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ABSTRACT

Objectives: This study investigated the effect of different surface treatments on the
shear-bond strength (SBS) and failure modes of high-viscosity glass-ionomer cements
(HVGIC) and resin-modified glass-ionomer cements (RMGIC) to silver-diammine-

fluoride (SDF)-treated simulated carious dentine (SCD).

Material and Methods: One hundred and fifty extracted human premolars were
sectioned and pH-cycled for ten days to simulate carious dentine. In Part A, the
demineralised specimens were treated with 38% SDF (Riva Star) for 2 mins, washed,
stored in deionised distilled water at 37°C for two weeks, and subjected to the following
surface treatments (n=14): T1 - no treatment (control); T2 - 10 seconds polyacrylic acid
(PAA); T3 - 5 seconds phosphoric acid (PPA); T4 - 5 seconds PPA plus universal
adhesive (Zipbond); T5 - 5 seconds PPA plus RMGIC adhesive (Riva bond LC). High
Viscosity Glass-ionomer Cements (Riva Self-cure HV [SC]) and RMGIC (Riva Light-
cure HV [LC]) restoratives were applied to the conditioned specimens and stored in
artificial saliva at 37°C for one week. SBS was subsequently performed with a
Universal Testing Machine (a load of 500N and crosshead speed of Imm/min). Failure
modes were appraised using a stereomicroscope coupled with the ImagelJ software.
Statistical analysis was done with Kruskal-Wallis/ post hoc pairwise comparisons
(0=.05) and Chi-square tests with Bonferroni adjustment (a=0.05). In Part B, the
interface between the HVGIC and dentine (n=1) was carried out using scanning electron

microscopy (SEM) and energy-dispersive X-ray analysis (EDX).

Results: In part A, the highest SBS was observed when SC and LC were restored with
T2 and T35, respectively. Significant differences in SBS were as followed: SC - T2, T1
>T5,T3; LC-TS5, T4, T3> T2. For T3 and TS5, SBS achieved with LC was significantly

greater than SC. SC generally exhibited adhesive failures. Conversely, LC exhibited
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mostly adhesive and mixed failure in the material for most surface treatments. In part
B, The SEM demonstrated smooth and continuous layer of adhesive in the SC group.
The presence of a short and discrete resin tag was seen with thin hybrid layer in
phosphoric acid-treated LC groups. The EDX data demonstrated that there were
detected fluoride and silver ions levels in all groups. In LC-T3, it was reported that the

content of Ag is highly detected (3.30 at%) on the dentinal surface.

Conclusion: The preferred method for surface-treating SDF-treated simulated carious
dentine before restoration application is PAA for SC and PPA plus RMGIC adhesive

for LC.

Keywords: Silver-diammine-fluoride; Caries; Bond strength; Dentine bonding; Glas

ionomer cements
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KEKUATAN IKATAN RICIH TEKNIK PERAWATAN PERMUKAAN
BERBEZA PADA KARIS DENTIN YANG DISIMULASI DAN DIRAWAT

DENGAN SILVER DIAMINA FLUORIDA

ABSTRAK

Objektif: Kajian ini menyiasat teknik perawatan permukaan ke atas kekuatan ikatan ricih
(Shear -Bond Strength) dan cara kegagalan pada simen ionomer kaca kelikatan tinggi
(HVGIC) dan simen ionomer kaca diubahsuai resin (RMGIC) kepada dentin karies yang

disimulasi dan dirawat silver diamina fluorida (SDF).

Bahan dan Kaedah: Seratus lima puluh gigi premolar manusia yang baru diekstrak telah
dibelah dan kitaran pH telah dijalankan 10 hari untuk menghasilkan dentin karies tiruan.
Dalam bahagian A, spesimen dentin yang telah dinyahmineral dirawat dengan 38% SDF
(Riva Star) selama 2 minit, dibasuh, disimpan selama 2 minggu dalam air suling
dinyahion pada suhu 37°C, dan dipilih secara rawak dan tertakluk kepada lima kumpulan
prosedur rawatan seperti berikut (n=14): Kumpulan T1 — tiada rawatan permukaan
(kawalan); Kumpulan T2 - 10 saat asid poliakrilik (PAA); Kumpulan T3 - 5 saat etsa asid
fosforik (PPA); Kumpulan T4 - 5 saat PPA dengan pelekat universal (Zipbond);
Kumpulan T5 - 5 saat PPA dengan pelekat GIC yang diubah suai resin (Riva bond LC).
HVGIC (Riva Self-cure HV[SC]) dan RMGIC (Riva Light-cure HV [LC]) diletakkan
pada spesimen yang dirawat permukaan dengan silinder dan disimpan dalam air liur
tiruan pada suhu 37°C selama 1 minggu. SBS kemudiannya dilakukan dengan mesin
pengujian universal (UTM) (beban 500N dan kelajuan kepala silang 1mm/min). Mod
kegagalan dikategorikan dengan penggunaan stereomicroscope dan perisian Image.J.
Analisis statistik dilakukan dengan ujian Kruskal-Wallis/ ujian post-hoc pairwise

comparisons dan ujian Chi-square (04=0.05). Dalam bahagian B, permukaan di



antara GIC dan dentin (n=1) telah diteliti dengan menggunakan mikroskop elektron

pengimbas (SEM) dan analisis energy-dispersive X-ray analysis (EDX).

Hasil: Dalam bahagian A, SBS yang paling kuat didapati semasa restorasi SC dan LC
diletakkan pada permukaan iaitu pada T2 dan TS5 masing-masing. Perbezaan ketara dalam
SBS adalah seperti berikut: SC - T2, T1 > T5, T3; LC - TS, T4, T3 > T2. Untuk T3 dan
T5, SBS yang dicapai dengan LC adalah lebih signifikan dari SC. Kegagalan pelekat
didapati kebanyakan di restorasi SC. Sebaliknya, LC mempamerkan kebanyakan
kegagalan pelekat dan campuran dalam bahan untuk kebanyakan rawatan permukaan.
Dalam bahagian B, SEM menunjukkan lapisan pelekat yang licin dan berterusan dalam
kumpulan SC. Tag resin yang dilihat adalah pendek dan berasingan dengan lapisan hibrid
nipis dalam kumpulan LC yang dirawat asid fosforik. Data EDX menunjukkan bahawa
terdapat perbezaan tahap ion fluorida dan perak. Dalam LC-T5, kandungan Ag dilaporkan

bahawa dikesan dengan kadar yang tinggi (3.30 at%) pada permukaan dentin.

Kesimpulan: Kaedah pilihan untuk karies dentin yang dirawat SDF sebelum restorasi

adalah asid poliakrilik untuk simen ionomer kaca kelikatan tinggi dan etsa asid fosforik

ditambah pelekat GIC yang diubah suai resin untuk simen ionomer kaca diubahsuai resin.

