﬂ Tagdarnivazatsitduay

su1natuieldlay e191fiaann bioactive glass  ¥iufnseadnuinyinldiiedanisonin gel
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formation l@gNINANBMULAINANINNLAANL Nanw+olaluiuas (Gladys et al. 1997; Toledano et al.
2006) #380719LAANY bioactive glass (Renno et al. 2013) ¢ lasUn@ bioactive glass 818150
\iadJAsuadny simulated body fluid solution (SBF) AR I e hydroxylcarbonate apatite
formation (Hench 1998) mm@ﬁummﬁm}’mmiﬁ Lié'fiuﬁsl,%ﬁﬂ’s’mvhjﬁauﬁ’lgdLﬁaﬁ%miﬂﬁfmﬁﬂﬂ

lussurvaasdunst shareasldaaunsaszimenauaananle (Wei et al. 2011)

=S 1 v t&’ 1 a 6 6 A a a (3 a A 2 % v c',
AMIANBIRBURINENLLN Tedeanlod JUszaniandunuanisole luanuidutudn
(Sergi et al. 2019; Wanitwisutchai et al. 2019) a&n4 bsAMNUSNIMANNTNTUTaBR: 1 289T9Raan

=S dgl [l v a A v A 1 [ =S 1 v &' . .
loalumsdnunitldausadunuaiise | Ged19nun1sanenneuniinil (Hojati et al. 2013) 813

(2
=3 o

a 1 0/ a dl = v A 6 6 1 = A a =
m@mﬂmiuwmmaaﬂawIwa@wgaluﬂﬁiﬂﬂwﬂu il Gedaanlaed lusiuisnddszaniawiNgana

1 v a A
ABNIIATBLLLATVILIE

MIANHIANLIINNTAILANNI bioactive glass Waz TIRaanlad WaNUITOLRAIUTZENTAN

v 1 dl ‘lql/ dl a v v L a dl v a A 1 Qs a dl

laag1enasla anathasunanndSinamanuitudusasasaduniasiinll #IanILNAI289LITUN

gaﬁﬂﬁmwﬁLauvlajmmmLLamiJizﬁﬂ%mwasmLﬁmwa mM3Anmde ldanaiiuaNud T uUes
o A A a @ A & o = Aa a%y A A

fIALAY wIeandSunmmItuavesnaNlnia wanani anavinnsAnsasnlgnimuluaniise

1 a A et 1 a A '
LLE‘]Z'N\‘]Lﬁﬁuﬂﬁiﬂuﬂﬂﬂuiﬁ’]@l”ﬂ 29WH A 2t e @lavL‘]_]
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o a4 ] & Aa o o 1 ¥ o ¥ ~
fr@@ﬂn&lﬂaﬂE]ﬂ??ﬂllﬂdﬂ??ﬂ@ﬂﬂ\ﬂ&ﬁi%%"lﬂ5&7%')a'lﬂLWﬂ&l (MaNuIn 3)

[ Al

NIANEI T8N IENNa L9 b WA @Tna%imz miﬂlﬁl,ﬁ'a@g LLa:nmlumiLLﬁ'a@l inasa

' & a o A o =2 ' & A = a A A '

AranuudafreIRqUIBENInANAN K Tagnwuin naatalaluiuas JAaNuLdIRIvaInINLNawT
& A = a A £ A . 4 = A o A o ' o

Twindsaantosan wasia1anuudsfiNuIwlans i uinaoiuun 42 1% Sﬁo"L@wamamma@q

FRADUWNAIANVUTIRIAARINAINT bt s1en laaanlazinangNay aILaadlbanI1en 8 uas 9

! & a ¢ A A o ' 4 & v o §ao
Aanuudiflrvasnaialalaluwes Nasnnadsannus biluihUsaannlosauniu sSUNUSAL
MIAnsInannil Anua1aNNLdIRaInlaugluingaifiiian 1 O (Shiozawa et al. 2014) uay
=2 A A \ & a a X & ) ¥ : ¥ A
MIANan g MNuAIANNLTIRI RN wnInsuTlwidauassinaneifisn (Okada et al. 2001;
Aliping-McKenzie et al. 2003; Shiozawa et al. 2014; llie and Stawarczyk 2016) ANANUUTIRIN
a ;&’ [ % I3 (>3 (2 & A o o % %
Wngurasniaquiar ldudizesnanaleleluwes tiaannsdsudrinendinisnaiag
(maturation) Badnaislalalwwas (lie 2018) MeunasmMaialfAsenmMsuaILULNIALLE (acid-
. 1 aa = 2 6 @ A o a 1 %
base reaction) 5311319 nInaadanuazNaAnL I lunaFlalaluiues S3dnsiiuda laenaIng
[l > d' o I3 n:i QI &/ a n:i I Aa A 6
Uudaf 24 $alus enuudiussmiAndwiannmuandisuleaan 1w agdiiloa uazvgealsd
a . p?f =S n' v A [} v Aa U p.i
US1I0k hydrogel matrix #anannAn1TuNINTUVaS leaaunFiwlIaaaudaintialiiialaseasen
Xowe . . . . .
udausedu e (Crisp et al. 1974; Crisp and Wilson 1974; Nicholson 1998; Sidhu and Nicholson
¥

2016) Gaidwngualunisatuisisasdranuudsinzesnaialelaluwed MRndwidoutiaglu

¥ a ~ [ L o & A [
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& a @ A A £ ' = a
losauuazinaiuney asn1wlsznaun 11 WUNTLANTUTBILTNG) Tdungidon waatdeow
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nInandanfinaunieatunidiiag (Crisp et al. 1974) indJisonadnulesauvas ldunsdon

g’ . o Yo & a J
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tosafidnananinagnSouazauanuad ln1sysmeNwuuui 5 (MAxuIn 4)
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wud dezaunisalvasiuaunnddaiuirdydaninudiialunsysne (Giachetti et al. 2007; Scotti
et al. 2016) 8819 3NMUMIANBFIUUINANBIINNUAUNNEINWIK LN (Van Meerbeek et al.
2005: Giachetti et al. 2007; Peumans et al. 2015; Scotti et al. 2016) F9a199 Ll dudaunuvas
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Objective. To evaluate the effect of the kind and concentration of photo -initiator on the degree
of conversion {DC) ofadhesives on dentin/glass substrates and their mini-interfacial fracture
toughness (mini-iFT) to dentin.
Methods. We tested the adhesive Clearfil 5% Bond Plus and 4 detived experimental ‘LUR’ (‘Leu-
ven Univesity Bond') adhesives (all from Kuraray Noritake), namely ‘LUB-CQ/amine_high’,
‘LUB-CQ/aminelow’, ‘LUB-TPOhigh’, and ‘LUB-TPOlow’, respectively containing 2.0 wt%
camphorquinone (CQ)and 2.0 wt% EDMAB (amine), 0.35 wt% CQand 0.35 wt% amine, 2.0 wt%
TPO, and 0.35 wt% TPO. For DC, each adhesive was applied onto glass or dentin prior to being
cured (Bluephase 20i; Ivoclar Vivadent: “high mode”) for 10s. DC was measured at 5min,
10min, 1h, 24h and 1 week using micro-Raman spectroscopy (SENTERRA; BrukerOptik). For
mini-if'T;, each adhesive was bonded to 320-grit SiC-paper ground dentin and covered with
composite (Z100; 3M ESPE). The restored teeth were cut in sticks (1.5 x 2.0 > 16 mm), after
which a single-gradient notch was prepared at the adhesive-dentin interface using a 150-
pm diamond blade. The micro-specimens were loaded until failure in a 4-point bending test
and the mini-iFT in term of Koy was calculated.
Results. DC was higher on dentin than on glass. All adhesives were adequately polymerized at
1 week, except for LUB-TPOlow. DC at 5 min was significantly higher for LUB-TPO_high than
for both CQ/amine-based adhesives. The highest and most reliable mini-iFT was measured
for LUB-CQ/amine_ high, despite its 5-min DC was relatively low. No correlation between DC
and mini-iFT was found.
Significance. Curing of TPO-based adhesives is faster, but the dark cure of the CQ/amine-
containing adhesives is more efficient. The differences in curing profiles do affect the
mechanical properties of the resultant interfaces at dentin.

© 2018 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The photoinitiator kind and its concentration are of impor-
tance to dental adhesives and their eventual bonding
effectiveness [1,2]. Reaching a sufficiently high degree of
conversion (DC) not only contributes to the adhesive’s
bond strength and durability [2-4], but it is also asso-
cilated with biocompatibility issues caused by monomer
and/or photoinitiator elution [4-6]. Most commonly used
photoinitiators in dental adhesives are camphorquinone
combined with tertiary amine (CQ/amine) and diphenyl(2,4,6-
trimethylbenzoyljphesphine oxide (TPO).

We recently introduced a mini-interfacial fracture tough-
ness {mini-iFT} test to assess bonding effectiveness of
adhesives to tooth tissue [7,8]. This mini-iFT test enabled
to discriminate adhesives better on their bonding effective-
ness and, more importantly, the mini-iFT was shown to better
reflect the mechanical strength of the actual interface than
the today more commeonly used micro-tensile bond-strength
{.TBS) test [9]. A general consensus exists indeed in litera-
ture to preferentially use a fracture toughness approach to
assess bonding effectiveness [10,11], despite the specimen-
preparation methodology for interfacial fracture toughness
testing is generally thought to be more technique-sensitive
and labor-intensive. Several interfacial fracture toughness test
protocols have been introduced, among which the most com-
mon are a ‘short rod chevron notch’ [12], a ‘chevron-notched
short bar’ [13], a ‘plane-strain chevron-notched short bar’
[14], an ‘interfacial fracture toughness related to the energy
release rate’ [15], a ‘notchless triangular prismy’ [16] and a
‘chevron notch beam’ [17,18]. The major advantages of our
newly developed mini-iFT test are that it is more accurate,
more reproducible, less test dependent and that it reveals the
interfacial properties better than a pTBS test. In addition, the
mini-iFT test is less laborious and less time-consuming than
a conventional interfacial fracture toughness. It has proven to
be a valid and reliable laboratory test to determine bonding
effectiveness to human dentin and enamel [7,8].

Since the mini-iFT test was shown to better assess the
mechanical strength of the adhesive-tooth interface itself,
we believed that this method would also suit well to investi-
gate the effect of the kind and concentration of photoinitiator
on the bonding effectiveness to dentin. Experimental adhe-
sive formulations that differed for the kind of photoinitiator
(CQ/amine versus TPO) and the photoinitiator concentration
werte tested. DC was measured over time when the adhesives
were applied on dentin and glass in order to evaluate any
correlation that may exist between DC and mini-iFT.

2. Materials and methods

2.1. Materials used

Five different adhesive formations, consisting of the com-
mercially available adhesive Clearfil $* bond Plus (Kuraray
Noritake, Tokyo, Japan) and 4 experimental derivatives (also
provided by Kuraray Noritake), being referred to as ‘LUB-
CQamine_high’, ‘LUB-CQ/aminelow’, ‘LUB-TPO_high’ and

‘LUB-TPOlow’, with a photeinitiator concentration of, respec-
tively, 2.0wt% CQ and 2.0wt% EDMAB (amine), 0.35wt% CQ
and 0.35 wt% amine, 2.0 wt% TPO, and 0.35 wt% TPO, were used
in this study (Table 1). The expetimental LUB adhesives were
provided by Kuraray Notitake without photoinitiater. The pho-
toinitiators CQ in combination with the co-initiator EDMAB
and TPO were purchased from Sigma-Aldrich (Sigma-Aldrich
Chemie, Steinheim, Germany). The respective amounts of CQ
and EDMAB, and of TPO were measured on an analytical
balance with a 0.01-mg accuracy {(AB304-5’ analytic balance;
Mettler-Toledo, Greifensee, Switzerland); the photoinitiator
was added to the LUB adhesive in light-shielding amber vials
that were extra wrapped with aluminum foil to shield protect
the solution from light. The photoinitiator was dissolved in
the adhesive using a closed container that was immersedinan
ultrasonic bath (Bandelin Sonorex; Bandelin Electronic, Berlin,
Germany) for 1min and then homogeneously mixed using a
rotating machine (Rotator; Agar Scientific, Essex, United King-
dom) for 24 h, this following the recipe described in detail in
the previous study [4].

2.2 Mini-iFT

Fifty non-carious human third molars {(collected following
informed consent approved by the Commission for Medical
Ethics of KU Leuven under the flle number $57622), stored
in 0.5% chloramine T/water at 4°C, were used within three
months after extraction. The occlusal third of the crown was
removed with a diamond saw (Isomet 1000; Buehler, Lake
Bluff, IL, USA), exposing a flat mid-coronal dentin surface,
which was wet-sanded with 320-grit SiC paper (Buehler-Met II
SiCwet grinding paper; Buehler, Lake Bluff, IL, USA) to produce
a standard smear layer resembling that produced by a regular
diamond bur. All dentin surfaces were carefully examined for
rermaining enamel and pulp tissue using a stereo-microscope
(Stermni 2000 CS; Carl Zeiss, Jena, Germany). Each adhesive
was applied following the instructions of Kuraray Noritake
for the commercial adhesive Clearfil S° Bond Plus by actively
rubbing the adhesive onto the dentin surface for 10s, fol-
lowed by 5s gentle air-drying until the adhesive no longer
moved. The adhesive formulations were next light-cured
for 10s using a polywave LED light-curing unit (Bluephase
20i; Ivoclar Vivadent, Schaan, Liechtenstein), employed in
‘high mode’, with an output of around 1100 mW/cm?; the
radiant exposure was 2.9)/cm? up to 420nm and 14 J/cm?
above 420nm, as was measured by a MARC Resin Calibra-
tor (BlueLight Analytics, Halifax, NS, Canada). A composite
build-up (Filtek Z2100; 3M ESPE, Seefeld, Germany: shade A2,
lot N459523) was made in layers using a polytetrafluoroethy-
lene mold (8 x 8 x 10 mm). The root of the tooth was removed
3mmbelow the adhesive-dentin interface and a similar com-
posite build-up was made at the root side using the self-etch
adhesive Clearfil SE Bond (Kuraray Noritake). After 1 week
water storage at 37 °C, the specimens were sectioned perpen-
dicular to the interface using a semi-automatic high-speed
diamond saw {(Accutom-50; Struers, Ballerup, Denmark: feed
speed of 0.075 mmy/s, wheel speed at 4000rpm) with a water-
cooled diamond blade with a diameter of 102mm and a
thickness of 300pm (M1D10; Struers) to obtain rectangular
sticks (micro-specimens of 1.5 x 2.0 mm wide and 16-18 mm
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Table 1 - Composition of the experimental LUB adhesive derivatives that differ for the photoinitiator added in various

concentrations and of Clearfil 52 Bond Plus (Kuraray Noritake).

Adhesive

Composition®

Initiators®

LUB-CQ/amine_high
LUB-CQ/amine low
LUB-TPO_high
LUB-TPO_low

Glearfil $* Bond Plus”

15wt% Bis-GMA, 30 wt% HEMA, 10 wt% MDP, 15 wt% TEGDMA, 10wt%
colloidal silica, 15wt% ethanol, 15 wt% water, stabilizers {(minute amount)

15-35 wit% Bis-GMA, 10-35wt% HEMA, MDF, hydrophilic aliphatic
dimethacrylate, hydrophobic aliphatic methacrylate, colloidal silica,

2.0wt% GQ, 2.0wt% EDMAB
0.35wt% CQ, 0.35wt% EDMAB
20wt% TPO

0.35wt% TPO

dl-camphorquinone,
accelerators, initiators

<0.1wt% sodium fluoride, <20 wt%, water ethanol

i Abbreviations: Bis-GMA: bisphenol A glycidyl dimethacrylate; CQ: camphorquinone; EDMAB: ethyl 4-(dimethylamino)benzoate; HEMA:
2-hydroxyethyl methacrylate; MDP: 10-methacryloyloxydecyl dihydrogenphosphate; TEGDMA: triethylene glycol dimethacrylate; TPO:

diphenyl(2,4,6- rimethylbenzoyl)phosphine oxide.