Kata kunci: Perak Diamina Fluorida; Karies; Kekuatan ikatan; Ikatan dentin, Simen

Tonomer Kaca
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Chapter One: Introduction, Aim and Objectives

1.1 Introduction

Caries is prevalent among young children and aging adults. Dental caries is known
as biofilm-mediated, sugar-driven, multifactorial dynamic disease (Pitts et al., 2017). This
process involves demineralisation and remineralisation of dental hard tissues. Kassebaum
et al. (2015) reported the occurrence of root caries among aging adults to be more than
younger adults. The current perspective of remineralising demineralised dental hard
tissue is increasingly accepted by dental professionals. Currently, non- invasive methods
without mechanical removal of carious tissues are accepted options to treat caries. This
involves minimally invasive approaches to preserve sound tooth tissue and tissues which

has potential to remineralise.

There are a few indications for SDF application (Horst et al., 2016). First, patients
with extreme caries risk which has salivary dysfunction. For this group of patients,
frequent visit and traditional restoration failed to slow down the caries progression.
Second, patients that cannot tolerate standard treatment due to medical or psychological
issues. Third, multiple lesions could be treated in one visit, SDF can be used to prevent
some new lesions arise or existing lesions to become symptomatic while waiting for
treatment completion. Fourth, SDF is suitable for lesion which are hard to treat due to the

location of the caries, such as furcation in root caries and recurrent caries at crown margin.

However, the application of SDF will form dark, discoloured carious tissue.
Knight et al. (2005) reported a reduction of discolouration by the application of potassium
iodide (KI) to SDF-treated carious lesion. Lesions which were not restored after the SDF
and the cavity was left as a frank cavity. Restoration placement with composite resins or

glass ionomer cements (GICs) will help in plaque control, and improve function as well



as appearance (Quock et al., 2012). A Silver-Modified-Atraumatic-Restorative-
Technique (SMART) has been proposed using GIC after the application of SDF.
(Koizumi et al., 2016) However, SDF forms silver phosphate and calcium fluoride in
caries-affected dentin (CAD), thus reducing available calcium and phosphate ions when
bonding with GICs (Kucukyilmaz et al., 2016). Nonetheless, prior studies had suggested
that SDF does not jeopardize the bonding of GICs to carious dentin (Quock et al., 2012;
Selvaraj et al., 2016); Puwanawiroj et al., 2018; Wang et al., 2016). The silver deposits
and silver oxide that form on the SDF surface ( Knight et al., 2007; Mei et al., 2013)
could potentially improve the bonding of GICs due to interactions with the stainless steel

metal surface (Fricker, 1998).

1.2 Aim and Objectives of the study
Part A
® To investigate the effect of different surface treatment on the shear bond strength
(SBS) of self-cure (SC) and light- cure high-viscosity glass ionomer cements (LC) to
SDF-treated carious dentine.
® To establish the failure modes using a stereomicroscope and digital imaging

software.

Part B
®  To evaluate the dentine-GIC interface using scanning electron microscope/energy

dispersive X-ray (SEM/EDX).

® To determine the elements present on SDF-treated simulated carious dentine

(SCD) surface after GIC bonding in the study.



1.3 Null Hypotheses

The null hypotheses for this study are:
(a) surface treatment does not influence the bond strength of HVGICs to
SDF-treated simulated carious dentine (SCD) and

(b) surface treatment has no effect on the failure modes.



Chapter Two: Literature Review

2.1 Brief Introduction to SDF

Known for their antibacterial properties, silver metals and their salts have been
known to exhibit protection against dental caries. Silver compounds have been used for

decades to reduce the incidence of caries (Peng et al., 2021).

Silver-diammine-fluoride (SDF) contains fluoride, ammonia, and silver ions. It
halts the development of caries and avoids caries formation in the future. Silver-diammine
fluoride in its ionic formula is Ag(NH;s)2F. Silver provides antimicrobial activity and
hinders the activity of several glycosyltransferases in biofilm formation (Knight et al.,

2007; Burgess & Vaghela, 2018; Savas et al., 2015; Mei et al., 2013a).

When SDF is applied to teeth, it penetrates enamel and dentine, increasing the
subsurface fluoride stored in the tooth and creating a fluoride reservoir (Rosenblatt et al.,
2009). In 1974, Suzuki and colleagues reported that SDF has a better depth of enamel
penetration (25um) and has more fluoride than that delivered by other fluoride products
such as Sodium Fluoride (NaF) or Stannous Fluoride (SnF>). The penetration of silver
fluoride in sound tooth can goes up to 100um (Knight et al., 2010). Meanwhile, in the

dentine surface, the penetration depth can go up to 500-1200um (Sayed et al., 2019).

It was found that there are “silver microwires” formed, which are filamentous and
continuous (Seto et al., 2020). They have lengths between 50 - 2100um and are 0.25 -
7.0um in diameter. These filled the voids in lesions and permeated through surrounding
dentinal tubules, thus providing a reservoir of silver in the tubules to inhibit bacterial
growth. This increased its resistance to recurrent caries (Shah et al., 2014; Shimizu,
1974). The silver densities will increase the hardness of the lesion and prevent fluid flow

through tubules. Remineralisation of the decayed surface by SDF and the 3abilities of the



“microwires” can dispense forces from the lesion and increase the hardness of dentine

(Seto et al., 2020).

Besides that, both silver (Ag) and fluoride (F) ions are antibacterial (Mei et al.,
2013a). Silver phosphate interacts with thiol groups of nucleic and amino acids in
bacteria. Thus, the bacteria couldn’t carry out metabolic and reproductive functions,
leading to bactericidal effect. In addition, SDF is able to interact with the biofilm by
interfering with the synthesis of glucan by interrupting the glycosyltransferase enzymes.
Glucan forms the major constituent of plaque. This could inactivate the bacterial growth
of cellular polysaccharides. Treatment using SDF reduces the demineralisation process
by exerting an inhibitory effect on cariogenic biofilm formation. Furthermore, studies
done by Mei et al. (2012) have shown that with SDF, calcium (Ca) and phosphate (P)
ions are retained at the dentine surfaces. Silver-diammine-fluoride also hardens the caries
lesions and inhibits matrix metalloproteinase activity. A study by Delbem et al. (2006)
showed that SDF can withstand chemical acid challenges, reducing the solubility of tooth
tissue and promoting enamel remineralisation. A caries-resistant layer could be created
by the remineralisation of caries-infected teeth at the base of a restoration (Knight et al.,

2010).

Potassium iodide (KI) application following SDF treatment was developed as a
strategy to overcome the discolouration issue. An in-vitro study found that incorporating
potassium iodide into SDF during application reduced tooth discolouration (Knight et al.,

2005).

The highest fluoride concentration (44800 ppm fluoride ion) is found in 38% SDF,
and is about twice the amount of 5% fluoride varnish (Table 2.1). SDF is recommended

for patients with high caries risk, hard-to-treat lesions, and those with behavioural or



medical difficulties, e.g., severe early childhood caries or xerostomia. It is also suggested
for those in community settings or without access to dental care (Judy et al., 2017). It is

easy to apply, minimally invasive, and a low-cost method which is easy to use in

paediatric settings.

Fluoride concentration Parts per million (ppm)
38% Silver-diammine-fluoride 44800ppm

5% fluoride varnish 22600ppm

APF (in office) 12300ppm

NaFz (Rx) 9000ppm

CPP ACP with Fluoride 900ppm

Table 2.1: Comparison of common fluoride products (Judy & Young, 2017).

2.1.1 Recent FDA Approval

The US Food and Drug Administration (FDA) announced SDF product as a Class
I medical device for desensitizing teeth in the USA in 2014. This means that it is a
medical device with a moderate to high risk that requires special controls. Caries lesions

were treated using off-label application of SDF.

Safety margin would be a concern in gaining clearance in FDA. The lethal dose
(LD50), when tested on the rat studies by oral and subcutaneous administration, was
defined at 520mg/kg and 380mg/kg, respectively. Take a 10kg child as an example, the
relative safety margin is: 380mg/ kg LD50/ 0.95mg/kg dose, which is 400- fold of safety
margin. According to Horst et al. (2016), the recommended limit is one drop (25uL) per

10kg for each visit with weekly intervals at most.



2.1.2 Mechanism of actions
The mechanism of actions of SDF is associated with tooth tissue, interaction with

bacteria and biofilm.

2.1.2.1 Interaction with tooth tissue with promotion of remineralisation

The major tooth component, hydroxyapatite (Ca,o(PO4),(OH),) could interact
with  SDF/Ag(NH;),F and forms mainly calcium fluoride(Cakz), silver
phosphate(Ag,PO4) and ammonia monohydrate(H10N202) (Suzuki et al., 1974). It was

suggested that silver phosphate is responsible for the increased hardness of the arrested

lesion (Yamaga et al., 1972).

In carious teeth, the product fluorohydroxyapatite is formed from the reaction of
SDF with hydroxyapatite through reprecipitation reactions (Lou et al., 2011). This is
because CaF; is broken down into calcium ions and fluoride ions. During cariogenic
challenges, CaF» will serve as a reservoir for fluoride ions, which are released due to
reduced concentration of hydrogen phosphate (HPO4(*)) at acidic pH levels (Roll and

Saxegaard, 1990).

SDF reacts with hydroxyapatite (1) leading to the subsequent reactions (2,3) as

shown in Figure 2.1. (Peng et al., 2012)

CalO(PO4)6(OH)2 +Ag(NH3)2F b d CaF2 +Ag3PO4 + NH4OH (1)
CaF,—Ca?" + 2F (2)
Cai0(PO4)s(OH)2 +2F —Ca o(PO4)((F), + 20H- (3)
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Figure 2.1 The reactions of fluoride, silver nitrate and silver-diammine-fluoride on

teeth and bacteria. (Rosenblatt, 2009)

Silver phosphate (Ag3POs) is formed as one of the main products. The compound
penetrates the tubules to block the lumen, partially or totally. It could inactivate cariogenic
bacteria once it is in contact with them due to its antimicrobial effect. Silver ions penetrate
into dentine surface and remains, whereas phosphate reservoir aids in remineralisation.
Silver compounds stains lesion black (Willershausen et al., 2015). The other end product
is ammonium hydroxide (NH4OH), this keeps pH elevated and provides antimicrobial
activity (Jennings et al., 2015). Both of the end products precipitate the formation of

arrested caries.

2.1.2.2 Interaction with bacteria and biofilm

Silver-diammine-fluoride is an effective antibacterial result when compared to

other chemomechanical caries removal gel, such as chlorhexidine, enzyme based



Papacarie and NaOCl based Cariosolve (Hamama et al., 2015). Moreover, when
comparing the application of SDF/KI to the chemomechanical gel, the intratubular

bacterias’ viability was significantly reduced.

2.1.2.3 Reduction in destruction of the collagenous organic matrix

The application of SDF will activate the collagenase inhibition to reduce the
destruction of the collagen matrix in dentine (Mei et al., 2013c). The matrix
metalloproteinases (MMPs) will promote enzymatic degradation of dentine. MMPs can
be present in the dentine matrix or in the saliva. The inhibition factor that is provided by
SDF is more effective than 10% NaF, which has the equivalent concentrations of fluoride

and silver ions (Mei et al., 2012).

2.1.3 Efficacy for caries arrest and prevention

2.1.3.1 Efficacy of SDF in arresting and preventing dental caries.

In the study by Knight et al. (2007), he found that demineralised dentine when
treated with SDF/KI is better able to resist further demineralisation by Streptococcus

mutans than non-demineralised dentine.

Another in-vitro study was conducted using a computer-controlled artificial
mouth which simulates real mouth conditions for temperature, humidity, and saliva
flow rate. Dental caries was arrested by 38% SDF in minimising the loss of mineral
content, slowing down Type I collagen destruction and decreasing the dentine
demineralisation process. Moreover, it can inhibit the growth of cariogenic biofilms, due

to its silver and fluoride ions in high concentration (Mei et al., 2013b).



The effectiveness of SDF at 38% concentration was recommended for childhood
caries prevention and arrest (Zhao et al., 2017a). It was noted that direct application of
SDF into a cavitated caries lesions without prior removal of the carious tissue was able
to arrest the caries and no further progression was noted after 2-3 years (Yee et al., 2009;

Llodra et al., 2005).

Studies done by Chu et al. (2008a) and Mei et al. (2014) on carious primary teeth
of preschool children showed that application of 38% SDF annually was significantly
useful in preventing new caries and arresting existing caries than three-monthly

applications of sodium fluoride varnish.

Llodra et al. (2005) conducted a 36-month randomised clinical trial design, at a
Cuban primary school, with 7 visits and a sample size of n = 452. The sample size was
divided into two groups; the first received application of 38% SDF every 6 months on
decayed deciduous teeth surfaces and on the occlusal surfaces of any first permanent
molars that had erupted. The second group served as a control group with no treatment.
Placement of SDF was done for deciduous teeth without any caries removal. The teeth
surface was classified as healthy, with inactive caries (cavity with hard floor or walls)
with active caries (presence of cavity with soft floor or walls). However, the carious tissue
was removed in permanent teeth using excavators. 373 children (82.5%) completed the
36-month follow-up. SDF was more effective for caries reduction in deciduous teeth

(80%) and first molars (65%) than the control group.