© Gommercially available, precise composition not released by Kuraray Noritake (Lot: 00012A).

long). Per experimental group, 2 sticks originating from 10 dif-
ferent teeth (n=20) were obtained.

Mini-iFT specimen preparation has been detailed before
|7,8]. By firmly fixing each stick {micro-specimen) to the
diamond saw holder (Accutom-50; Struers) using an Accu-
tom holder specimen, a single notch mini-ifFT notch tip
was prepared under a stereo-microscope with a magnifi-
cation of 40x (Leica M715, Wetzlar, Germany), precisely at
the adhesive-dentin interface, using a water-cooled ultra-
thin 150-pm diamond blade (M1DO8; Struers: feed speed of
0.015 mmy/s, wheel speed at 1,0001pmy). The notch thickness
was smallerthan 0.2 mmand included the complete adhesive-
dentin interface for the full length of the notch (from the tip
to the end of the notch). The angle of the mini-iFT notch tip
was 45° in respect to the long side of the specimen. The tip of
the single mini-iFT notch was located on the long side of the
specimen at 0.24-0.48 mm from the bottom corner. The oppo-
site part of the notch did end at less than 0.2 mm from the
upper corner. The actual specimen geometry was schemat-
ically detailed in the previous studies [7,8]. All specimens
were stored in 0.5% chloramine T solution at 37 °C and were
tested 1 wk later. The specimens were transferred to a uni-
versal testing machine {Instron 5848 Micro Tester, MA, USA),
putting the specimen upside down in the test fixture [/,8]. The
specimens were tested in a 4-point bending test setup with
a crosshead speed of 0.05 mm/min; the outer and inner span
were 10 and 5 mm, respectively. After testing, all fractured sur-
faces were processed for scanning electron microscopy (SEM;
JSM-6610LV, JEOL, Tokyo, Japan) using common specimen pro-
cessing [19], including fixation, dehydration and HMDS drying
prior to gold-sputter coating, this to determine the fracture
location, crack propagation and any possible specimen impet-
fections. Finally, the exact dimensions of the mini-iFT notch
were measured using a measuring optical microscope (400-
NRC; Leitz, Wetzlar, Germany) at 250x magnification, after
which the conditional plane strain interfacial fracture tough-
ness, Koy, was calculated in MPa mY?; this according to the
method described in detail previously [/,20].

2.3 DC

Another set of thirty non-carious human third molars were
used to prepare mid-coronal dentin discs using a diamond
saw (Isomet 1000; Buehler, Lake Bluff, IL, USA). Each adhe-
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sive formulation was applied as described in detall above for
the mini-ifT test, but now onto dentin discs as well as glass
slides (Microscope Slides; VWR, Leuven, Belgium), this prior to
being squeezed to a thickness of approximately 100 pm with
a microscope cover glass (VWR, Leuven, Belgium) and two
other cover glasses employed as spacer. The adhesive formu-
lations wete cured likewise as for the mini-iFT test. DC of six
specimens per experimental group (n = 6) was measured using
micro-Raman spectroscopy (pRaman; Senterra, BrukerOptik,
Ettlingen, Germany) through the microscope cover glass to
avold oxygen inhibition; the specimen was excited with a
near-infrared (/85 nm) laser of 100 mW and analyzed through
a 100x microscope and 50-pm pin-hole aperture. The col-
lected spectra ranged from 50 to 3500 cm~ ! with a resolution of
around 9-15 cm~1. The integration time was set to 20s with 2
co-additions. The CCD detector to obtain the pRaman spec-
tra possessed a 1024 x 256 pixel resolution and was cooled
down thermo-electrically to a temperature of —65°C. The data
were processed using OPUS 7.1 software (Bruker). Each spec-
imen was measured twice at 5min, 10min, 1h, 24h and 1
week. In between measurements, the specimens were kept
dry in the dark at 37 °C. DC was calculated as the ratio of peak
intensities of the carbon-aliphatic 1639 crn~! and the carbon-
aromatic 1609 cm~! peaks measured in the cured and uncured
materials.

2.4, Statistics and correlation analysis

The mini-iFT data were statistically analyzed using a lin-
ear model, taking into account the data wvadance, as
we observed that the experimental groups with the low
photoinitiator-concentrated adhesive formulations revealed
a higher standard deviation than those with the high
photoinitiator-concentrated adhesives. In this model, two
fixed effects, ‘photoinitiator’ and ‘photoinitiator concentra-
tion’, and their interaction term wete included. In addition,
specific contrasts were calculated to assess the effect of pho-
toinitiator at different concentrations on the mini-iFT.

For each DC specimen, a function was fitted to express DC
in function of the log-transformed time in min. Because of
the different curing behavior, a linear function was applied
for the TPO-based adhesives, while the Avrami function
(Y =1 — exp (—Kt")) was used for the CQ/amine-based adhe-
sives [21]. From these fitted functions, maximum DC (DCpay)



DENTAL MATERIALS 34 (2018) 684—602

687

Table 2 - Mini-interfacial fracture toughness (mini-iFT) and degree of conversion (DC) of the different adhesive

formulations investigated.

Adhesive Mini-iFT! (SD} ptf/n? Dentin Glass Glass vs. Dentin
DCrmax in %°  DCyo in DCrax iN DCop in p-value”
(SD) min* (SD) % (SD) min* (SD)

LUB-QQ/amine high  1.79 {0.11)! 0715 99007 70(2.4) 7.7 (0.5) 18.9 (3.9) 0.976

LUB-GQ/aminelow  1.12 (0.46)" 116 957 (L3P 11.2 (24) 2.2 (4.8)2 13.9 (4.9) 0.742

LUB-TPO_high 1.60 (0.20)" 016 982(09Y®  <Smin 88.1(6.2)° 204 (25.9) <0.001

LUB-TPOlow 0.45 {0.35) 818 759 (2.9)° 1092 (1462) 139 (2.1)° 7495 (722) <0.001

Clearfil 5 Bond Plus  1.66 (0.16)1 014 100.0 O <5 min 04.1 (1.7)2 8.3 (9.4) <0035

! Mini-interfacial fracture toughness Kqgy in MPam/2; the same superscript Roman figure indicates that the mean mini-iFTs are statistically

not different.
2 Number of pre-testing failures (ptf) per total specimen number (n).

3 Maximum DC in %; the same superscript letter indicates statistically not different.

4 Time in min needed to reach 90% of maximum DGy

* p-value for difference in DCmax measured onto dentin vs. glass for each adhesive formulation with statistical significance considered from

p<0.05.

and the time needed to reach 90% of maximum DC (DCgp)
were deduced. Maximum DCs were compared by one-way
ANOVA and planned contrasts to assess the effect of substrate
(‘dentin’ versus ‘glass’) for each adhesive formulation. All tests
were performed at a critical value of o = 0.05 using a statistical
software package (R3.1.0 and nlstools package, R Founda-
tion for Statistical Computing, Vienna, Austria). Pearson’s
correlation coefficients were calculated to assess potential cor-
relation between DC at various time points and mini-FT.

3. Results

3.1. Mini-iFT

The results of the mini-iFT test are graphically presented in
box plots in Fig. 1; the mean mini-iFT and corresponding stan-
dard deviation (SD) are detailed for the different adhesive
formulations in Table 2.

The mini-iFT of the low photoinitiator-concentrated adhe-
sive formulations was significantly lower (p<0.0001) than
that of the high photoinitiator-concentrated adhesive for-
mulations and the commercial adhesive Clearfil S* Bond
Plus. The TPO-based adhesives presented with a significantly
lower mini-ifT than the CQ/amine-based adhesives at high
(p=0.0018) as well as low concentration (p <0.0001).

SEM failure analysis of representative mini-iFT specimens
are presented in Fig. 2. Overall, failure analysis disclosed that
the mini-iFT specimens always failed at the notch tip along
the adhesive-dentin interface. For the high photoinitiator-
concentrated adhesives and Clearfil $* Bond Plus, the crack
propagated along the adhesive-dentin interface and mostly
deviated to the adhesive layer near the end of the notch.
Along the notch edge, often some adhesive remnants were
observed (Fig. 2: 1a, 3a and 5a). At higher magnification, a
brittle-like failure pattern with lots of hackle was disclosed
within the adhesive layer near the top of hybrid layer (Fig. 2:
1b, 3b and 5b). Regarding the low photoinitiator-concentrated
adhesives, the crack propagated almost exclusively along the
adhesive-dentin interface with only very little adhesive rem-
nants remaining at the fractured surface (Fig. 2: 2a and 4a).
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LUB-CQfamine LUB-TPO Bond Plus

Fig. 1 - Box plots presenting the mini-interfacial fracture
toughness (mini-iFT) for the different adhesive
formulations investigated; the same superscript Roman
figure indicates that the mean mini-iFTs are statistically not
different. The thick horizontal line in the box represents
the median DC; the boxes represent the first quartile {Q1) to
the third quartile (Q3); the whiskers represent the lower
and the upper quartile; the closed dot represents the mean
value and the open dot represents an outlier data point.

3.2. DC

The progression of DC in function of time is graphically pre-
sented in Fig. 3 for the different adhesive formulations applied
on dentin and glass, respectively. Table 2 mentions DCmax and
DCsg for the different adhesive formulations applied on dentin
and glass, respectively, along with potential statistical differ-
ence in DCp 35 at dentin versus glass.

When applied on dentin (Table 2), DCpay of the high
photoinitiator-concentrated adhesives was not statistically
different from DCpax of the commercial adhesive Clearfil
$% Bond Plus. A significantly lower DCp.y was measured
for LUB-CQ/amine low (though still being 95.7+1.3%), of
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Fig. 2 - SEM fracture analysis of representative mini-iFT specimens of the different adhesive formulations investigated. (1a)
Overview photomicrograph of the fractured surface of a LUB-CQ/amine_high specimen using backscatter electron (BSE)
imaging. Although the entire specimen failed close to the adhesive-dentin interface {I), the crack propagated inside the
adhesive resin (Ar) towards the edge of the specimen. Some adhesive resin remnants can be observed along the inner notch
edge (hand pointer). (1b) High-magnification photomicrograph of the notch tip, BSE imaged. The notch tip is sharp and the
fracture initiated exactly at the adhesive-dentin interface. The hybrid layer (Hy) and adhesive resin (Ar) can be
distinguished. In the adhesive resin, some radiating crystallite formations were observed (hand pointer), suggesting a
semi-crystalline nature that resulted in a more brittle-like fracture mode. (2a) Overview photomicrograph of the fractured
surface of a LUB-CQ/amine_low specimen. Almost the entire surface failed at the adhesive-dentin interface. (2b)
High-magnification photomicrograph of the notch tip. No adhesive remnants, nor evidence indicative of a brittle fracture
can be seen. (3a) Overview photomicrograph of the fractured surface of a LUB-TPO high specimen. Although the crack
initiated within the adhesive resin with adhesive remnants remaining along the notch edge (hand pointer), it immediately
propagated to and further along the adhesive-dentin interface until the middle part of the notch, where it deviated towards
the adhesive resin. (3b) High-magnification photomicrograph of the notch tip, BSE imaged from an oblique angle at 20°,
Viewed under this angle, the crack can be seen to have immediately propagated from the adhesive resin towards the
adhesive-dentin interface. Failure occurred along the top of the hybrid layer. (4a) Overview photomicrograph of the fractured
surface of a LUB-TPOJlow specimen. The entire surface failed along the adhesive-dentin interface. Scratches induced by the
SiC-paper can be observed. {4b) High-magnification photomicrograph of the notch tip, imaged from an oblique angle at 30
degrees. Dentin at the actual interface is still covered by some adhesive resin with the surface being rather smooth and
uniform. (5a) Overview photomicrograph of the fractured surface of a Clearfil 5* Bond Plus specimen using BSE imaging.
Note the presence of small adhesive resin remnants along the notch edge (hand pointer). {5b) High-magnification
photomicrograph of the notch tip using BSE imaging from an oblique angle at 20 degrees. Despite the notch tip was
positioned at the interface, a very small amount of composite (Co) can be observed at the tip. Thanks to the favorable
loading conditions, the crack returned immediately towards the adhesive-dentin interface. Note again the presence of
radiating crystallite formations (handpointer), suggesting a semi-crystalline nature.

toreach DCqp. The DC-progression curvesin Fig. 3 (dentin) con-
firm that DCryax was reached within 5min for LUB-TPO_high

which its DCprzx was significantly higher than that mea-
sured for LUB-TPO.low (that reached only 75.94+2.9%).

With respect to polymerization kinetics, DCqy was reached
within 5min for the high TPO-concentrated adhesive
(LUB-TPO_high) as for the commercial adhesive Clearfil
S Bond Plus. A longer time was needed for both the
CQ/amine adhesives; somewhat faster was DCqp reached for
the high-concentrated (LUB-CQ/amine_high) than the low-
concentrated (LUB-CQ/amine_low) adhesive formulation, but
this was much shorterthan the time needed for LUB-TPO_low
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and Clearfil $° Bond Plus, while more than 10 min was needed
for both the CQ/amine adhesives (with CQ/amine_high being
faster than CQ/amine_low, and the latter reaching a lower DC);
the concentration of TPO in LUB-TPO _low was clearly too low
to reach a sufficiently high DC.

When applied on glass (Table 2), a relatively similar trend
was observed regarding DC,oy with the significantly high-
est DCrayx reached for LUB-CQ/amine high and Clearfil 33
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Fig. 3 - Progression in degree of conversion (DC) upon application of the adhesive formulations onto dentin versus glass.

Error bars represent the 95% confidence intervals.

Pond Plus, but also for LUB-CQ/amine low. DCrgy of LUB-
TPO_high was significantly lower (though still reaching 88.1%),
while DCmay of LUB-TPO low reached only 43.9%. All DCax
percentages were lower when the adhesives were applied
on glass than on dentin, with significant differences mea-
sured for both TPO-based adhesives and Clearfil $* Bond
Plus. Likewise, the time to reach DCqy, was longer when the
adhesives were applied on glass than on dentin, with the
shortest time recorded for Clearfil $2 Bond Plus, followed
in order by LUB-CQ/amine low < LUB-CQ/amine_high <LUB-
TPO_high <« LUB-TPO_low. These differences in polymerization
kinetics among the different adhesive formulations investi-
gated are also reflected in the DC-progression curves in Fig. 3
(glass); they resemble those recorded at dentin with the differ-
ences that DCmax Was somewhat later reached for Clearfil $°
Bond Plus, that the polymerization kinetics of both CQ/amine
adhesives were similar with the exception that a higher DCpyax
was reached for LUB-CQ/amine_high, and that DCrpay of both
the TPO-based adhesives were lower than those reached at
dentin.

Overall, higher and faster polymerization rates were
reached at dentin than on glass. The higher the photoinitiator
concentration, the higher DCp oy Noteworthy is also that the
TPO-based adhesives and Clearfil $° Bond Plus reached DCinax
faster than the CQ/amine-based adhesives.

3.3 DC and mini-iFT correlation analysis

A positive, significant correlation was found between mini-
iFT and DC at 24 h on dentin (r? = 0.8364, p < 0.001) as wellas on
glass (1’ = 0.8864, p < 0.001) (Fig. 4). These correlations are how-
ever skewed by the low DC and mini-iFT data recorded for the

LUB-TPO.low adhesive formulation. When this LUB-TPOlow
adhesive was eliminated from the analysis, a relatively low,
but significant correlation (1 =0.4978, p < 0.001) was recorded
between mini-iFT and DC at 24 h on dentin, but no correlation
was found when applied on glass (Fig. 4).