The effectiveness of SDF was compared with temporary restorations in caries
arrest capability. SDF may be a better solution in slowing down initial occlusal caries in
erupting permanent first molars, when compared to other non-invasive approaches like
cross tooth-brushing technique (CTT) and glass ionomer fissure sealants (GIC) (Braga et
al., 2009). In this study, patients included were aged 5 to 7 years old, with a sample size

of 66. Teeth included in the study were first molars with occlusal active initial caries
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without cavitation. The findings were recorded at baseline and at the following
intervals: 3, 6, 12, 18, and 30 months. Active lesions were generally reduced in all
groups. However, after 3 and 6 months, use of 10% SDF showed a significantly higher

capacity to arrest caries than CTT and GIC.

Dos Santos et al. (2012) studied the properties of caries arrest of 30% SDF with
GIC as an interim restorative technique (IRT). The sample size was large (n=1016) and
clinical data was recorded at baseline, 6 months, and 12 months. The inclusion criteria
was children aged 5 — 6 years old that had primary teeth with active lesions (ICDAS Score
5). They were then assessed using a few criteria: active caries lesions in the SDF group,
failure of the sealant in the IRT group, Miller criteria, and ICDAS code. Silver-diammine-
fluoride was placed without removal of carious tissue. It was discovered that caries arrest

in 30% SDF was 1.73 times more effective than an IRT after 6 and 12 months (p<0.05).

The efficacy of annual and semi-annual topical application of 38% SDF in
arresting active dentine caries in deciduous teeth was compared with that of yearly
application of GIC (Zhi et al., 2012). The target group was children aged 3 - 4 years old
with a sample size of n = 212. This group presented with active caries in dentine that did
not involve the pulp, as per visual and tactile inspection. SDF was placed after carious
tissue was removed with hand instruments. The group that received SDF application
twice a year resulted in greater caries arrest rates than the groups with SDF and GIC

application once a year.

Duangthip et al. (2016) examined the efficacy of three topical fluoride treatment
protocols: weekly 30% SDF for three times, yearly 30% SDF, and weekly 5% sodium
fluoride (NaF) varnish for 3 times. It was performed on patients aged 3 to 4 years old who
had at least one tooth with untreated active dentinal caries that did not affect the pulp.
Without removing any carious tissue, SDF was used. Groups that received 3 times weekly

SDF treatments exhibited greater caries arrest rates at 6 and 12 months than the other
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treatment groups that received yearly SDF and weekly NaF varnish application. At 18
months, however, the group treated with yearly SDF application had a greater rate of

caries arrest (40%) than the other treatment groups.

There are several concentrations of SDF available in the market: 10%, 12%, 30%,
and 38%. Concentration of 38% has been recommended for the prevention and treatment

of dental caries in children (Horst et al., 2016).

Sayed et al. (2019) reported that the penetration of the silver ions into
demineralised dentine can further penetrate into the underlying mineralised dentine, when
it was stored more than 24 hours. When it was stored for 24 hours, the discoloration was
confined only at the superficial layer. The discolouration caused by SDF in the dentine

was extending deeper after 2 weeks and 1 year.

In summary, SDF is effective in prevention and arresting caries when
compared to interim restorative technique, fluoride varnish and cross- brushing
technique. At concentrations of 30% or 38%, SDF exhibits caries arrest properties as

an alternative treatment in the deciduous and permanent dentition.

2.2 Staining of carious dentine

The silver ions contained in SDF solution may result in black discolouration of
dentine as shown in Figure 2.2 (Rosenblatt et al., 2009). The stains are due to oral
sulphides reacted with free silver ions to form silver sulphide and silver phosphate

precipitation (Chu et al., 2008b).
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Figure 2.2: Pre- and post-operative SDF on a xerostomic patient (without restoration)

(Bendit & Young, 2017)

Knight et al. (2007) discovered that SDF followed by KI application was
antibacterial It could reduce the black staining associated with SDF application. Silver
ions adsorb on any protein surface and form strong bonds with denatured proteins. The
silver ion bonding will bind specifically to decayed collagen and stain the carious lesion
with intrinsic pigmentation, whereas only surface protein staining occurs in healthy
tissue. The oxides that are bound to the tissue are not able to be polished or washed away.
Pardue (2018) mentioned that the presence of silver oxide bound to diseased collagen
indicated the efficacy of SDF. If the surface did not turn grey/black, the silver did not

bind and the antimicrobial effect will be only transient.

SDF when reacts with KI, form a bright yellow precipitate, silver iodide (AgI).
Silver iodide is a yellowish precipitate with low solubility, which is easily rinsed away
by water and air due to the silver iodide can break down into metallic silver and iodine
when being exposed to light (Vinh et al., 2017). As a result, curing light can cause instant

darkening on SDF-treated areas.

Silver-diammine-fluoride delivers the antimicrobial silver ions, but the excess
silver ions are precipitated as silver sulphite (Ag>S). Zhao et al. (2017a) suggested that
SDF will not be useful in arresting caries after the application of KI solution to SDF, since
the excess silver ions were removed (Zhao et al., 2017a). It was shown that the degree of

dentinal demineralisation increased the rate of dentinal discolouration after the
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application of SDF (Sayed et al., 2018). Vinh et al. (2017) reported that regardless of the
restorative material used, all teeth treated with only SDF showed darkening and a
reduction in lightness value. All KI-treated teeth were lighter than SDF-treated teeth as

shown in Figure 2.3.

In summary, treatment of potassium iodide solution after SDF could help in

reducing the discoloration caused by SDF.

2.3 Bonding to SDF/KI treated dentine

Problems with SDF including tooth discoloration and bonding to restorative
materials which may be needed to mask discoloration and minimize food trap. Placement
of SDF to caries-affected dentine (CAD) is usually effective; however, the bond strength
of caries-affected dentine is usually lower than that of sound dentine. The lower bond
strengths have been mainly attributed to the obliteration of dentine tubules by acid-
resistant mineral crystals, thicker zone of exposed collagen after the application of the
adhesive system, and the reduced hardness of the CAD (Marquezan et al., 2009).
Infiltration of SDF into the dentinal tubules might block the penetration of the bonding
agent into the dentine (Koizumi et al., 2016). Healthy dentine is usually the substrate for
conducting bond strength studies; however, in the clinical scenario, the dentine bonding
and surface pre-treatment is applied to sclerotic and demineralised dentine rather than

only on healthy dentine (Wang et al., 2019).
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GROUP: Treatment | Day 1 Week 2 Week 4

A: Composite +
SDF + KI

B: Composite +
SDF

C: Caries + SDF +
KI

D: Caries + SDF

E: Caries-free +
SDF + KI

F: Caries-free +
SDF

G: RMGI + SDF
+KI

H: RMGI + SDF

I: GI (self-cure) +

SDF + KI

J: GI (self-cure) +

SDF

Figure 2.3: Photos from each SDF treatment group at different time period (Vinh. et al.,
2017)
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Silver particles extend into the dentine tubules and could interfere with subsequent
placement of adhesive tooth-coloured restorations into the SDF-treated surface. There
were studies to investigate whether SDF would reduce the bond strength of tooth-
coloured restorations. Chemical cavity preparation is one of the strategies to improve SDF
penetration into affected dentine. Pre-treatment with ethylenediaminetetraacetic acid
(EDTA) to remove superficial hydroxyapatite from affected dentine may allow SDF to

penetrate deeper into the dentinal tubules (Horst et al., 2016).

Selvaraj et al. (2016) proposed that pre-treatment of non-carious dentine surfaces
with SDF/KI reduces nanoleakage at the resin-dentine interface; there was no reduction
in bond strength with either an etch and rinse or self-etching bonding system when tested
with a transmission electron microscope. Quock et al. (2012) discovered no significant
changes to bonding strength of the non-carious dentine when pre-treated with SDF. In
another study carried out by Kucukyilmaz et al. (2016), the bond strength of caries-
affected dentine treated with SDF to resin composite was shown to have been reduced,

while the bond strength to non-carious dentine was unaffected.

Koizumi et al. (2016) suggested a decreased bond strength in another study when
the sound dentine was treated with resin modified GIC (RMGIC), self-etch adhesives,
and etch-and-rinse after treatment with SDF/KI. Bond strength to dentine was observed
to be the same with no changes in another study when using GIC after the application of
SDF/KI (Selvaraj et al., 2016; Quock et al., 2012), provided that the precipitates were
thoroughly washed out prior to applying the GIC (Knight et al., 2016). Yamaga et al.
(1993) found that immediate placement of GIC after applying SDF increased bond
strength. Furthermore, the SDF prevents shear bond strength from deteriorating over time.

Gupta et al., (2019) has suggested that application of SDF/KI followed by rinsing with
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water will increase the SBS of sound dentine to RMGIC. However, SBS on demineralised

dentine was not tested earlier on.

Table 2.2 summarised the currently available studies on bond strength of

restorative materials with SDF-treated dentine.
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Table 2.2 Previous studies of bond strength of restorative materials with SDF-treated dentine.

Author(s)/ | Type of | Intended test Materials tested Treatment protocol Changes in bond
Year study strength
Yamaga In-vitro | Adhesiveness of GIC GIC bond-normal | Shear bond strength & SBS of GIC to SDF
et al. study containing tannin-fluoride and SDF dentine | percentage of cohesive failure group significantly
(1993) preparation (HY agent) to of GIC to SDF treated higher at 1M than GIC
dentine — an evaluation of non-carious dentine (n=7), to normal dentine
adding various ratios of HY 1 day and 1 month comparison group.
agent and combination with
application of diammine 20kg load was applied with shear speed of
silver fluoride Imm/min, chart speed of S0mm/min
Knight et | In-vitro | Effect of SDF/KI on bond 1) Etch-and-rinse | 10 non-carious third molars were sectioned Etched SDF/KI
al. (2006) | study strength of auto cure GIC to | 2) Applying into 4 dentine surfaces treated using the 4 followed by washing
dentine polyacrylic acid testing methods: and air-dried exhibits
3) Etching, apply the highest bond
SDF/KI, wash off | 1) Etch-and-rinse strength when
and air drying 2) Applying polyacrylic acid compared to etched
4) Etching, 3) Etching, apply SDF/KI, wash off and air SDF/KI, air-dried.
applying SDF/KI | drying
and drying the 4) Etching, applying SDF/KI and drying the
end products. reaction products.
Then, it was followed by placement of GIC.
Shear bond strength test were carried out.
Quock et | In-vitro | Effect of SDF on Self-etch and 42 non-carious molars dentine pre-treated No significant changes
al. (2012) | study Microtensile Bond Strength | etch-and-rinse with 38% SDF, were treated either ER or SE.
to Dentine adhesives Tested using microtensile bond test.
Koizumi | In-vitro | Effect of SDF/KI on Etch-and-rinse, 80 molars dentine pre-treated with 38% Decreased bond
et al. study Microtensile Bond Strength | self-etch SDF/KI, were treated either ER, SE or strength
(2016) to Dentine adhesives, and RMGIC . Tested using microshear bond test.

resin modified
GIC (RMGICO)
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Table 2.2, continued

microtensile bond strength
of GIC to dentine

caries affected
dentine that has
been treated with
SDF with
addition of light
cure

SEM/ EDX for interfacial analysis

6 study groups:

a) artificial demineralised for three days;

b) demineralised, applied SDF, then precipitate
was washed and air dried;

c¢) demineralised, applied SDF, 60s light-cured,
then precipitate was washed and air dried;

d) 3 days stored in DI water;

e) 3 days stored in DI water, applied SDF, then
precipitate was washed and air dried;

f) 3 days stored in DI water, applied SDF, 60s
light-cured, then precipitate was washed and air
dried.

Author(s)/ | Type of | Intended test Materials tested | Treatment protocol Changes in bond
Year study strength
Selvaraj et | In-vitro | Microshear bond strength | Etch-and-rinse 72 non-carious third molars dentine pre-treated | No significant changes
al. (2016) | study and nanoleakage of and self-etch with 38% SDF/KI, were treated either etch-and
SDF/KI treated teeth to adhesives rinse (ER) or self-etch (SE). Tested using
composite. microshear bond test.
Wang et In-vitro | Effects of silver- GIC with normal | Microtensile bond strength of 24h/7days 1. Artificial carious
al. (2016) | study diammine-fluoride on and artificial dentine has a

significant higher bond
strength value,
compared to normal
dentine at 7 days
compared to 24 hours.