4, Discussion

This study investigated the effect of two different photoinitia-
tors added in a low and high concentration to an experimental
one-step self-etch adhesive formulation. These formulations
are derivatives of the commercially available one-step self-
etchadhesive Clearfil $° Bond Plus (Kuraray Noritake). Bonding
effectiveness was measured using an innovative mini-ifT that
appeared capable of more accurately measuring interfacial
bond strength than the today more popular pTBS approach [7].
Results were reported as the conditional plane strain interfa-
cial fracture toughness Kqyy rather than the more common
Kic. Because of the complex multi-layer specimen design,
some mode II and mode III loading must have been present
along the interface tested. Therefore, the conditional Kquy
fracture toughness is assumed a conservative estimate of
the plane-strain K fracture toughness [14]. The effect of the
today two most commonly used photoinitiators and their
concentration on the mini-ifT was measured, as well as the
according polymerization kinetics were analyzed when the
adhesives were applied on two different substrates, namely
dentin and glass. Overall, DC increased with time following
the DC-progression rate to reach maximum DC depending on
the photoinitiator used and its concentration. This different
curing behavior did affect the resultant mechanical proper-
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Fig. 4 - Correlation plots between mini-interfacial fracture toughness {mini-iFT) and degree of conversion (DC) at 24h for the
different adhesive formulations applied onto dentin and glass, respectively. The dotted regression line represents the
cotrelation for all adhesives and the solid regression line represents the correlation when the LUB-TPO_low adhesive was

omitted.

ties at the interface, as a significant positive correlation was
found between DC and mini-iFT.

We measured DC using pRaman spectroscopy. Crucial in
the assessment of polymetization under laboratory condi-
tions is to control various environmental parameters that
may affect polymerization; more specifically, ambient light,
temperature and oxygen directly influence the curing effi-
ciency and kinetics of dental adhesives. To exclude ambient
light effects, the specimens were stored in the dark and all
manipulations in the pRaman device were performed under
orange-filtered light. To control ambient temperature at a clin-
ically relevant condition, all specimens were continuously
stored at 37 °C. Since oxygen inhibits free-radical polymeriza-
tion of dental adhesives [22], oxygen was excluded by pressing
a microscopy cover glass on the adhesive film (this also to
reach a clinically relevant film thickness). In addition, DC
was measured at the specimen center, to exclude areas near
the specimen periphery, where the adhesive may potentially
have cured impropetly [23]; this proofed effective as for some
groups a 100% conversion rate was observed. Previous stud-
ies investigating the polymerization efficiency and kinetics of
composite cements [24,25] indeed demonstrated that without
the cover glass or when the covering glass was removed after
light-curing, the cements stopped to cure further in the dark
because of oxygen inhibition.

According to the curing profiles of the adhesive formu-
lations investigated, a significant increase of DC with time
was recorded, for some even up to 1 week. This finding
corroborates previous research that also observed this time-
depending increase of DC [24-29]. This study revealed clearly
different curing profiles for the CQ/amine- and TPO-based
adhesives. TPO-based adhesives polymerized much faster, so
that a higher DC was reached earlier. CQ/amine-based adhe-
sives, on the other hand, exhibited more dark cure, soto reach
eventually a higher DC than their TPO-based counterparts.
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This result corroborated a recent study demonstrating that a
TPO-based adhesive exhibited no dark cure at all [30], while
DC of CQ/amine-based adhesives increased considerably up
to one hour after light curing. More research is warranted to
explore if the initially faster conversion rate for TPO not only
affects the ultimate conversion rate, but also influences the
cross-link density and other related properties [31].

The adhesive formulations investigated polymerized faster
and reached a higher DCryax on dentin than when applied on a
glass substrate. This difference should primarily be attributed
to the different nature of both substrates with hydroxyapatite
{HAp) and water being present at the dentin surface. It is very
well known that DC of CQ/amine-based adhesives is affected
by acidic functional monomers due to inactivation of the
amine co-initiator through acid-base reaction [32,33]. During
bonding, functional monomers of self-etch adhesives, such
asthe commonly employed 10-MDP (10-methacryloyloxydecyl
dihydrogen phosphate), chemically interact with HAp. Recent
research showed that the latter interaction of the functional
monomer with tooth tissue and thus with HAp reduced the
interference of the functional monomer with polymerization
[22]. In addition, HAp acts as a buffer and so increases the
local pH of a self-etch adhesive [34,35]. With increasing pH, the
photoinitiator activity and especially that of the co-initiator
increases as well [24,36]. Therefore, the presence of HAp pro-
motes the polymerization process, this in particular when the
acidic monomer interacts sufficiently intense with HAp [37].
Furthermore, the small amount of residual water in dentin
helps acidic monomers to ionize and so to enhance the above-
mentioned buffering action and polymerization. Obviously,
excessive water will negatively affect resin polymerization
|26,38]. In this respect, the polarity of the photoinitiator may
also have influenced the curing profile of the adhesive [29,39];
we used in this study TPO, which is known to be more water
soluble than CQ/amine. Moreover, TPO on its own was shown
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to increase DC of resin mixtures that contain besides 10%
ethanol also 10% water, this in contrast to CQ/amine [39].

The commercial adhesive Clearfil $° Bond Plus, used in
this study, contains CQ/amine as photoinitiator and exhib-
ited the fastest and highest polymerization rate. One may
expect that this very efficient polymerization should be
related to an optimized concentration of photoinitiator and
co-initiator and/or optimal photoinitiator/co-initiator com-
bination. Unfortunately, the manufacturer did not disclose
this information. In the present study, the same experimen-
tal adhesive formulations and photoinitiator concentrations
were used as in our previous study [40]. The low 0.35wt%
CQ plus 0.35wt% amine photoinitiator concentration was
selected as this concentration was found to be minimally
needed to enable the one-step self-etch adhesive to achieve
an adequate micro-tensile bond strength to dentin [1]. The
high 2wt% CQ plus 2wt% amine photoinitiator concentra-
tion was also used in previous research [2,5,40]. The combined
4wt% CQfamine photoinitiator concentration was found to
produce a comparable quantity of free radicals as 2wt% TPO.
The photoinitiator concentration in an adhesive should def-
initely be optimized to achieve favorable physical properties,
among which DC, but also in light of biocompatibility [5].

Mini-iFT is a simplified and miniaturized version of the
single gradient notched beam (SGNB) fracture toughness test
[20]. This mini-iFT technique was recently documented to
be a valid method to assess bonding effectiveness to dentin
with a better discriminative power than the today very pop-
ular pTBS test [7]. Mini-iFT data are less variable and reflect
better the interfacial mechanical properties than common
bond-strength tests [/]. In this study, the mini-iFT was higher
for the high photoinitiator-concentrated adhesives than the
low photoinitiator-concentrated adhesives. These data corre-
spond to a previous study that revealed the pTBS to increase
with an increased concentration of CQ [1]. In this study, the
mini-iFT varied less with a higher photoinitiator concentra-
tion, rendering these adhesives more reliable than their low
photoinitiator-concentrated counterparts. Apart from DGrax,
also the polymerization rate is important to obtain optimal
bonding effectiveness. While for the adhesive formulations
with a high photoinitiator concentration DC on dentin did
not differ much, the mini-ifT of the adhesive formula-
tions containing CQ/amine and TPO as photoinitiator at high
concentration was significantly different. Interesting in this
respect is the observation of a more favorable cross-linking
density for CQ/amine- than for TPO-based adhesives [31].
Hence, DC as measure of polymerization efficiency may not
be the only factor influencing the mini-iFT; other factors like
cross-linking density may be important as well and warrant
further research.

5. Conclusion

Curing of TPO-based adhesives is faster, but the dark cure of
the CQ/amine-containing adhesives is more efficient. The dif-
ferences in curing profiles do affect the mechanical properties
of the resultant interfaces at dentin, as was measured in this
study in terms of mini-iFT.
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ABSTRACT

This study aims to evaluate the influencing of additional bioactive glasses (45S5, S53P4) and
Zinc oxide filler in resin composite on mechanical, physical, and antibacterial property.
Composite incorporating with various additive fillers (15wt% 45S5, 15wt% S53P4, and 1wt%
Zn0) was evaluated comparing to SiO, composite and Systemp onlay. The mechanical property
(flexural strength, flexural modulus, and fracture toughness), physical property (water sorption,
water solubility), depth of curing, and antibacterial property was evaluated. The 15wt%
bioactive glasses composites were lower the flexural strength, flexural modulus, and fracture
toughness to 1wt% ZnO and SiO, composite. The 15wt% 45S5 composite was the highest
water sorption. Systemp onlay was the highest water solubility, while the 15%wt S53P4
composite was indicated a negative solubility. Systemp onlay was the deepest depth of cure,
while ZnO composite was the lowest depth of cure. All experimental composites were not
shown an antibacterial property against Streptococcus mutans. In conclusion, 15wt% bioactive
glasses decreased the mechanical property, physical property, and depth of cure of composite,
while 1wt% 2zZnO significantly decreased the depth of cure of composite. Besides, all

experimental composites were absent for the antibacterial property.
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Introduction

The visible light-cured composite has recently developed and increased popularity in
dentistry. It has been developed to improve the mechanical property, biocompatibility and
antibacterial property, which depended on various kinds of dental work. The provisional
composite has been evolved in the material development and presented several advantages
regarding the handing properties, controllable working time [1], incorporate antimicrobial

agents, easily placed and readily removed in one piece [2].

The antibacterial composite has been focused as an innovative material, which
incorporation of antibacterial agents into the resin composite [3]. Triclosan is a common
additive agent used as a broad-spectrum antimicrobial activity with a favourable safety profile.
Conversely, the evidence suggested that Triclosan has been linked to hormonal disruption and

increased the risk of breast cancer [4].

Bioactive glass has widely been studied and used in dentistry for oral surgery and bone
replacement. The advantage of bioactive glass is biocompatibility, antibacterial, and dentin
remineralization [5]. A recent study has shown a stable mechanical property and inhibited
bacterial growth when incorporating bioactive glass to composite [6]. Alternatively, zinc oxide
nanoparticle is one of the most critical metal oxide particles, which has received interest in
various fields of study. This metal oxide ion has shown antibacterial and disinfecting property,
which it has widely used in various kinds of medicine, temporary dental filling and dental root

canal sealer [7].

In this study, the experimental composite corporating bioactive glasses (45S5 and
S53P4) and Zinc oxide particle were evaluated comparing to the SiO, composite and Systemp
onlay. Therefore, the purpose of this study was to evaluate the influence of additive bioactive

glasses and zinc oxide in composite on the mechanical, physical, and antibacterial property.

MATERIALS & METHODS
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Four experimental light-curing composites contained various fillers as 15wt% 45S5
bioactive glass (45S5), 15wt% S53P4 bioactive glass (S53P4), and 1wt% zinc oxide (ZnO)
corporating with silicon dioxide (SiO,; 0.7um silanized glass filler, Esstech, Essington, PA, USA)
to the total 25wt% filler. The filler was mixed with 42wt% of 62um prepolymerized
dimethacrylate (UDMA). A resin matrix was prepared with an 80:20 mixture of UDMA:TEGDMA,
including the photo-initiator of CQ, TPO, and EDMAB, the experimental composite composition
is shown in Table 1. All monomers and photo-initiators were purchased from Sigma-Aldrich
(Steinheim, Germany). The experimental composite with 25wt% SiO, filler and the commercially
available antibacterial composite Systemp onlay (lvoclar-Vivadent, Schaan, Liechtenstein) were

used as control.
Flexural strength and flexural modulus

The provisional composite was placed into a polyethylene mold with the dimension of
2x2x25 mm bar-shaped (n=10) according to 1SO 4049:2008 [8], the mold was covered with a
transparent celluloid strip, and a glass plate was attached tightly to the mold surface, excessive
material was removed. The specimen was light-cured for 20s using a polywave LED curing unit
(Bluephase N; lvoclar Vivadent, Schaan, Liechtenstein) at high mode with an output of around
1100 mwW/cm?, and following with a light furnace device (Lumamat 100; lvoclar Vivadent,

Schaan, Liechtenstein) for 60s. The specimen was incubated in water storage at 37°C, for 1wk.

The specimen dimension was measured using a digital calliper (Mitutoyo, Tokyo, Japan).
The specimen was fractured with a three-point bending test on a universal testing machine
(Model LF Plus; AMETEK Lloyd Instrument, Hampshire, UK), a supporting bar distance was
20mm at a crosshead speed of 1mm/min. Flexural strength (FS) and flexural modulus (FM)

were calculated following equations:

3Fmaxl Flinl3
FS — max FM — 1mn
2wh? 4d1inWh3
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Where; Fnax = ultimate force (N), | = distance between support bars (mm), w = width of the
specimen (mm), h = height of the specimen (mm), F;, = force in the linear part of the stress-

strain curve (N) and d;, = deflection at Fy, (mm).
Fracture toughness

A rectangular bar 2x1.5x16 mm of the composite specimen was prepared (n=10). The
specimen was light-cured for 20s using Bluephase N and 60s using Lumamat 100, then the
specimen was stored in water at 37°C, for 1wk. Mini Fracture Toughness (mini-FT) notch was
prepared using a 150-pym ultra-thin diamond blade (M1DO8; Struers, Ballerup, Denmark) at a
feed speed of 0.015mm/s and a wheel speed of 1000rpm water-cooling under a stereo-
microscope following the previous study protocol [9]. The specimen was then transferred to the
universal testing machine, putting the specimen tip down in the test fixture. The mini-FT (K;;)
was tested using a 4-point bending test setup with a crosshead speed of 0.05 mm/min [9].
After testing, all fractured specimens were processed for SEM and measuring the exact
dimensions of the mini-FT notch using an Image-Pro Plus (Media Cybernetics, MD, USA), after
which K. was calculated according to following equations from the previous study [9]:

K = F(So — S;) o Y*min
€7 BW3/2 " 1000

with the minimum stress intensity factor coefficient Y*min being calculated from the following

function:

(/W) — (Io/W)
1= (/W)

Y*min = [2.92 + 4.52(l,/W) + 10.14(10/W)2]\]
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where K| is the fracture toughness value in (MPa.ml’2

), F is the total force (N) (maximum force,
Fmax, Plus tare force, Frae), So is the outer span (mm) or 10.0, S; is the inner span (mm) or 5.0,
B is the specimen thickness (mm) or 1.50+0.1, W is the specimen width (mm) or 2.00+0.1,

Y*min is the stress intensity factor coefficient, I, is the position of the tip (mm) with

0.12<lo/W<0.24, and I, is the position of the bottom part (mm) with 0.90<I,/W<1.00.
Water sorption and solubility testing

The rectangular bar was made by using a mold with 2x2x25 mm (n=7), and then the
specimen was light-cured for 20s using Bluephase N, following with 60s using Lumamat 100.
The cured specimen was dry stored in a desiccator at 37°C for 24 hours, and the individual
specimen was weighed to a constant mass (m1) at an accuracy of £0.1mg. The specimen was
deposited in distilled water at 37°C for 7d. After which, the specimen was removed, dried in the
air, and weighed 1min to verify mass after saturation with water (m2). The specimen was then

placed in the desiccator again until a constant dry mass (m3) was obtained[10].
The volume (V) of each specimen was calculated based on the following equation:

V = length x heigth x width

Water sorption (WS) and water solubility (SL), given in pg/mm?3, were calculated as follows:

WS_mZ—mS
v

SL_ml—mS
v

Depth of cure testing

The solvent dissolution technique was used for testing the depth of cure. The cylindrical
samples were prepared in a mold with 5mm in diameter, 10mm in depth (n=6), the specimen

was then light-cured through a glass slide at the top of specimen for 20s using Bluephase N at
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high mode with an output of around 1100 mW/cm? The cured sample was immersed
immediately in Tetrahydrofuran (Ajax Finechem, Inc., Auckland, New Zealand) and dark stored
at 22°C for 48h. After this, the specimen was dried, and the maximum length of remaining
material was measured using a digital calliper and divided by two according to the ISO/DIS

4049 (2008) standard [8, 11].

Antibacterial property (Direct contact)

Antibacterial properties of materials against two concentrations (1x10°CFU/ml and
1x10'CFU/mI) of a cariogenic pathogen Streptococcus mutans was evaluated following the
previous technique with some modifications [12, 13]. The material was prepared in a mold of
10mm diameter, 1mm thick, and light-cured for 20s (both top and bottom surfaces) using
Bluephase N at high mode with an output of around 1100mW/cm?, and then the cured disk

specimen was sterilized by ultraviolet light.

S. mutans strain UA159 was used and grown in brain heart infusion (BHI) broth for 24h.
The 500pl of the bacterial suspension was transferred into fresh BHI broth (5ml) and incubated
at 37°C, 5% CO, to obtain the exponential phase of growth (optical density at 550nm:;
ODssonm=0.40). This S. mutans suspension was diluted with BHI broth to yield the numbers of

viable cells at 1x10°CFU/ml and 1x10CFU/m.

Four disks of each composite were placed in a 24-well plate (Thermo Fisher Scientific,
Jiangsu, China) and 20ul of bacterial suspension prepared was placed on the surface of the
specimen. The same amount of S. mutans suspension was also added into four blanked wells
as the control. Besides, the disks covered with sterilized BHI broth were included to test the
sterilization. To ensure direct contact between the bacterial cells and the tested surfaces, the
evaporation of suspension to obtain a thin layer of bacteria on disk was performed by opening

the 24-well plate containing specimens in a laminar flow clean bench (NuAire, Inc., Plymouth,
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USA) for 1 h. After that, BHI broth (520ul per well) was added and gently mixed for 10min.
After mixing, 20ul solution from each well was transferred to a new 24-well plate containing
BHI broth (480ul per well). These two 24-well plates, i.e., plates with and without the
specimens were incubated at 37°C, 5% CO, for 18h, and the optical density at 590nm (ODsgonm)
was determined by a microplate reader (BioTek ELx800; BioTek Instruments, Inc., Vermont,
US). All procedures were independently performed three times to obtain average data of

ODsgonm for each composite.
Statistical analysis

The data were subjected to the Shapiro-Wilk test for normal distribution and the
Levene’s test for homogeneity of variances. Flexural modulus, water sorption, and depth of cure
were analyzed by one-way ANOVA and Tukey’s HSD test at 95% confidence interval (p<0.05).
Water solubility and antibacterial were analyzed by Kruskal Wallis test. The statistical analysis
was carried out using SPSS statistics version 18. Flexural strength and fracture toughness were
analyzed by Weibull distribution (95% confidence bounds as calculated from R version 3.6.0

with WeibullR and Weibulltools packages).

RESULTS

Flexural strength, flexural modulus, and fracture toughness

The flexural strength, flexural modulus, and fracture toughness are summarized in Table
2. The flexural strength was significantly higher for SiO, and ZnO composite than the bioactive
glass composites. The lowest flexural strength was significantly for Systemp onlay (p<0.001).
The flexural modulus was shown a similar trend to the flexural strength, which was significantly
higher for SiO,, and ZnO than bioactive glass composite and the lowest flexural modulus was
significantly for Systemp onlay (p<0.001). The mini-fracture toughness was significantly higher

for SiO, and ZnO composite to the bioactive glass composites (45S5 and S53P4). The mini-FT of
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Systemp onlay was unable to evaluate as the specimen was not broken. The SEM failure

analysis of the representative mini-FT specimen is presented in Figure 1.

Water sorption, water solubility, and depth of cure

The water sorption, water solubility, and depth of cure are shown in Table 3. The
highest water sorption was found for 45S5 composite, which significantly higher than S53P4,
Si0,, Systemp onlay, and ZnO composite, respectively. The latter three composites were not
statistically different in the water sorption. The highest water solubility was found for Systemp
onlay, and the negative water sorption was indicated for the S53P4 composite. The deepest
depth of cure was found for Systemp onlay at 4.4mm, while the lowest depth of cure was ZnO

composite at 2.7mm depth.

Antibacterial properties

The concentration of bacterial cells in suspension was assessed by the optical density
measurement. This method is performed by measuring the absorbance value of a liquid
medium at 590nm. The growth of S. mutans in BHI broth after direct contact with the tested
materials made a cloudy appearance of the medium. Hence the measurement of bacterial

turbidity in BHI medium was stated as optical density.

The optical density regarding the direct contact between 10°CFU/ml of S. mutans
suspension and experimental composites is presented in Table 4, for both presence (A) and
absence (B) of composite specimens. Although the optical density of all composites was lower
than the control, no significant difference was observed (p>0.05). Similar findings were found
for the direct contact test using 10’CFU/ml of S. mutans suspension. There was no significant

difference in the optical density between all composites and the control.
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Discussion

This study was evaluated the influence of three kinds of additive filler (BAG-45S5, BAG-
S53P4, and Zinc oxide nanoparticle) in experimental composites comparing to SiO, composite
and Systemp Onlay on mechanical property, physical property, depth of cure, and antibacterial
property. The null hypotheses were rejected for the mechanical, physical, and depth of curing
as the flexural strength, flexural modulus, fracture toughness, water sorption, water solubility,
and depth of cure were significantly different among the composites. However, the null
hypothesis was accepted for the antibacterial property as there was no significant different
antibacterial among the composites. Therefore, the different additive fillers influenced the

mechanical, physical, and depth of curing properties of the composite.

The mechanical property on flexural strength, flexural modulus, and fracture toughness
were the same trend as the SiO, and ZnO composite were significantly higher mechanical
property than 45S5 and S53P4 composite, besides, the Systemp onlay was the lowest
mechanical property (Table 2). The SiO, and ZnO composite were not significantly different on
mechanical properties which correlated to a previous study, that the flexural strength and
flexural modulus were not influenced by increasing concentration of ZnO nanoparticle at 0-
5wt% [14]. The higher mechanical properties of SiO, and ZnO composite to the bioactive
glasses (45S5 and S53P4) composite associated with the previous studies [15, 16] that the
flexural strength was declined corresponding to the bioactive glass filler proportion increased in
the composite. Besides, the negative linearly correlation was found, when the amount of
bioactive glass increased from 5-40wt%, the mechanical properties (flexural strength and
flexural modulus) decreased [15]. However, the flexural strength was unchanged when the
10wt% bioactive glass was included [15]. Besides, a previous study showed that flexural
strength and fracture toughness were unaffected by increasing concentration up to 15wt% of

bioactive glass [6].
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The lowest mechanical property (flexural strength and flexural modulus) was Systemp
onlay. Besides, the fracture toughness was unable to perform as the specimen was bendable
and unbreakable. The fracture toughness test is a potential significance of indentation-induced
cracking to characterize the toughness of brittle materials [17]. Besides, the main different
mechanical property of the composite depended on the diverse compositions (filler, monomer,
and initiators). The Systemp onlay contains 62.1% filler concentration, while the other
experimental composites contain 67% filler concentration. In general, a resin composite with
higher filler volume results in higher flexural strength and flexural modulus values [18].
According to the manufacturer, Systemp onlay composed of a dimethacrylate monomer
(polyester urethane dimethacrylate) and a monomethacrylate monomer (monofunctional ethyl
triglycol methacrylate), while the experimental composite composed of two dimethacrylate
monomers (urethane dimethacrylate and triethylene glycoldimethacrylate). In general, the
dimethacrylates showed higher mechanical property than the monomethacrylates, in which the
dimethacrylates performed a cross-linked structure, while the monomethacrylate produces a
linear structure [19]. Therefore, these different kinds of monomers resulted in unique
characteristics of Systemp onlay, which was a highly flexible material. Furthermore, the use of
initiators in Systemp onlay was around 1wt% including catalyst, stabilizer, and Triclosan, while
the experimental composite contained 1.5wt% initiators and co-initiator (CQ, Lucerin TPO, and
EDMAB). In the present study, these different types and concentration of initiators were added
to increase the initial polymerization of provisional composite, which, however these photo-
initiators influenced the higher monomer polymerization and resulted in higher mechanical

properties [20, 21].

Water sorption and solubility of the composite were related to the water uptake and
dissolution of the material components at the same time [22]. The water sorption and water

solubility of the composite depended on filler (type, content, concentration, particle size, nature
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of filler), the coupling agent, monomer (hydrophobicity and hydrophilicity), polymerization and

the type of solvent [23, 24].

The water sorption was significantly higher for bioactive glass composites than the other
composites. This result corresponded to the previous study which the higher concentration of
bioactive glass related to the higher water sorption [25], which the explanation was a highly

hydrophilic bioactive glass filler increasing water sorption compared to the SiO, composite [25].

The water solubility was significantly higher for Systemp onlay than other composites.
These can be associated with the polymerization as previously discussed on the mechanical
properties and the initiator concentration. Thus, a lower degree of polymerization results in
more leachable monomer components [26], which related to a higher solubility. However, the
low polymerization did not necessarily mean that residual monomers were free to leach, but
most likely that there were many unreacted groups pendant from the network [27]. In this
study, the water solubility indicated a negative value for the S53P4 composite. The negative
water solubility value means that water was not completely removed during the dry storage,
however, it did not mean nothing eluted from the material. The possible explanation was that
glass particles and ions participate in water formed the silica gel formation, which the silica gel
formation often occurred in glass ionomer-based materials [28, 29] and bioactive glass
materials [30]. Besides, the hydroxylcarbonate apatite formation can be structured at the
surface of bioactive glass, when the bioactive glass exposes to the simulated body fluid solution
[31]. Although the 45S5 could form the silica gel formation at the particle surface, the 45S5
shown a positive value of water solubility. These could be the higher dissoluble of 45S5 particle
than the S53P4 particle [32-34]. Another possible explanation was that partial water absorbed
into a highly hydrophobic composite, which the water was bounded in the resin matrix and

entrapped in the resin network [35].
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The depth of cure of composite depended on several factors, such as chemical
composition (filler and monomer), curing intensity, and curing time [36]. In the present study,
monomers, curing intensity, and curing time were controlled, while the filler was varied. These
filler and monomer compositions were directly related to the material opacity, which associated
with the refractive index of each composition. The mismatched refractive index among filler and
resin monomer influenced to increase the material scattering at the filler/resin interface [37].
On the other hand, the well matching refractive index among filler and resin monomer
increased the material translucency and improved the light transmittance of the composite [38].
Besides, the material refractive indexes in this study were TEGDMA (1.461), UDMA (1.485),
Silanized SiO, (1.553), and ZnO powder (1.989) (Wang et al. 2017). In this study, the depth of
cure was higher for Systemp onlay and SiO, composite to the other composites, the commercial
composite might be a well matching refractive index. The bioactive glasses composite was
shown a lower depth of cure compared to SiO, composite, which collaborated to previous
studies that bioactive glass fillers reduced the curing efficiency at depth in composite [39, 40].
The lowest depth of cure was the ZnO composite, which related to the big different refractive
index between ZnO and resin monomer. The result cooperated with the previous study as the
higher concentration of ZnO filler reduced the depth of cure of composite [14] and significantly

increased the refractive index of the composite [41, 42].

The antibacterial activity against S. mutans at 10°CFU/ml and 10’CFU/mI showed that
the optical density results indicating bacterial growth were lower in the composites compared to
the control. However, there was no statistical difference. Such observation was found from
either group A (presence of tested materials) or group B (absence of tested materials). Besides,
adding bioactive glasses or ZnO to the composite did not influence antibacterial property. The
antibacterial behaviour of the materials depends on their degradation and ion release. The
previous study on the antibacterial property of Ag-doped bioactive glass reported the composite

containing Ag,O (2.1wt%) showed an antibacterial property regarding the Ag-ion releasing, and
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it was not depended on the pH value change [3]. Another reason related to the absence of
antibacterial activity of experimental composites in this study might be the composite
polymerization, thus the high polymerization relating to the low releasing material components,
which previously discussed. Therefore, the experimental composites in this study might have a
high polymerization, resulting in a small amount of active component releasing and

consequently to the absence of an antibacterial effect.

Many studies support that ZnO has shown an inhibitory effect on oral bacteria [43, 44].
However, the composites containing 1wt% ZnO nanoparticle found the absence of antibacterial
activity, which in contrast to a previous study that 1wt% flowable composite containing ZnO
resulted in reducing a colony-forming unit of S. mutans, while 4wt% ZnO performed an entirely

inhibiting antibacterial effect [14].

Systemp onlay is a composite containing Triclosan as to reduce bacterial growth on the
restoration. The composite containing Triclosan was reported to perform an inhibitory effect on
S. mutans for 7d [45]. Although the direct contact method seemed to stimulate this principle,
Systemp onlay did not show the antibacterial property in this study, which contrast to the
previous study that showed the antibacterial activity of System onlay against S. mutans
suspension [45]. These might be utilized the dissimilarity of procedures regarding the bacterial

preparation and result measurement.

Therefore, increasing the amount of the additive fillers bioactive glasses or ZnO might
lower mechanical and physical property, which it might be possible for provisional composites.

These additional fillers may achieve the antibacterial property of composite.
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CONCLUSION

The 15wt% bioactive glasses (45S5, S53P4) composite decreased the mechanical
property, physical property, and depth of cure, while the 1wt% ZnO experimental composite
was not influencing the mechanical and physical property, although it significantly decreased
the depth of cure. Besides, all experimental composites and Systemp onlay were not shown the

antibacterial property.
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FIGURE LEGENDS

Figure 1. SEM fractured surface analysis of representative mini-interfacial fracture

toughness specimens.
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TABLES

Table 1. Composition of the experimental provisional resins used in this study and a
commercially provisional resin (Systemp onlay).

Composition® 45S5 S53P4 ZnO Sio, Systemp onlay
BAG-45S5 15
BAG-S53P4 - 15
Zn0 powder - - 1
Sio, 10 10 24 25
Highly dispensed SiO,, silanized - - - - 19.4
Prepolymerized dimethacrylate 42 42 42 42 42.7
UDMA 25.2 25.2 25.2 25.2
Polyester urethane - - - - 29.4

dimethacrylate

TEGDMA 6.3 6.3 6.3 6.3

Ethyl triglycol methacrylate - - - - 7.5

CAS:39670-09-2

cQ 0.5 0.5 0.5 0.5
EDMAB 0.5 0.5 0.5 0.5
TPO 0.5 0.5 0.5 0.5
Catalysts, stabilizers and triclosan - - - - 1.0
Pigments - - - - <0.1

Abbreviation: BAG-45S5, 45%0Si0,, 6%0P,0s, 24.5%Na,0, 24.5%Ca0; BAG-S53P4,
53%0Si0,, 4%0P,0s, 23%Na,0, 20%Ca0; Zn0O, 40nm Zinc Oxide, CAS:1314-13-2; SiO,,
0.7pm silanized glass filler, CAS:65997-17-3; UDMA, urethane dimethacrylate, CAS:72869-
86-4; TEGDMA, triethylene glycoldimethacrylate, CAS:109-16-0; C€Q, Camphorquinone,
CAS:10373-78-1; EDMAB, ethyl 4-(dimethylamino)benzoate, CAS:10287-53-3; T7PO,
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, CAS:75980-60-8.

79



Table 2. Flexural strength, flexural modulus and fracture toughness results.