2. The SDF or SDF
light-cured pre-
treatments have no
significant impact on
the bond strength of
GIC and dentine

3. All treatment groups
experience an increase
in bond strength in all
subgroups, regardless
of SDF placement.
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Table 2.2, continued

Author(s)/ | Type of | Intended test Materials tested Treatment protocol Changes in bond
Year study strength
Kucukyil | In-vitro | Effect of SDF and SiF 1. Self-etch bonding 96 caries free molars stored in 0.5% thymol Reduced bond strength
maz, et al. | study with/without laser agent (Clearfil SE solution at 4°C, used within one month of with SDF treated
(2016) irradiation on MTBS on | Bond, Kuraray, extraction. caries-affected dentine
sound and caries- Tokyo, Japan) compared to normal
affected dentine Creation of artificial caries by pH-cycling dentine.
2. Placement of 3M procedure.
Filtek Z250.
Puwanawi | In vitro | Microtensile Bond Forty natural carious | Microtensile bond strength testing was carried | Bond strength between
roj et al. study Strength Between Glass | molars were treated out. GIC and carious
(2018) Ionomer Cement and with 38 percent SDF, | The failure mode was assessed with a primary dentine was
Silver Diammine and the control, stereomicroscope under 40X magnification not affected by SDF
Fluoride-Treated deionized water application
Carious Primary before GIC were
Dentine. placed.
Guptaet | Invitro |Effect of silver diamine | Freshly extracted non- | Shear bond strength was evaluated using a SDF-KI application
al. (2019) | study  |fyoride- potassium carious molars were universal testing machine. ‘ had shown a drastic
. 0 tested for bond Rhodamine-B dye penetration was viewed increase in the bond
iodide and 2% .
hlorhexidine strength and . under a fluorescent microscope to evaluate the | strength of RMGIC.
c ) microleakage while microleakage of RMGIC.
gluconate cavity using SDF-KI and
cleansers on the bond CHX as cavity
strength and cleansers in resin-
microleakage of modified glass
resin-modified glass ionomer cement
ionomer Cement‘ (RMGIC) restoration.
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Table 2.2, continued

of high-viscosity
glass ionomer
cement bonded to
dentin with
protocols including
silver diammine
fluoride

Surface treatments were divided
into 6 groups, n = 22:
1) water;
i1) polyalkenoic acid;
iii) SDF;
iv) SDF + potassium iodide (KI);
v) SDF + KI + polyalkenoic acid;
vi) SDF + KI + two weeks of
storage in water +
polyalkenoic acid

scanning electron microscopy
(E-SEM) and energy-
dispersive X-ray (EDX)
analysis.

Author(s)/ | Type of | Intended test Materials tested Treatment protocol Changes in bond strength
Year study
Ng et al. In vitro | Shear Bond Permanent molars were sectioned Differences in SBS were Bond strength did not
(2020) study Strength of Glass and demineralised to create tested using an UltraTester increase significantly after
Tonomer Cement to | artificial carious lesions. o machine. placement of SDF before the
Silver Diamine In five groups, the demineralisation GIC was placed to dentine
Fluoride-Treated of dentin, application of SDF, use lesions.
e ) of conditioner, and elapsed time Treatment with SDF and use
Artificial Dentinal | petween the placement of SDF and of conditioner did not
Caries restoration were tested. statistically affect the SBS of
GIC to demineralised dentin.
Improved retention of GIC
was noted when SDF was left
for a week prior to GIC
placement.
Frangois | In vitro | Shear bond Sound dentine specimens were used | SBS were carried out after 48 | No significant differences in
et al. study strength and in the study. h, and 2 samples were cut and | SBS on the adhesion of
(2020) interfacial analysis subjected to environmental HVGIC were found when

SDF was placed on the sound
dentine.

SDF: silver-diammine-fluoride; SiF: ammonium hexafluorosilicate; GIC: glass ionomer cement; MTBS: microtensile bond strength; CAD: Caries-
affected dentine
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2.4 Ion Uptake in Demineralised Dentine

Fluoride concentration levels and penetration depth into the dentine are
significantly increased when AgF was applied prior to the placement of auto-cure glass
ionomer cement. (Knight et al., 2006). The penetration of the various elements into
demineralised dentine was measured using electron probe microanalysers and relative
percentage weights. Fluoride penetration into dentine was greater than 250um although
the demineralisation solution creates 150um depth of demineralisation in dentine (Knight

et al., 2006).

2.5 Dental Restoration- glass ionomer cements

Glass ionomer cements (GIC) are widely used as restorative materials in dentistry.
With time, the conventional glass-ionomers, when interacting with dentine, will form an
ion-enriched interfacial zone. The setting reaction of the glass ionomer cements is of
alumino-silicate glass powder, when mixed with the polyalkenoic acid, forming metal ion
(calcium and aluminium) polyalkenoates. The set material is formed by unreacted glass
spheres surrounded by a silicacous gel and incorporated in metal polyakenoates. Upon
mixing the liquid and powder, an acid-base reaction occurs. The acids in the mixture react
with the glass particle forming acid-base reaction and releases metal ions. Polyalkenoic
acid chains are crosslinked by the metal ions. The newly set cement has an immature
outer surface; if this dries out, micro-cracks can form on the cement surface, leading to a
chalky appearance (Wilson and McLean, 1988). It could also absorb water, causing loss

of network crosslinking ions and swelling during the initial setting (Lohbauer, 2010).

A Silver-Modified-Atraumatic-Restorative-Technique (SMART) procedure
(Figure 2.4) has been mentioned by Bendit & Young (2017) by using GIC after placement

of SDF.
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Figure 2.4: The step-by-step SMART protocol by Bendit & Young (2017).

2.5.1 Adhesion of GIC to Dentine
Chemical bonds form when GIC adheres to dentine. One type of chemical bond

is chelation bonding with calcium and phosphate in tooth structure. The next type of bond
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is the static electrical ion bridge reaction, or the hydrogen bonding of the cement mixture's
carboxyl group (-COOH) with carboxyl groups, carbonyl groups, amino groups, or imino
groups of organic collagens, or with hydroxyl groups, hydrogen ions, or metallic ions in
the tooth surface (Yamaga et al., 1993). The last type of bonding is the polyalkenoic acid

adsorption onto hydroxyapatite surfaces and collagen.

Properties of GIC include a lower stiffness, more prone to elastic deformation,
more vulnerable to wear, as well as lower fracture toughness compared to resin-based
composites. It is being used in Atraumatic Restorative Technique (ART). This technique
is intended to enable dentists to carry out restorations in areas distant from electrical
sources. In addition, ART relies on hand instruments for opening tooth cavities, removing
carious dentine, and mixing the material. Fluoride release of GIC is throughout the
lifetime of the restoration. When the intraoral fluoride concentration is raised the

“reservoir effect” of the GIC will able to take up fluoride (Nakanuma et al., 1998).

Light-cure GIC (LC) is also known as resin-modified GIC (RMGIC), is a
“command” setting GIC that aids in tackling the low early mechanical strength of
conventional GIC and the moisture control during clinical operation. The resin

component allows light-curing, autocuring, or both.