Material Flexural strength Flexural Fracture toughness
B'(m) ¢ Characteristic modulus  B'(m) 4°  Characteristic
strength® (GPa) strength®
4555 15.3 36.5  36.5(34.8-38.5)° 1.5 (0.1)° 5.9 1.6 1.6(1.4-1.8)"
S53P4 12.0 358  35.8(33.7-38.3)° 1.5 (0.1)" 14.1 1.6 1.6(1.5-1.7)"
ZnO 14.5 82.7  82.7(78.5-87.3"  2.5(0.2)° 26.2 2.5 2.5(2.4-2.6)'
SiO, 124 856  85.6(80.6-91.2)"  2.2(0.3)° 7.0 2.8 2.8(2.5-3.1)"

Systemponlay 59 117  11.7(10.3-13.3)° 0.1 (0.01)° - - -

Different letters indicate statistical differences within a column (p<0.05).

! Beta, shape, slope or modulus of Weibull parameter.

2 Eta, Characteristic life or scale of Weibull parameter.

¥ 95% confidence interval at Characteristic strength (=63.2% unreliability); groups with the same superscript
letter are statistically not different.

Table 3. Values of water sorption, solubility and depth of cure of materials studied.

Material Water sorption Water solubility Depth of cure
(ng/mm’) (ng/mm’) (mm)
45S5 63.2 (2.5)" 5.5 (1.7)*" 3.0 (0.2)"™
S53P4 56.5 (3.3)° -10.1 (0.9)° 3.2 (0.3)"
ZnO 20.1 (1.1)° 2.1 (0.8)*"¢ 2.7 (0.2)"
SiO, 20.8 (1.5)° 0.5 (0.7)"° 3.9 (0.3)'
Systemp onlay 20.4 (1.7)° 27.9 (2.8) 4.4 (0.5)'

Different letters indicate statistical differences within a column (x0.05).
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Table 4. Antibacterial properties of materials against two concentrations of S. mutans.

Material

Optical density (ODsgonm)
S. mutans 10’ CFU/m.

S. mutans 10° CFU/ml.

presence absence presence absence
of tested of tested of tested of tested
materials materials materials materials
45S5 0.25+0.02 0.25+0.03 0.30 +£0.01 0.30 +£0.02
(0.25) (0.26) (0.29) (0.30)
S53P4 0.25+0.01 0.25+0.01 0.29 +0.01 0.30+£0.01
(0.25) (0.25) (0.29) (0.30)
ZnO 0.25+0.01 0.25+0.01 0.29 +0.01 0.30+0.01
(0.25) (0.25) (0.30) (0.30)
SiO, 0.27 £0.02 0.26 +£0.01 0.30 +£0.02 0.30 +£0.03
(0.26) (0.26) (0.30) (0.29)
Systemp onlay 0.27 £ 0.01 0.27 £0.01 0.30 £ 0.003 0.31+0.02
(0.28) (0.27) (0.30) (0.31)
Control 0.30+0.02 0.29 +0.03 0.31+0.01 0.32 £ 0.003
(0.30) (0.30) (0.31) (0.32)

mean £ SD (median)
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ABSTRACT

Objective: The purpose of this study was to investigate the restorative material surface

microhardness, surface chemical analysis, and ion-releasing of bioactive restorative material.

Methods: Twelve specimens of each material (Equia Forte Fil, Ketac Universal, Beautifil I, GC Fuji Il
LC, Activa BioActive, and Filtek Z350XT) were prepared in disc-shaped (5mm diameter, 2mm height).
The specimen was stored in 100% humidity at 37°C for 24h, and then six specimens of each material
were randomly divided and stored either in deionised water or artificial saliva at 37°C for 42d. The
storage medium was changed weekly. The Vickers surface microhardness test was evaluated on the
top of the specimen at 1d, 7d, 21d and 42d. Chemical analysis at the specimen surface was
performed in two specific periods at 1d and 42d in both deionised water and artificial saliva using
SEM-EDX. lon-releasing from the material was analysed from the deionised water storage medium at
1d, 21d and 42d using ICP-OES. The surface microhardness data were statistically analysed using

three-way ANOVA and Tukey multiple comparison test (o = 0.05).

Results: The surface microhardness was influenced by all factors (materials, storage medium and
storage time) at p<0.05. The surface microhardness increased after 42d for Equia Forte Fil and Ketac
Universal in artificial saliva, while other materials gradually decreased with time in both mediums.
SEM-EDX revealed the increasing element of P,K, and Ca for GICs and RMGIC after storing in artificial
saliva. ICP-OES revealed that the Na ion releasing was high for GICs and RMGIC, while Si and Al ion

releasing was high for RMGIC. Besides, Ca and Mg ion releasing was low for GIC.

Conclusion: The surface microhardness of conventional glass ionomer was relatively constant in
deionised water and significantly increased in artificial saliva after 42d. Therefore, the deposition
element of P, K, Ca, and Mg on the material surface from artificial saliva and the low ions releasing of

Ca and Mg could influence to maintain the material surface microhardness.
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INTRODUCTION

Restorative material needs to be withstanding for long term durability in the oral cavity,
which the complex oral environment contains saliva, water, enzyme, and several elements [1-4].
Surface hardness is an essential property of restorative materials, which correlates to compressive
strength and abrasive resistance [5]. The surface hardness of restorative material is the resistance of
a material to plastic deformation, usually by indentation. Besides, the surface hardness changing
depends on several factors such as the degradation from the solution, the effect of acidic food and

drink, type of materials, type of storage medium and time [6].

Several direct restorative materials have been developed and used in dentistry. Composite
has widely been accepted for a long term restorative, esthetics and excellent adhesion to tooth
substrate with an adhesive [7]. Glass ionomer cement (GIC) has been used as its principal property
on fluoride-releasing, fluoride recharging from the oral environment [8, 9] and including the chemical
adhesion to the tooth substrate [10]. Resin-modified glass ionomer cement (RMGIC) has been used
with the resin is improved mechanical property to GIC and remaining the potential of chemical

interaction to the tooth substrate [11].

Recently the dental bioactivity materials have been introduced and developed to optimise
their properties; [12] as ion-releasing promoting remineralisation [13] or stimulating hydroxyapatite
formation [14]. The bioactivity material is including bioactive calcium silicate cement (white ProRoot
MTA, Biodentine), bioactive calcium aluminate cement (Ceramir), and bioglass-reinforced glass
ionomer restorative cement (Activa™ BioActive) [15]. The latter material was developed and claimed
to use as filling material. According to the manufacturers' information, the bioactive property
consideration mimics the ion exchange process (calcium, phosphate and fluoride ions) between the
material, saliva and tooth structure, which stimulates apatite formation that fills gaps and seals

margins against microleakage [16].
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The present study focused on the surface microhardness of restorative materials, which
related to the element distribution on the surface and the ion-releasing from the material. Therefore,
the purposed of this study was to study the changing surface microhardness of restorative material
in deionised water and artificial saliva. Secondly, to observe the element distribution on the surface
between deionised water and artificial saliva and the ion-releasing of material in deionised water

storage.

MATERIALS & METHODS

Six commercial restorative materials consisted of two conventional glass ionomers (Equia
Forte Fil; GC, Tokyo, Japan, Ketac Universal; 3M ESPE, MN, USA), a Giomer (Beautifil Il; Shofu, Kyoto,
Japan), a resin-modified glass ionomer (Fuji Il LC; GC, Tokyo, Japan), a bioactive material (Activa
BioActive Restorative; Pulpdent, MA, USA), and a nanohybrid composite (Filtek Z350XT, 3M ESPE,
MN, USA). The material composition is shown in Table 1. Twelve disc-shaped specimens of each
material were prepared according to the manufacturers’ instructions. Equia Forte Fil and Ketac
Universal were mixed with amalgamator (Silamat S6, Ivoclar-Vivadent, Schaan, Liechtenstein) for 10
seconds. The material was placed in the Polytetrafluoroethylene mold (5mm diameter and 2mm
height), which was placed between two glass slides. Equia Forte Fil and Ketac Universal were kept
between the glass slide for 2:30 min and 3:40 min, respectively, which is the material setting time.
Activa BioActive, Beautifil Il, Fuji Il LC and Filtek Z350XT were placed in the mold and cured with LED
light-curing unit (Bluephase N, Ivoclar-Vivadent, Schaan, Liechtenstein) for 20s at an intensity of
1,100 mW/cm? All specimens were kept in the incubator (Shel Lab Incubator, Sheldon

Manufacturing, OR, USA) at 37°C, 100 % humidity for 24h.
Vickers microhardness

After the material maturation for 24h, the top surface of the specimen was polished with

silicon carbide paper no.1000 (CarbiMet PSA 1000, Buehler, IL, USA) under running water, and
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followed by alumina polishing powder 0.05 um (Micropolish Il, Buehler, IL, USA). Twelve specimens
of each material were randomly divided into two groups, which either stored in deionised water or
artificial saliva. The artificial saliva was prepared following the previous study composition [17] as
shown in Table 2. Each specimen was kept in 15 ml microtube containing with 2 ml of storage
medium at 37°C and the medium was changed weekly. The surface microhardness was measured on
the top surface using microhardness tester (FM 700, Future Tech, Tokyo, Japan) under the load of
100 grams for 15s at 1, 7, 21 and 42 days. The specimen was blotted dry with a filter paper prior to

the surface microhardness test. Five indentations were performed on each specimen surface.

Chemical analysis on the specimen surface

Two specimens of each material at 1d and 42d in both deionised water and artificial saliva
were randomly selected. The specimen surface was coated with a gold sputter coating machine
(Balzers SCD040, Balzer Union, Wallruf, Germany). The element distribution was analysed using a
scanning electron microscope with energy-dispersive x-ray spectrometer (SEM-EDX, JSM-610LV;

JEOL, Tokyo, Japan). The qualitative analysis was performed for the surface element distribution.

lon-releasing in deionised water

lon-releasing of the material in deionised water was analysed using Inductively Coupled
Plasma - Optical Emission Spectrometer (ICP-OES; ACTIVA M, Horiba Jobin Yvon, France). Sodium
(Na), silicon (Si), calcium (Ca), aluminium (Al), magnesium (Mg), and phosphorus (P) ion were
determined with the wavelengths of 589.59 nm, 251.61 nm, 393.30 nm, 396.15 nm, 279.55 nm,
213.61 nm, respectively. The ion-releasing was analysed at 1, 24 and 42 d in triplicate, and the
element was calibrated with the pure deionised water. The qualitative data analysis was performed

for the ion-releasing in deionized water.
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Statistical analysis

The surface microhardness data were statistically analysed by Shapiro-Wilk test, Levene’s
test, three-way ANOVA to analyse three factors (material, storage medium, and storage time) and

Tukey’s multiple comparison test (a=0.05).

RESULTS

The surface microhardness of restorative material in deionised water or artificial saliva at
different periods are shown in Table 3 and 4 and the microhardness changing comparing to the
microhardness at 1d (HV(x day/HV(1 ay) is presented in Figure 1. The statistical analysis of three-way
ANOVA revealed that type of materials, storage medium and storage time factor were significant
influence the surface microhardness. In general, the material microhardness decreased after storage
in both mediums for all restorative materials except for the two conventional GICs (Equia Forte Fil
and Ketac Universal). The surface microhardness of both conventional GICs were constant after 42d
storage in deionised water, while the surface microhardness of GIC gradually increased after 42d
storage in artificial saliva. Moreover, the surface microhardness of GIC in artificial saliva was

significantly higher than in deionised water storage at 42d (Table 3 and 4).

In deionised water storage, the highest surface microhardness was Filtek Z350XT, and the
lowest surface microhardness was Activa BioActive in both 1d and 42d, besides the surface
microhardness of Filtek Z350XT, Equia Forte Fil and Ketac Universal were not significantly different at
42d. The surface microhardness of Activa BioActive, Beautifil 1l, Fuji Il LC and Filtek Z350XT were
decreasing from 1d to 42d. In contrast, the surface microhardness of conventional GIC (Equia Forte
Fil and Ketac Universal), reached to the maximum microhardness at 7d and the surface

microhardness relatively decreased and constant at 42d comparing the microhardness at 1d.
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In artificial saliva storage, the highest surface microhardness was Filtek Z350XT, and the
lowest surface microhardness was Activa BioActive in 1d, however, the surface microhardness of
Equia Forte Fil and Ketac Universal were significantly higher than Filtek Z350XT at 42 d. The surface
hardness of Activa BioActive, Beautifil Il, Fuji Il LC and Filtek Z350XT were decreasing from 1d to 42d,
while the surface microhardness of conventional GIC was significantly increasing to 42d comparing to

the microhardness at 1d.

Chemical analysis on the specimen surface

The qualitative analysis of the chemical element on the specimen surface at 1d was
comparable to the materials composition according to the manufacturers’ information, as shown in
Figure 2 and Table 1. The elements analysis on the specimen surface revealed some additive
elements from the artificial saliva storage at 42d comparing to in deionised water at 42d, as shown in
Figure 2. The Equia Forte Fil was found an increased element of phosphorus, and calcium. The Ketac
Universal and Fuji Il LC were found an increased of phosphorus, calcium, potassium, and magnesium.
The Activa BioActive was found an increased of phosphorus. The Filtek Z350XT was found an increase

in potassium.

Nevertheless, the SEM-EDX disclosed other elements further from the manufacturers’
information as to which; Sodium was found in Equia Forte Fil, Ketac Universal, Fuji Il LC. Phosphorus
was found in Equia Forte Fil. Lanthanum was found in Equia Forte Fil, Ketac Universal, Tungsten was
found in Equia Forte Fil, Ketac Universal, Beautifil Il, Fuji Il LC, and Activa BioActive. Rhenium was

found in Beautifil Il and Fuji Il LC.

lon releasing in deionised water

The limit of quantitation (LOQ) of each ion analytic is the standard deviation of analysed ten
duplicated blank solution samples and multiplied by the factor of ten, which the LOQ of each ion was

on the following; Na (1.6 ppb), Si (1.5 ppb), Ca (2.8 ppb), Al (1.9 ppb), Mg (0.2 ppb), and P (13.9 ppb).
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The qualitative analysis of ions releasing from ICP-OES is presented in Figure 3. The ions-
releasing revealed that the Na ions releasing was high for GICs and RMGIC, while Si and Al ion
releasing was high for RMGIC. Ca and Mg ions releasing was low for GIC. P ion releasing was low in all

materials, except for Fuji Il LC at 1d.

DISCUSSION

In this study, the surface microhardness of different bioactive materials stored in either
deionised water or artificial saliva on various storage time up to 42d were investigated. The surface
microhardness of GIC was constant after 42d in deionised water, while other materials decreased.
Although the surface microhardness of GIC gradually increased after 42d in artificial saliva, other
materials decreased. The null hypotheses that there was no difference in surface microhardness
among the materials in different storage media and storage times must be rejected. The ANOVA
statistical analysis revealed that all the factors among the material, the storage media and the
storage time were significantly different to surface microhardness material, besides the statistic
shown a significant interaction among all three factors. The present study was performed under the

loading of 100g, which indicating microhardness only at the surface of the material.

The two conventional GICs surface microhardness were relatively constant after 42d in
deionised water, while the surface microhardness increased significantly after 42d in artificial saliva.
The result cooperated to the previous study that the surface hardness of GIC was stable for one year
[18], which contrast to previous studies that the surface hardness of conventional GIC was increasing
with the time either in distilled water and human saliva storage [6, 12, 19, 20]. The higher surface
hardness of GIC could be the reason for material maturation [2]. The setting reaction of GIC is an
acid-base reaction between polyacrylic acid and glass powder. The initial setting reaction occurs
rapidly by forming of calcium polymatrix and continues for an extended time after initial setting.

Both GICs stored in deionized water, the surface hardness values at 7d reached the maximum value,
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which was significantly higher than the surface hardness values at 1d. The maximum value at 7d can
be explained by the hardening phase occurring after gelation phase that involves the continual
formation of aluminium polymatrix. The hydrogel matrix consists of several ions such as aluminium,
fluoride and polyacrylate ions which might be active in the setting process. The diffusion of ion on
the surface and the ion attachment from the solution. The soluble ions from the surrounding solution
can diffuse into the GIC structure [21-24]. Therefore, the deionized water was used in this study, the
ion reattachment from the solution was absent, these might be a reason for the microhardness of

GIC gradually decreased and constant in deionized water at 42d.

The higher surface microhardness of both GICs in artificial saliva storage than in deionised
water was probably the result of artificial saliva components. SEM-EDX analysis revealed that the
higher element including potassium (K), calcium (Ca), magnesium (Mg), and phosphorus (P) were
found higher in artificial saliva than in deionised water on the surface of GICs. Thus, unreacted
carboxylic acid remained in the cement matrix after the GIC setting [23]. The cations (K**, Ca*', and
Mg?) from the artificial saliva could create a chemical bond with the unreacted carboxylic acid
remaining in the matrix. Beside, polyacrylic acid forms crosslink with divalent metal ions [25], and
calcium polyacrylate participated in the cross-linking of GIC structure can strengthen the GIC.
Another study showed that calcium chloride in artificial saliva caused a considerable increase in the
surface hardness of GIC [19], which calcium ion reacted with the carboxylic acid in the cement matrix
and formed calcium polyacrylate matrix. Moreover, magnesium was found on the surface of Ketac
Universal and Fuji Il LC at the low amount after 42d in artificial saliva storage, which magnesium can
also form a polymer with a polyacrylic acid group [25]. However, there was no previous study

focusing on the role of magnesium on GIC surface and structure.

The surface microhardness of materials containing resin as in Filtek Z350XT, Beautifil I, and
Fuji Il LC decreased after 42d storage in both deionised water and artificial saliva, which the
decreasing microhardness was correlated to previous studies on composite [6, 26] and RMGICs [27].

The main reason contributing to the surface microhardness reduction was the resin composition,
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which the water interacts with the inter-polymer chain [28]. The resin monomer in direct restorative
material has never fully polymerized, which correlated to salivary and water sorption [29], and it is
degrading with time. Thus, the water absorption in the resin, especially on the unpolymerized
monomer, decreased the surface microhardness of material. Beautifil Il and Filtek Z350XT contained
Bis-GMA and TEGDMA as hydrophobic monomers, and these monomers enhanced the rate and
degree of water sorption [30]. Bis-GMA is a standard monomer used in dentistry, however, Bis-GMA
showed the lowest degree of conversion and highest water sorption among TEGDMA, UDMA, and

Bis-EMA [31].

Besides, Fuji Il LC contains HEMA as a hydrophilic monomer, the polar functional group in the
HEMA polymeric chain is sensitive to water uptake [32]. This water uptake of RMGICs did not reach
their equilibrium after one year [32]. Hence, water absorption affects the physical properties,
including the surface hardness of RMGIC [27]. Moreover, HEMA monomer replacing water in liquid
component affected the conformation of polyacrylic acid and possessed a lower dielectric constant
than water [22], which retard the ion formation in the acid-base reaction [33]. These result in an
inhibiting acid-base reaction [33, 34] and influence the hardening and strengthening of material.
Moreover, the pre-reacted glass filler within Giomer structure produced an osmotic effect that
influenced water sorption [5], which can affect the lower surface hardness. The previous study
showed a significant increase in hardness value of Beautifil Bulk from 24h to 3m and maintained the
hardness value up to 1 vy in distilled water storage [12]. This contrary result could be the different
hardness objective and the setting parameter as the present study was interested in only at the
superficial surface of the material, which the low loading of 100g was performed. Thus the higher

loading parameter might include the bulk material under the surface and the filler component.

Resin-modified glass ionomer cement (Fuji Il LC) shown lower surface microhardness after
42d in both deionised water and artificial saliva. The result contrasted to previous studies that the
surface hardness of Fuji Il LC maintained up to one-year storage in distilled water [35] and artificial

saliva [36]. The microhardness of Fuji Il LC might be the influenced from calcium, phosphorus,
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potassium, and magnesium ions from artificial saliva, which these elements were found, on the
specimen surface from SEM-EDX, higher in artificial saliva than in deionised water storage. These ions
in artificial saliva can diffused or interacted with polyacrylic acid and performed a harder surface [24,
37]. Other ions influencing the microhardness were silicon, aluminium, and magnesium, which the
ICP-OES revealed a high releasing at 21 and 42d. Besides, aluminium and silicon are the main
components of the reactive ionomer glass fillers, the high releasing of silicon resulted in a weakening
of the glass network on the material surface [19] and may soften the surface hardness of the
material. Therefore, in this study, the resin component might play a majority influencing the

decreasing microhardness of RMGIC in both storage media.

Activa BioActive showed the lowest surface microhardness, and the microhardness was
decreasing with time in both storage mediums. The material contained UDMA and Bis
(2(methacryloyloxy) Ethyl) phosphate as resin monomers in their component, which the resin
polymer also absorb water and soften the surface microhardness. Another reason was the ion
exchange between material and immersion mediums, according to the manufacturers' information,
the material can release and recharge with calcium, phosphate and fluoride ions. These correspond
to this study on SEM-EDX, which calcium, phosphate, fluoride, and aluminium element were
detected on the surface at 42d higher in artificial saliva than in deionised water storage. Moreover,
the ICP-OES revealed that the calcium ion releasing in deionised water at 21 and 42d was found
higher than other material. The high calcium releasing could be relating to the high concentration of
calcium and bioactive glass in the material component. Furthermore, the bioactive glass in Activa
BioActive may form hydroxylcarbonate apatite formation at the surface of bioactive glass, when the
bioactive glass exposes to the simulated body fluid solution [38], which, however, this apatite
formation may result different to the present study. Therefore, the significantly decreasing surface
hardness of Activa BioActive both in deionised water or in artificial saliva storage could mainly be

related to the resin as the elements on the surface and the changing ions were a minor effect.
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Nevertheless, in this study potassium, calcium, and magnesium in artificial saliva played an
essential role that the higher surface microhardness of material stored in artificial saliva than in
deionised water. Potassium is an element in group | in the periodic element table, which the
property of group | elements is high reactivity and could easily produce a chemical reaction with the
carboxylate group. Calcium ion created chemical interaction with the carboxylic acid in the cement
matrix and formed calcium polyacrylate matrix [19], which similar to the chemical interaction
between tooth substrate and polyacrylic acid in GIC and RMGIC [10]. Magnesium can also form an
interaction with a polyacrylic acid group [25], however, the study on the influence of magnesium on

surface hardness needs to be confirmed.

SEM-EDX showed several additional elements apart from the manufacturers' information
(Figure 2). Barium (Ba) in Activa BioActive, which incorporates in the filler formulation for achieving
material radiopacity [39]. Lanthanum (La) in Equia Forte Fil and Ketac Universal, which lanthanum is a
trivalent metal that included in FAS glass fillers [40]. Rhenium (Re) in Beautifil Il and Fuji Il LC, and
tungsten (W) in most materials, which rhenium and tungsten may be used in the conformal coating
of filler and subsequently surface modified to provide a chemical bond between the filler and resin

matrix [41].

CONCLUSION

This study investigated the surface microhardness of the restorative materials. The surface
microhardness of conventional glass ionomer was stable in deionized water at 42d, although the
microhardness of GICs gradually increased in artificial saliva at 42 d. Other materials including
RMGIC, Giomer, composite, and Activa BioActive, the surface microhardness continually decreased in
both media with the time. Phosphorus, calcium, potassium, and magnesium ions from artificial saliva
played an essential role in GICs surface microhardness as these elements were found increasing

higher on the material surface stored in artificial saliva than deionized water. Therefore, the low ions

94



releasing of calcium, magnesium and phosphorus in deionized water might be role to maintain the

surface microhardness of materials.
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FIGURE LEGENDS

Figure 1. The surface microhardness changing with the time in deionised water and artificial saliva.

The calculated fitting lines were plotted for each material.

Figure 2. The bar graph presenting the analysis of the elements on the materials surface using SEM-

EDX at 1d comparing to at 42d in deionised water and artificial saliva.

Figure 3. The bar graph is representing the concentration of the elements dissolving in deionised

water at 1d, 21d and 42d.
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Figure 1: The surface microhardness changing with the time in deionised water and artificial saliva.
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TABLES

Table 1. Composition of the experimental materials.

Materials

Composition®

EQUIA® Forte Fil (capsule)
(Batch no. 1606221)
GC Corporation, Tokyo, Japan

Ketac™ Universal Aplicap™ (capsule)
(Batch no. 637544)
3M, ESPE, St. Paul, MN, USA

Filtek™ Z350XT

(Batch no. N827976)

3M, ESPE, St. Paul, MN, USA
Beautifil Il

(Batch no. 121496)

Shofu, The Alpha, Science Park Il
Singapore

GC Fuji Il LC ® (capsule)

(Batch no. 1508211)

GC Corporation, Tokyo, Japan

Activa BioActive RESTORATIVE (Batch
no. 150212)

Pulpdent Corporation, Watertown, MA
USA

Powder; Ultrafine highly reactive FAS glass, high molecular weight polyacrylic acid
powder,
Iron(I1l) oxide(CASRN: 1309-37-1)

Liquid; Distilled water, Polybasic carboxylic acid, Tartaric acid(CASRN: 87-69-4)
Powder; Oxide glass chemicals(CASRN: 65997-17-3)

Liguid; Water(CASRN: 7732-18-5), Copolymer of acrylic acid-maleic acid(CASRN:
29132-58-9),

Tartaric acid(CASRN: 87-69-4), Benzoic acid(CASRN: 65-85-0)

Silane treated ceramic(CASRN: 444758-98-9), Silane treated silica(CASRN: 248596-91-
0), Silane treated zirconia, UDMA, Bis-GMA, TEGDMA, Bis-EMA(6), PEGDMA

Bis-GMA, TEGDMA, UDMA, Bis-MPEPP, Aluminofluoro-borosilicate glass(CASRN:
65997-18-4), Al,0; (CASRN: 1344-28-1), DL-Camphorquinone(CASRN: 10373-78-1),

Powder; (Fluoro) alumino silicate glass (FAS Glass)

Liquid; Distilled water(CASRN: 7732-18-5), UDMA, HEMA, 2-hydroxy-1,3
dimethacryloxypropane(CASRN:1830-78-0), Polyarcylic acid(CASRN: 9003-01-04),
Tartaric acid(CASRN: 87-69-4), Camphorquinone(CASRN: 465-29-2),

UDMA, Bis (2-(Methacryloyloxy) Ethyl) phosphate,
Barium glass, lonomer glass, Polyacrylic acid/maleic acid copolymer,
Dual-cure chemistry, Amorphous silica, Sodium fluoride

® Abbreviations: UDMA: Diurethane dimethacrylate (CASRN: 72869-86-4); Bis-GMA: Bisphenol A
diglycidyl ether dimethacrylate (CASRN: 1565-94-2); TEGDMA: Triethylene glycol dimethacrylate
(CASRN: 109-16-0); HEMA: 2-Hydroxyethyl methacrylate (CASRN: 868-77-9); Bis-EMA(6): Bisphenol A
polyethylene glycol diether dimethacrylate (CASRN: 41637-38-1); PEGDMA: Polyethylene glycol
dimethacrylate (CASRN: 25852-47-5).

Table 2. Composition of the artificial saliva.

Composition

Weight/Volume

Sodium chloride (NaCl)
Potassium chloride (KCI)

Calcium chloride (CaCl,)

Potassium dihydrogen phosphate (KH,PO,)

Magnesium chloride hexahydrate (MgCl,.6H,0)

Deionised water

0.798 grams
1.2 grams
0.147 grams
0.272 grams
0.093 grams

990 millilitres
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Table. 3 Mean surface Vickers hardness (Hv in kgf/mm?” + SD) of materials stored in deionised water

at1, 7, 21, and 42 days.

Time
Materials

1 day 7 days 21 days 42 days
Equia Forte Fil 79.243.4% 86.9+6.0"° 83.8+5.6A% 79.6+2.8%%
Ketac Universal 83.8+2.1% 95.4+1.8" 86.7+2.5% 83.1+3.0%
Filtek Z350XT 90.3+1.4™ 87.2+1.7%° 84.5+1.4° 82.1+1.5%
Beautifil Il 81.5+1.5% 79.6+2.3% 68.3+10.5% 68.0+6.0%°
Fuji Il LC 66.6+4.1% 61.6+1.8* 53.345.2% 46.0+2.0%
Activa BioActive 28.4+1.9" 22.0+0.6% 20.8+0.9% 20.5+0.3%

'Different superscript capital or small letter indicates a statistically significant difference in the rows

and columns, respectively.

Table. 4 Mean surface Vickers hardness (Hv in kgf/mm? % SD) of materials stored in artificial saliva at

1, 7,21, and 42 days.

Time
Materials

1 day 7 days 21 days 42 days
Equia Forte Fil 77.4+3.5% 86.9+1.7"° 89.5+4.3"° 89.1+2.4"°
Ketac Universal 85.2+3.2%° 97.7+6.5* 103.6+5.3* 103.3+4.2%
Filtek Z350XT 90.2+0.9* 85.5+2.0%° 82.3+1.1¢ 83.3+1.7%
Beautifil Il 81.3+1.6™ 78.0+1.7% 77.4+1.8% 75.7+1.5%
Fuji Il LC 70.624.3* 57.3+3.1% 59.3+3.9% 58.6+4.9%
Activa BioActive 28.4+1.2% 22.2+0.4% 21.8+1.0% 21.6+1.4%

!Different superscript capital or small letter indicates a statistically significant difference in the rows

and columns, respectively.
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ABSTRACT

INTRODUCTION: The adhesively bonded restoration has been a treatment of choice for
NCCLs, while several factors relating to the clinical success and failure of restoration. An
intrinsic factor that depended on the patient, while an extrinsic factor that depended on

dentist.

OBIJECTIVES: This retrospective study was to evaluate the factors influencing the clinical

success and clinical failure of non-carious cervical lesions (NCCLs) restorations.

METHODS: Patients were routinely treated by undergraduate or postgraduate students and
randomly received a clinically recall evaluation. A retrospective study was performed with
two experienced calibrated examiners for evaluating NCCLs restorations, which included the
key parameters of retention, caries, marginal discoloration, and marginal integrity. The
factor related to the restoration was included; gender, age, arch site, tooth position,
occlusion, wear, caries risk, operator, adhesive, and composite. The clinical success in the
retentive restoration was analyzed using the Kaplan-Meier test. The clinical failure
comparison between the key parameters and factors was performed using the Pearson Chi-

square or Fisher’s exact test with Bonferroni correction.

RESULTS: 460 cervical restorations from 96 patients were evaluated. The clinical retention
success was 94.1% for the 2-step etch-and-rinse, 95.7% for the 2-step self-etching adhesive,
and 99.5% for the selective enamel etching with phosphoric acid prior 2-step self-etching
application at 5 years. The factors influencing clinical failure were depended on the failure
parameter, while the adhesive was the factor most influencing the parameters. However,
the highest failure parameter was marginal integrity, besides; the marginal integrity failure

was 50.7% at the gingival margin and 42.4% at enamel margin.
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CONCLUSIONS: The clinical success of NCCLs on survival restoration was not significant
depending on the operator and adhesive. However, the main factor influencing the clinical
failure of restoration was the adhesive, operator, and the presence of wear facets.

Therefore, the marginal integrity was the highest frequently failure parameter.