Zhao et al. (2017a) found that resin-modified GIC had a higher SBS to
demineralised dentine, which could be attributed to the monomer, 2-hydroxyethyl
methacrylate (HEMA), which is added into this product. Due to the lack of smear layer
in the demineralised dentine surface, the hydrophilic HEMA can penetrate into the
exposed collagen fibre network. It is the resin addition to the GIC that increases the

dentine bond strength. This GIC has chemical as well as micromechanical adhesion to
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dentine (Zhao et al., 2017b). It has better strength, wear resistance, and aesthetics than

conventional glass ionomers.

2.5.2 Rationale of Using GIC after SDF

The lesions in the studies were not restored following the SDF, and the cavity was
left as a frank cavity (Zhi et al., 2012; Yu et al., 2018). However, placement of a
restoration facilitates plaque control by eliminating plaque-retentive areas and improves

the area's cleanability.

High viscosity GIC (HVGIC) is the most appropriate material for ART. There are
two varieties of HVGIC, namely self-cure and light-cure. It has’ higher compressive
strength, due to the fine glass particle size and it uses a higher powder to liquid (P/L)
ratio. It has excellent packability for ease of handling. When compared to conventional
GIC, HVGIC shows superior mechanical properties, as shown in Table 2.3, reduced wear
and restoration fracture when use in load-bearing posterior teeth. This is due to the
mixture of conventional GIC structure with ultrafine and highly reactive glass particles,
with a higher-molecular-weight polyalkenoic acid to improve the mechanical and wear
properties (Khoroushi & Keshani, 2013). A four-year study done by Gurgan et al. (2015),
when evaluating the HVGIC for the restoration of posterior teeth, it exhibited successful

clinical performance.

Self-cure GIC adheres to enamel and dentine surface by chemical bonding by ionic
displacement of calcium and phosphate with polyacrylate ions. Chemical bonding by
adhesion occurs at the wetting stage. The cement is able to form a close contact with the
surface, aided by hydrophilic dentine surface and cement. Formation of hydrogen bonds

between the free carboxylate groups of the cement and the layer of tightly bound water
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on the surface of the tooth. The hydrogen bonds will be gradually replaced by genuine
ionic bonds formed between calcium ions in the tooth and carboxylate groups from the
polymer within the cement. This would form an ion-exchange layer/ intermediate layer

(Wilson AD, 1974; Yoshida et al., 2000).

Light- cure HVGIC (LC) could be used in sandwich technique and as base for resin
composite instead GIC due to the improved bond strength to resin composite because of
its chemical bonding (Farah et al., 1998). It can strengthen the bond between teeth and
resin-based composites, if a resin composite is required for the more esthetic and it has
higher masticatory force. LC achieved adequate bond strength to withstand contraction
forces from overlying resin composite (Deepa et al., 2016). The lower carboxylic acid
and water content of the hybrid cement reduces its potential to wet enamel or dentine,
resulting in a higher microleakage percentage than conventional glass ionomers. If hybrid
ionomer in LC contains nonreactive filler particles, less carboxylic acid is available for
bonding to tooth structure, thus a dentine bonding system or surface conditioning is
needed. LC have two mechanisms for dentine bonding: chemical bonding, plus enhancing
the features of micromechanical interlocking as there is the addition of small portions of
resin components - hydroxyethyl methacrylate (HEMA) - into the liquid portion. The
binding of GIC to the dentine layer could be impaired by the smear layer (Nakanuma et
al., 1998). The LC might contain a high molecular weight resin-modified component,
therefore it was preferentially retained on the acid-etched dentine surface, within minimal
diffusion (around 500nm) into the underlying demineralised collagen. The HEMA
component can diffuse into the interfibrillar spaces, but these spaces might not be

completely infiltrated by high molecular weight PAAs in chemically cured GICs.

Calcium aluminate GIC/ hydraulic cement is another alternative. However, a

clinical trial showed high failure rate on the calcium aluminate cement restorations when
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it was being used in load bearing area (Phillips' Science of Dental Materials 12th edition).
This cement is used specifically for dental procedures involving dental pulp or root
system. The precipitation of hydroxyapatite, which is also called biomineralisation can
shield dental tissue from underlying cement. The cements also adsorb ions that stimulate
cytokines, this contributes to healing of the dental pulp or in tissue surrounding the root

of a tooth (Primus et al., 2021).

Table 2.3: Properties of restorative GICs (Xie et al., 2000)

Materials Compressive Diametral ~ Tensile
Strength (MPa) Strength (MPa)

Type I 196-251 18-26

Cermet 176-212 19-22

High-viscosity 301 24

Hybrid 202-306 20-48

2.5.3 Ways to improve adhesion in GIC

Diffusion from the cement ions and ions from the tooth can move into the
interfacial zone and create an ion-exchange layer or interfacial zone. This layer could be

observed using scanning electron microscopy. Interfacial zone can contain both calcium

and the ion from GIC, results from the ion movement from both the cements and the

tooth. This will help the cement and the tooth to adhere strongly.

Despite GIC self-adhesive properties, the quality of attachment between GIC and
tooth substrates can be influenced by the use of pre-treatments. Pre-treatments, such as
the application of an etchant or conditioner, may alter the surface characteristics of the
tooth and enhance the bond between the tooth and the GIC. These pre-treatments are often

employed to improve the bond strength and clinical performance of GIC restorations.
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2.5.3.1 Increase bond strength of GIC

In order to increase the bond strength of GIC, we can do a few modifications to
the dentine surface. Citric acid treatment removes residue from the tooth surface, exposes
the dentinal tubules, and forms a mechanical interlocking to enhance the bond between
cement and dentine. However, the removal of the calcium and phosphate-rich smear layer
reduces the interfacial interaction between cement and dentine due to the decrease of

surface minerals (Yamaga et al., 1993).

Usage of pumice paste on SDF-treated dentine before placement of resin, can
reduce the negative effect of SDF on the bond strength (Braz et al., 2020). Removal of
dentinal smear layer can improve the bond strength and the retention rate of GIC to
dentine. The acquired pellicle on the tooth surface may interfere with the bonding of

restoration.

2.5.3.2 Addition of Surface Treatment

Bonding of GIC could be improved if the surface is pre-treated with a weak
polyalkenoic acid conditioner (Ramachandran et al., 2018). The pre-treatment would

increase in adhesion property of aluminosilicate polyacrylic acid glass.