Clinical relevance: Operator experience and adhesive were not the main factor influencing
the clinical success, however, the operator and adhesive factor influenced the clinical failure
parameter. Postgraduate student and phosphoric acid etching on the enamel prior 2-step
self-etching adhesive performed less clinical failure on NCCLs restoration. Composite was not

a factor influencing the clinical success and failure of NCCLs restoration.
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INTRODUCTION

An etiology of non-carious cervical lesions (NCCLs) is multifactorial in terms of origins
(erosion, abrasion, and abfraction), often initiates by a single factor, but then accumulates
the severity through other factors . A recently favorable treatment option for NCCLs
includes the placement of an adhesive restoration 23 which the factors are associated with
the long-term clinical success and failure of NCCLs restoration including intrinsic factors;
patient (behavior) *, tooth (tooth type, position, occlusion) > ® and extrinsic factors; operator
(experience) "8, material (adhesive) 2. Besides, the extrinsic factor is the most consequential

to the clinical success and failure /2,

Moreover, the NCCLs are slowly progressive on the microstructure, leading to a
hypermineralized or sclerotic dentin formation to protect the pulpal structure. This
microstructure formation presents a higher mineral deposition compared to the sound
dentin °. Therefore, adhesion to the hypermineralized dentin is less effective compared to
the sound dentin as the presence of acid-resistant hypermineralized structure and the
obliteration of dentinal tubules prevent acidic penetration into the hybrid layer, thereby
reducing the quantity and quality of the hybrid layer and resin tags 19 Besides, a clinical
suggestion for restoration to improve the bonding effectiveness on sclerotic dentin is
included a roughened dentin surface with a diamond bur > or a phosphoric acid

% On the other hand, a recent study recommended that the

pretreatment on dentin
hypermineralized dentin was unnecessary to remove as this affected the chemical

interaction between functional monomers (10-MDP) and the hypermineralized layer of

dentin %,
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Regarding the recently adhesive system, a dental adhesive system is classified into
two major mode systems: etch-and-rinse mode (E&R) and self-etching mode (SE) 12 Thus,
the best clinical effectiveness of adhesives for the NCCLs restoration was for 2-step self-
etching (2-SE) following by 3-step Etch-and-Rinse (3-E&R), 1-step self-etching (1-SE) and 2-
step Etch-and-Rinse (2-E&R) B n addition, the use of selective enamel etching with
phosphoric acid prior to the application of a self-etching adhesive, so call “selective enamel
etching technique”, was recommended for improving the efficiency of self-etching adhesives

on enamel margin for the long-term clinical success > **

. Nevertheless, a previous study
showed that 2-E&R was a higher technique sensitive than 2-SE adhesive for undergraduate

students ’, which in contrast to a previous study that 1-SE was a higher technique sensitive

than 3-E&R adhesive for undergraduate student .

Therefore, the objectives of this study were to investigate the factors which influence

the clinical success and failure of NCCLs restorations in different parameters.

MATERIALS & METHODS

Patients were referred to the Operative Dentistry clinic, Mahidol University, Thailand,
for the treatment of NCCLs with composite. The lesions were routinely cleaned with pumice
and standardly isolated with cervical retraction cord, cotton rolls, and saliva ejector. The
adhesives were applied strictly according to the manufacturer instructions, all these
procedures were treated under the supervision of instructors. The patient has commonly
received a recall examination every 1 year; therefore, the retrospective clinical randomized
study was performed between May 1, 2018, and October 31, 2018. The clinical trial protocol
was approved by the Center of Ethical Reinforcement for Human Research of the Mahidol

University (COA MU-DT/PY-IRB 2018/025.3004). Two-experienced clinical examiners were
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calibrated to evaluate NCCLs restoration using the modified USPHS criteria, which included
an assessment of retention, caries, marginal discoloration, and marginal integrity (Table 1).
The inter-examiner agreement was assessed using Cohen’s Kappa test at 0.85, which was
performed by the naked eye and a dental explorer. In case of disagreement between the

investigators, a consensus was reached by reexamination and discussion.

The inclusion criteria were: (1) NCCLs restoration was involved occlusal enamel
margin and gingivally dentin margin of vital teeth, (2) the restoration cavosurface margin
was not involved more than 50% of tooth height and (3) the restoration was not involved
mesial and distal surfaces. The exclusion criteria were: (1) the patient with uncontrolled
systemic disease, (2) the controlled systemic disease was influencing salivary flow rate, (3)
the patient with orthodontic appliance treatment, (4) the tooth which was for an abutment
for fixed or removable prostheses and (5) the restoration was included base or liner

materials on the recorded.

The data was collected as possible prediction risk factors for a longevity restoration
as the following: gender, age, arch site (upper or lower), tooth position (Quadrant1,2,3,4),
tooth type (anterior, premolar, or molar), occlusion (denture, fixed prostheses, natural
teeth, or edentulous), occlusal wear facet (present or absent), caries risk (high, moderate,
low), operator (undergraduate or postgraduate student), adhesive (types), and composite
(types). Besides, the caries risk assessment was evaluated following the ADA guideline for

caries risk assessment *°.

The restoration received a score of Alpha, Bravo, and Charlie for the category of the
modified USPHS criteria as the key parameters (restoration loss, partial retention loss, caries,

marginal discoloration, and marginal integrity) as shown in Table 1. When the restoration
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was a category on Bravo and Charlie, the restoration was adjusted as clinical failure. The
failure restoration was managed for refurbishment or repair or replacement following the
clinical management guidelines 16 and their lifespan was defined as the period from the date

of the initial treatment to the date of examination.

The sample size was calculated with one population proportion for comparing with
the reference value (two-sided) '/, where a significance level of o = 0.05, the desire power of
90% at B = 0.10, the reference value of pp = 0.90, and the proportion of p = 0.94. Therefore,

the minimum sample size (n) was 371 restorations.

The survival rate of the retentive restoration success parameter was analyzed using
the Kaplan-Meier test. The statistical comparison between the results of factors and key
clinical failure parameters was performed using the Pearson Chi-square or Fisher’s Exact test
at a significance level of 5% (p<0.05). Odd ratio was used to compare to the relationship
between each factor and each parameter with Bonferroni correction. Cohen’s Kappa statistic

was used for testing conformity between two examiners and the reliability of each examiner.

RESULTS

Data was collected on 460 NCCLs restorations from 96 patients with 36.1% of men
and 63.9% of women. The average patient age was 60.9 years old (37 - 83 years) and the
average longevity restoration period was 38.3 months (1 - 10 years). The restorative tooth
was distributed at 53% upper teeth, 47% lower teeth, 28.1% anterior teeth, and 71.9%
posterior teeth. The use of adhesive was found at 40% of 2-E&R (Single Bond 2; 3M ESPE,
Seefeld, Germany, Optibond Solo Plus; Kerr, Orange, CA, USA and ExciTE F; Ivoclar-Vivadent,
Schaan, Liechenstein), 20.2% of 2-SE adhesive (Clearfil SE bond; Kuraray Noritake, Tokyo,

Japan) and 39.6% of selective enamel etching (phosphoric acid conditioning at enamel prier
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the Clearfil SE bond application). The use of composite was found at 70% of Filtek Z350 (3M
ESPE, Seefeld, Germany), 26.1% of Estelite Sigma Quick (Tokuyama, Tokyo, Japan), and 3.5%
of Filtek Z250 (3M ESPE, Seefeld, Germany). The result is presented in Tables 2 and 3. The
Cohen’s kappa statistical analysis for standardized two examiners was 0.95 for interexaminer
and 0.96 for intraexaminer. Therefore, the clinical failure on restoration loss, partial
retention loss, marginal discoloration, and marginal integrity parameters were influenced by

various factors, while the caries parameter failure was not influenced by any specific factor.

The clinical success rate on retentive restoration, including Alpha and Bravo (A+B), is
presented in Figures 1 and 2, while the clinical failure on restoration loss, indicating Charlie
(C), is presented in Table 2. These clinical restoration success (A+B) and restoration loss
parameter (C) were directly referring to the effectiveness of adhesive. The clinical failure
parameter on caries is presented in Table 2, indicating in Charlie categories. Other clinical
failure parameters: partial retention loss, marginal discoloration, and marginal integrity are

presented in Tables 2 and 3, including Bravo and Charlie categories (B+C).

Survival restoration

The overall clinical success on survival retentive restoration (A+B) among the
different adhesives is presented with Kaplan Meier survival analysis in Figure 1a. The survival
analysis of a cumulative clinical survival restoration of adhesive mode systems to the survival
time in all operators was plotted. The survival restoration rate was accepted for all adhesives
to the ADA guideline, in which the clinical restoration survival rate was higher than 90% at
18 months. The overall survival rate from all adhesives was shown not significantly different
at p=0.447. The clinical restoration survival rate on the operators in different adhesives was

separately presented, the plotting graph for undergraduate student (Figure 1b) was
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indicated the higher survival restoration trend for selective enamel etching and 2-SE to 2-
E&R, however, the result was not statistically significantly different at p=0.606. Moreover,
the plotting graph for the postgraduate student (Figure 1c) was shown not statistically
different in all adhesives to the clinical restoration success at p=0.253. Besides, the clinical
success for survival retentive restoration between the operators with Kaplan Meier survival
analysis is presented in Figure 2, which was not a statistically significant difference between

the operators at p=0.428.

Restoration loss

The clinical failure on the restoration loss (C) was related to the presence of wear
facets (p=0.03) and the adhesive (p=0.017) as shown in Table 2. For the adhesive factor, the
odd ratio statistic in the Table 4 revealed that the higher failure restoration loss was found
significantly for the 2-E&R adhesive to the selective etching technique at p=0.004, besides,
the odd ratio statistical analysis needs to be used for interpretation at p=0.017, which was
derived from taking the p-value at 0.05 dividing by 3; from 3 times calculating of 3 pairs

according to the types of usage.

Partial retention loss

The clinical failure on partial retention loss (B+C) was separately evaluated on the
failure at the occlusal margin and gingival margin. The occlusal partial retention loss was
significantly affected by the operator and adhesive factors at p=0.05 and p=0.003,
respectively (Table 2). The undergraduate student was significantly higher partial retention
loss failure at the occlusal margin than the postgraduate student. The 2-E&R adhesive was

significantly higher occlusal partial retention loss than selective etching technique at p=0.001
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(Table 4), regarding the odd ratio statistical analysis. The gingivally partial retention loss was
related to the patient gender (p=0.005) and the presence of wear facet (p=0.001) as shown

in Table 2.

Marginal discoloration

The clinical failure on marginal discoloration (B+C) was separately observed at the
occlusal and gingival margin. The occlusal marginal discoloration was only related to the
adhesive factor (p<0.001), in which the adhesive failure at the occlusal marginal
discoloration was significantly higher for 2-SE adhesive than selective etching adhesive at
p<0.001 (Table 4), regarding the odd ratio statistical analysis. The gingivally marginal
discoloration failure was related to gender (p=0.01), wear facets (p=0.001), caries risk
(p=0.007), operator (p=0.021) and adhesive (p=0.01) as presented in Table 3. The adhesive
failure at gingivally marginal discoloration was significantly higher for 2-E&R and 2-SE
compared to selective enamel etching technique at p=0.005 and p=0.009, respectively (Table

a).

Marginal integrity

The clinical failure on marginal integrity (B+C) was separately observed at the
occlusal and gingival margin, this marginal integrity failure was the worst failure parameter
related to several factors. The occlusal marginal integrity failure was found at 42.4% to the
total restoration, while the gingivally marginal integrity failure was found at 50.7%. The
occlusal marginal integrity failure was related to the operator (p=0.004) and adhesive

(p<0.001), while the gingivally marginal integrity failure was related to gender (p=0.004),
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occlusion (p=0.002), the presence of wear facets (p<0.001), caries risk (p<0.001), operator

(p=0.001) and adhesive (p=0.016) as presented in Table 3.

DISCUSSION

This retrospective randomized clinical study has revealed the factors influencing the
clinical success and failure of the NCCLs restoration, which is performed by undergraduate
and postgraduate students. The adhesive was comprised of 2-E&R (Single Bond 2; 3M ESPE,
Optibond Solo Plus; Kerr, and ExciTE F; Ivoclar Vivadent), 2-SE adhesive (Clearfil SE bond;
Kuraray) and the selective enamel etching was performed with 37% phosphoric acid at
enamel margin followed by Clearfil SE bond application to the entire cavity. The composite
was included two nanofilled composites (Filtek Z350; 3M ESPE and Estelite Sigma Quick;
Tokuyama) and a microhybrid composite (Filtek 7250, 3M ESPE). Therefore, the
retrospective clinical success on the survival NCCLs restoration was not influenced either on
the operator or adhesive. However, the clinical failure was influenced by several factors:

gender, occlusion, the presence of wear facets, caries risk, operator, and adhesive.

This retrospective study revealed the success and failure of NCCLs restorations, which
had been treated by several undergraduate and postgraduate students, which represented
the actual completion of NCCLs restoration in a general dental treatment. Besides, the

several operator treatments are provided valuable information since the skill of dentist is an

7, 8

important factor in the clinical success on restoration . On the contrary, the most

27814 \which might have

prospective studies, which were including only a few operators
been represented for the general dentists. Nevertheless, the limitation of the retrospective

study is lacking information on the original lesion, while the prospective study is better to

control and more information on the lesion, material, and treatment procedure.

117



The clinical success on the NCCLs restoration in the present study (Figure 1 and 2)
was satisfied compared to the American Dental Association (ADA) guideline 8 which the
restorative survival retention rate should be more than 95% after 6 months, and 90% after
18 months follow up. However, the result was on the expectation since most of the modern
adhesives were accomplished this guideline as presented in the meta-analysis study on the

clinical effectiveness of adhesives *>*°.

The clinical failure in the present study was not influenced by some intrinsic factors:
age, tooth position, and an extrinsic factor on the composite to any parameters (Tables 2
and 3). The tooth positions on the arch (upper, lower), position (Q1, Q2, Q3, Q4), and tooth
type (anterior, premolar, molar) were not influenced by any failure parameters. It was
contrasted to a recent meta-analysis study >, in which the anterior NCCLs restoration was a
higher clinical success than posterior restoration. The observing composite in this study was
included in two nanofilled composites at 96.5% and a microhybrid composite at 3.5%, which
is a huge difference between composites. However, the composite factor was not influenced
by any clinical failure parameters, which is following a previous clinical study that hybrid and
micro-filled composites performed with the same clinical success 2 The composite swelling
and the wear resistance can be a cause of marginal discoloration and marginal integrity 2
according to the composite swelling relating to the water sorption and water solubility,
which consequently depend on the resin matrix and the monomer polymerization 215 Thys,
the physical and mechanical properties of the recent nanocomposite, nanohybrid composite,

and microhybrid composite are hardly different ** >,

The intrinsic factors influencing the clinical failure included: gender, occlusion, the

presence of wear facets and caries risk, while the extrinsic factors included: operator and
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adhesive. Gender was related to most of the failure parameters (partial retention loss,
marginal discoloration, and marginal integrity) specifically at the gingival margin, which

might be generally better oral hygiene for women than men.

Occlusion only related to the restoration failure on marginal integrity at the gingival
margin. Denture opposing to the NCCLs restoration indicated the most failure incidence
among the natural tooth and the edentulous area (Table 4). The denture teeth present more
occlusal contact, which exhibits a high occlusal loading and stress to the gingival margin of
restoration. The previous study showed the relationship between high occlusal force
particularly on the buccal cusp and NCCLs at the buccal surface, besides the occlusal
guidance scheme for group function showed a higher incidence of NCCLs compared to
canine guidance °. This high occlusal force from the denture created higher tensile stress in
the cervical tooth area, consequently generated a high gingivally defect on the marginal

integrity of restoration 27,

The presence of occlusal wear facet was an intrinsic factor associated with the most
clinical failure within the restoration loss, partial retention loss, marginal discoloration, and
marginal integrity particularly at the gingival margin. The result corresponded to a previous
study that found higher staining at the gingival margin with the wear facet appearance 28,
The reason could be that the presence of occlusal wear facet is related to the etiology
progression of NCCLs, which concluding the higher incidence of the lesion progression as the
high stress and strain forces are concentrated in the cervical area with the presence of

occlusal wear facet &% %,

Caries risk assessment was associated with the failure at the gingival margin for

marginal discoloration and marginal integrity (Table 3). The high caries risk was a
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significantly higher failure to the low caries risk on marginal discoloration and marginal
integrity at the gingival margin, while moderate caries risk was a significantly higher failure
to low caries risk on the marginal integrity at the gingival margin. Dental caries is generally
accumulated at the gingival margin, which certainly causes more defects at the gingival
margin. Thus, bacterial biofilm at the gingival margin produced acid to destroy a tooth
structure and created a marginal gap *°, which consequently associating to create a defect at

the gingival margin of restoration.

Operator as an extrinsic factor, including the undergraduate and postgraduate
students represented in the different skills of operators. In the present study, the skill of
operators was not influenced by the failure of restoration loss and caries parameter.
Nevertheless, undergraduate students performed a significantly higher failure on partial
retention loss at the occlusal margin, marginal discoloration at the gingival margin, and
marginal integrity at both occlusal and gingival margin. Besides, the data revealed that the
undergraduate student chose 2-E&R (46.9%), selective etching (30.8%), and 2-SE (22.3%),
while postgraduate students preferred selective etching (77%), 2-E&R (11.5%) and 2-SE
(11.5%). Thus, 2-E&R adhesive was preferred by the undergraduate student than the
postgraduate student, whereas the 2-E&R adhesive was prone to salivary contamination

31 Moreover, the postgraduate

than selective etching adhesives at the gingival margin
student is more experience in managing moisture control, restorative material, and polishing
skill than undergraduate students. This result was following a previous study that showed a

higher success rate of restoration marginal integrity in the experienced dentist compared to

dental students %,
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The adhesive was the most consequential factor related to restorative failures
excepted for caries in this study. Adhesive comparison is presented in Table 4, representing
a non-statistically different clinical failure restoration between 2-E&R and 2-SE adhesive. The
result was in contrast to a previous clinical study 2and a systematic review study B3 which
concluded that the 2-SE performed better clinical effectiveness than the 2-E&R adhesive.
Therefore, the present study, three 2-E&R adhesives (Single Bond 2, Optibond Solo Plus, and
ExciTE F) were involved, whereas these adhesives were reliable products as it was a low

annual failure rate in the systematic review study .

The selective enamel etching was the most favorable adhesive relative to the
significantly lowest clinical failure on various parameters (Table 4). The selective etching was
less failure than 2-E&R in most parameters (restoration loss, partial retention loss, marginal
discoloration, and marginal integrity), which can be the result of phosphoric acid etching on
dentin for E&R adhesive comparing to a less aggressive of acidic functional monomer (10-
MDP) for Clearfil SE bond priming on dentin 33 Therefore, the 10-MDP functional monomer
chemically interacts with the calcium of hydroxyapatite on dentin, forming a 10-MDP-Ca
salts formation, which low water-soluble structure. This stable structure is expected to
contribute to the hybrid layer and adhesive layer, which improving clinical longevity of the
adhesively bonded restoration 12 Moreover, selective enamel etching was less restorative
failure than 2-SE adhesive only in terms of the marginal discoloration and marginal integrity
particularly at occlusal enamel margin, which could be associated with phosphoric acid
etching at the enamel margin. This result was associated to the previous studies, which
selective enamel etching and 2-SE adhesive were no significant differences in clinical

performance on the short period *** while the selective enamel etching performed only a
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minor positive effect on marginal integrity and marginal discoloration on the long-term study

2,35

CONCLUSION

The clinical success of NCCLs restoration on the survival restoration was not
influenced by the operator and adhesive, however, the adhesive might influence the clinical
success on the longevity of the restoration. The factor influencing clinical failure was the
presence of wear facets, caries risk, operator, and adhesive factor, while the most
influencing factor to the clinical failure was adhesive. Thus, additional etching on the enamel
margin prior 2-step self-etching adhesive application resulted in reducing the clinical failure
at marginal discoloration and marginal integrity of the restoration. Therefore, the marginal

integrity was the most frequent failure parameter for NCCLs restoration.
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FIGURE/TABLE LEGENDS

Figure 1. Kaplan-Meier survival analysis related to the restoration survival rate and the
different adhesive systems. (a) Overall survival rate restoration of the different adhesive
systems. The red dot line is the ADA guideline for survival restoration after 6 and 18 months.
(b) Survival restoration of the different adhesive systems treated by undergraduate

students. (c) Survival restoration of the different adhesive systems treated by postgraduate
students.

Figure 2. Kaplan-Meier survival analysis related to the restoration survival rate and the
different operators.

Table 1. Key parameters determining the overall clinical success rate using modified USPHS

criteria.

Table2. Distribution of the restorations, restoration loss, partial retention loss and caries
failure parameters related to various factors presented in percentage and in number
(between brackets).

Table3. Distribution of the marginal discoloration and marginal integrity failure related to
various factors presented in percentage and in number (between brackets).

Table4. Odd ratio of the restorations failure parameters on various factors.
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Figure 1. Kaplan-Meier survival analysis related to the restoration survival rate and the different
adhesive systems. (a) Overall survival rate restoration of the different adhesive systems. The red dot
line is the ADA guideline for survival restoration after 6 and 18 months. (b) Survival restoration of the
different adhesive systems treated by undergraduate students. (c) Survival restoration of the

different adhesive systems treated by postgraduate students.
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TABLES

Table 1. Key parameters determining the overall clinical success rate using modified USPHS
criteria.

Retention Good retention
Partially dislodged restoration

Totally dislodged restoration

Caries No caries present

Caries present

No discoloration

Discoloration without axial penetration, can be removed by
polishing

Discoloration with penetration in pulpal direction, cannot be
removed by polishing

Marginal
discoloration

>0 >0 m@>

@)

Marginal A The restoration appeared to adapt closely to the tooth
integrity Explorer penetrates, edge of the restoration does not adapt closely

to the tooth structure, dentin or base are not exposed

C Explorer penetrates, crevice in which dentin is exposed

ve]

A=Alpha, B=Bravo, C=Charlie
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Table2. Distribution of the restorations, restoration loss, partial retention loss and caries

failure parameters related to various factors presented in percentage and in number

(between brackets).

Factor Teeth Restoration  p-value Partial retention loss (B+C) Caries p-value
loss (C) Occlusal p-value Gingival p-value

Gender Male 36.1(166) 3.6(6) 0.905 9.6(16) 0.124  13.9(23) 0.005* | 0.6(1) 0.544
female 63.9(294) 3.4(10) 5.8(17) 6.1(18) 1.0(3)

Age 15-59 years 50.0(230) 3.5(8) 1.0 | 7.0(16) 0.857  7.8(18) 0.413 | 0.9(2) 0.688
>60 years 50.0(230) 3.5(8) 7.4(17) 10.0(23) 0.9(2)

Arch Upper 53.0(244) 2.0(5) 0.075 5.3(13) 0.103 7.0(17) 0.12 | 0.8(2) 0.641
Lower 47.0(216) 5.1(11) 9.3(20) 11.1(24) 0.9(2)

Position Ql 28.0(129) 2.3(3) 0.317 7.0(9) 0.144 6.2(8) 0.156 | 1.6(2) 0.263
Q2 25.7(118) 1.7(2) 3.4(4) 8.5(10) 0(0)
Q3 23.5(108) 5.6(6) 7.4(8) 7.4(8) 0(0)
Q4 22.8(105) 4.8(5) 11.4(12) 14.3(15) 1.9(2)

Tooth type  Anterior 28.1(129) 6.2(8) 0.107 8.5(11) 0.354 10.9(14) 0.387 | 1.6(2) 0.49
Premolar 54.1(249) 2.0(5) 5.6(14) 7.2(18) 0.8(2)
Molar 17.8(82) 3.7(3) 9.8(8) 11.0(9) 0(0)

Occlusion Denture 12.7(59) 3.4(2) 0.926 6.8(4) 0.716  15.3(9) 0.174 | 1.7(1) 0.830
Fixed 8(37) 2.7(1) 2.7(1) 13.5(5) 0(0)
Natural 76.1(354) 3.7(13) 7.6(27) 7.3(26) 0.8(3)
Edentulous 2.2(10) 0(0) 10.0(1) 10.0(1) 0(0)

Wear facets  Yes 61.5(283) 4.9(14) 0.03* | 8.8(25) 0.081 12.4(35)  0.001* | 1.1(3) 0.501
No 38.5(177) 1.1(2) 4.5(8) 3.4(6) 0.6(1)

Caries risk High 7.0(32) 6.3(2) 0.652 15.6(5) 0.133 12.5(4) 0.117 0(0) 0.813
Moderate 75.6(348) 3.2(11) 6.9(24) 9.5(33) 0.9(3)
Low 17.4(80) 3.8(3) 5.0(4) 5.0(4) 1.3(1)

Operator Undergraduate 81.1(378) 4.0(15) 0.16 8.3(31) 0.05%* 9.9(37) 0.081 | 0.8(3) 0.569
Postgraduate 18.9(87) 1.1(1) 2.3(2) 4.6(4) 1.1(1)

Adhesive 2 step E&R 40.2(185) 5.9(11) 0.017* | 11.4(21) 0.003*  12.4(23) 0.087 | 1.1(2) 0.6
2 step SE 20.2(93) 4.3(4) 8.6(8) 7.5(7) 0(0)
Selective etching 39.6(182) 0.5(1) 2.2(4) 6.0(11) 1.1(2)

Composite  Filtek Z350 70.4(324) 2.8(9) 0.22 | 6.2(20) 0.378  9.0(29) 0.419 | 0.3(1) 0.081
Estelite Sigma Quick | 26.1(120) 5.8(7) 10.0(12) 10.0(12) 2.5(3)
Filtek Z250 3.5(16) 0(0) 6.3(1) 0(0) 0(0)

Overall Total 100(460) 3.5(16) 7.2(33) 8.9(41) 0.9(4)

*Association between the factor of the restoration and the parameter failures; retention and caries (p-value<0.05, Pearson chi-square or
Fisher’s exact test)
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Table3. Distribution of the marginal discoloration and marginal integrity failure related to

various factors presented in percentage and in number (between brackets).

Factor Marginal discoloration (B+C) Marginal Integrity (B+C)

Occlusal  p-value Gingival  p-value Occlusal  p-value Gingival  p-value

Gender Male 15.1(25) 0.721 15.1(25) 0.01%* 47.6(79) 0.09 59.6(99) 0.004*
Female 16.3(48) 7.5(22) 39.5(116) 45.6(134)

Age 15-59 years 16.1(37) 0.898 9.6(22) 0.644 | 38.7(89) 0.109  48.3(11) 0.305
>60 years 15.7(36) 10.9(25) 46.1(106) 53.0(122)

Arch Upper 14.3(35) 0.341 7.8(19) 0.067 | 43.9(107) 0.5 49.6(121) 0.628
Lower 17.6(38) 13.0(28) 40.7(88) 51.9(112)

Position Q1 15.5(20) 0.819 8.5(11) 0.429 42.6(55) 0.817 53.5(69) 0.426
Q2 13.6(16) 7.6(9) 45.8(54) 44.1(52)
Q3 16.7(18) 12.0(13) 39.8(43) 52.8(57)
Q4 18.1(19) 13.3(14) 41.0(43) 52.4(55)

Tooth type  Anterior 16.3(21) 0.917 13.2(17) 0.15 34.9(45) 0.091 55.0(71) 0.433
Premolar 15.3(38) 10.4(26) 46.6(116) 49.8(124)
Molar 17.1(14) 4.9(4) 41.5(34) 46.3(38)

Occlusion Denture 22.0(13) 0.537 15.3(9) 0.172 35.6(21) 0.46 71.2(42)  0.002*
Fixed 13.5(5) 2.7(1) 45.9(17) 48.6(18)
Natural 15.3(54) 9.9(35) 42.7(151) 48.3(171)
Edentulous 10.0(1) 20.0(2) 60.0(6) 20.0(2)

Wear facets  Yes 18.0(51) 0.11 13.8(39)  0.001* | 42.8(121) 0.841 59.4(168) <0.001*
No 12.4(22) 4.5(8) 41.8(74) 36.7(65)

Caries risk High 25.0(8) 0.074 25.0(8) 0.007* 59.4(19) 0.114 65.6(21) <0.001*
Moderate 16.7(58) 10.5(35) 40.5(141) 53.7(187)
Low 8.8(7) 5.0(4) 42.4(35) 31.3(25)

Operator Undergraduate 16.9(63) 0.215 11.8(44)  0.021* | 45.6(170)  0.004* 54.4(203)  0.001*
Postgraduate 11.5(10) 3.4(3) 28.7(25) 34.5(30)

Adhesive 2-step E&R 16.2(30) <0.001* 13.5(25) 0.01* 46.5(86) <0.001* 57.8(107) 0.016*
2-step SE 28.0(26) 14.0(13) 58.1(54) 51.6(48)
Selective etching 9.3(17) 4.9(9) 30.2(55) 42.9(78)

Composite  Filtek Z350 13.3(43) 0.059 9.0(29) 0.381 | 43.2(140) 0.826  49.1(159) 0.384
Estelite Sigma Quick | 21.7(26) 13.3(16) 40.0(48) 55.8(67)
Filtek 2250 25.0(4) 12.5(2) 43.8(7) 43.8(7)
Overall Total 15.9(73) 10.2(47) 42.4(195) 50.7(233)

*Association between the factor of the restoration and the parameter failures; marginal discoloration, and marginal integrity (p-
value<0.05, Pearson chi-square or Fisher’s exact test)
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Table4. Odd ratio of the restorations failure parameters on various factors.

Denture/
Occlusion Fixed 0.79 0.671 2.62 0.357 1.15 0.814 1.81 0.298 6.48 0.047 0.65 0.313 2.61 0.026
Denture/
Natural 1.09 0.636 0.88 0.537 2.27 0.043 1.57 0.194 1.64 0.216 0.74 0.308 2.64 0.001**
Denture/
Edentulous 0.66 0.555 1.62 0.554 2.54 0.348 0.72  0.502 0.37 0.134 9.89 0.003**
Natural/
Edentulous 0.74 0.556 0.71 0.542 1.63 0.537 0.44 0.270 0.50 0.220 3.74 0.072
Natural/
Fixed 0.73 0.611 2.97 0.232 0.51 0.157 1.16 0.773 3.95 0.121 0.88 0.700 0.99 0.968
Edentulous/
Fixed 4.00 0.384 0.71 0.622 0.71 0.622 9.00 0.110 1.77 0.333 0.26 0.101
High/
Caries risk  Moderate 204 0.3] 250 0.084 136 0.38 167 0.234 298 0018 2.15 0.039 1.64 0.196
High/
Low 171 0444 352 0.074 271 0.16] 348 0.028 633 0.004* 1.88 0.135 4.20 0.001*
Moderate/
Low 084 0504 141 0.536 199 0.198 209 0.075 213 0156 0.88 0.596 2.56 <0.001*
Adhesive 2-E&R/2-SE 141 0567 136 0479 174 0214 0.50 0021 096 0915 0.63 0.068 1.29 0.324
2-E&R/
Selective etching 1144 0.004% 570 0.001* 221 0.035 188 0.049 3.00 0.005* 2.01 0.001* 1.83 0.004*
2-SE/
Selective etching 814 0046 419 0018 127 0638 377 <0001* 312 0.009* 3.20 <0.001* 1.42 0.168

***Association between the factor and the parameter failures with the Odds Ratio(OR) (*p-value<0.017,** p-value<0.008, Pearson chi-square or Fisher’s exact

test with Bonferroni correction)
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