Dentine has higher water content, but less mineral phase for bonding when
compared to enamel. It has fluid-filled tubules which could impair the bonding interface
between the dentine and cement. Glass ionomers that are self-cure and light-activated are
hydrophilic and capable of creating adhesive bonds and wetting the freshly sliced dentine

surfaces (Mount and Hume, 2005; Ogata et al., 2001).
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Smear layers consists of shattered hydroxyapatite, as well as denatured collagen
in mineral phase. The cutting of tooth surface forms smear layer, which is 1-2 pm in
thickness and it has a strong bond with the underlying dentine. Dentine bonding in Resin-
Modified GICs involves addition of small portions of resin components - HEMA — into
the liquid portion. The binding of GIC to the dentine layer could be impaired by the smear
layer (Nakanuma et al., 1998). The removal of the smear layer will create a uniform
surface for bonding and prevents any blocking of dentinal tubules. This allows the GIC
to penetrate the surface. The attachment to the teeth is via micro-mechanical attachments

when the cement sets (Koibuchi et al., 2001).

37% phosphoric acid is an acid stronger than 25% polyacrylic acid. Phosphoric
acid can help in removing the smear layer and promote micromechanical adhesion by
demineralisation of the tooth substrate on the intertubular and peritubular dentine.
Conditioning with polyacrylic acid, eliminates the majority of the smear layer while
causing little or no damage to the sound tooth structure. It increases surface areas and
exposes microporosities by partially demineralising the exposed layer of the tooth and
opening up the dentinal tubules. This enables the formation of hybrid layers. Surface
conditioning of dentine surfaces with a weak acid treatment in resin-modified glass-
ionomer resulted in higher bond strengths than phosphoric acid pre-treatment (Pereira et

al., 2002).

2.5.4 GIC Maturation time

In order to reach maximum bond strength, GIC needs time to mature. In
conventional GIC, it could between 24 hours to 1 week to reach full maturation, whereas
in light-cure GIC, the resinous portion would set immediately upon light curing but not

the GI portion. The setting reaction stops when GIC has reached the maximum bond
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strength, and the bond strength gradually decreases subsequently (Yamaga et al., 1993).
The ions in GIC crosslink the polyalkenoic acid chains once mixed. The cement hardens
as a result of the metal ion crosslinking and the neutralisation of the polyalkenoate
molecules. This happens in a short amount of time, usually 2 - 5 minutes after mixing,
and the cement can then be finished. Therefore, it has lower SBS if the GIC was tested

immediately after placement.

Cohesive failure mostly occurs when GIC was subjected to macro SBS, because
of low early wear resistant when the glass ionomer matrix is being developed. Bonding

between GICs and the tooth is achieved through chemical bonding.

2.6 Bond strength testing

The definition of bond strength is “force per unit area required to break a bonded
assembly with failure occurring in or near the adhesive/adherend interface” according to
ISO 29022:2013. It is usually presented as a number or value to show the strength of a

bond (Armstrong, 2009).

The bond strengths are solely useful for comparing bonding agents' levels of
efficacy; they have no direct bearing on what may occur in a clinical setting. This is a
result of a current absence of knowledge regarding the exact interfacial stresses that an

occlusal load creates in a filling restored tooth (Van Noort et al., 1989).

The value of nominal stress at failure, or the fracture load per unit area of bonded
surface, is the value reported by conventional tests used for evaluating the bond strength

of dental bonding agents. In reality, the achievement of a critical stress locally at the most
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vulnerable location—typically the edge—of the bonded area determines the nominal
strength. However, no direct or practical connection between the two measurements of
strengths is generally achievable due to the non-uniform distributions and the sensitivity
to the particulars of the test, especially in the case of the shear bond test (Van Noort et

al., 1989).

2.6.1 Types of bond strength test

There are a few bond-strength tests for measuring the efficacy of the adhesiveness
of the enamel and dentine. The bond strength could be measured using the micro or macro
test set-up, depending on the bond size area. The macro test usually comes with the bond

area larger than 3mm? and measured in “shear”, “tensile”, or “push out” method. The

micro test ultilises a smaller bonded area at about 1mm? or less (Van Meerbeek et al.,

2010).

The traditional SBS test has been criticised for failing to accurately reflect "true"
bond strength. In reality, the adherend, adhesive, and adherent may not fully be in "brittle
shear" mode in the conventional shear condition. Macro bond strength testing, in
comparison to micro tests, is simpler to carry out. Shear bond strength does not require
additional sample testing. Bond strength results corresponded to the bonding area.

Increase in bonding area resulted in decrease in bond strength value (Braga et al., 2010).
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2.6.1.1 Shear-Bond Test

In the SBS test, the substrate is adhered to the cylindrical adherent material. A
tool - which can be a wire loop, chisel, shear blade, or metallic tape - is placed at the
instrument crosshead to load test. The load speed is usually constant at 1.0mm/min. The
force will be recorded by the load transducer attached to the crosshead. The force will be

recorded until the sample fractures.

F = N/A, where F is the shear-bond strength (MPa), N is the maximum force

exerted on the specimen (in Newtons), and A is the size of the bonding area (mm?).

Resin Composite, Ceramic, Arcylic, etc. <«— Adherent

Adhesive Resin, Silane Primer, etc. “+— Adhesive

Enamel, Dentine, Metal Alloy, Ceramic, etc. Substrate

Figure 2.5: The schematic drawing regarding the adherent, adhesive and substrate layer.

In shear bond test, the terms "adherent," "adhesive," and "substrate layer"are used
to describe specific components in the bonding process as described in Figure 2.5. The
adherent is the substance that the bonding agent is applied. This is the layer that is
receiving the adhesive. Secondly, the adhesive is the material that is applied between the
adherent and the substrate to create a bond. It is the bonding agent that facilitates the
attachment of the two surfaces. The properties of the adhesive play a crucial role in
determining the strength and durability of the bond. Lastly, the substrate layer is the

material that forms the base or foundation to which the adherent is applied. It is the
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underlying surface that the adhesive bonds with. Any material that needs to be bonded
together can serve as the substrate layer, such as a tooth structure, a metal surface, or any

other material that requires bonding.

GIC-to-dentine macro shear-bond strength is typically in the range of 2 - 7MPa,
according to previous research (Ismail et al., 2021; Braga et al., 2010), however the bond
strength of dentine to LC is higher than conventional GIC (14 - 22 MPa) (Koizumi et al.,
2016; Gupta et al., 2019). Smaller sized specimens may have higher reading in SBS due
to reduced likelihood of a critical-sized defect present and alignment relative to the

applied load ( Soderholm, 2009).

The study proposed by Cheetham et al. (2013) indicates the potential utility of the
mould-enclosed shear-bond strength (ME-SBS) test. The mould would be used to enclose
the test stub, and provides a more consistently distributed loading weight for the adherent
as close as possible to the adhesion zone. Heterogeneous stress can be removed using the
ME-SBS test. By using ME-SBS, the removal of the mould is not required, thus reducing

the differences between independent measurements.

Jin et al (2016) proposed a new idea of a lever-induced mould-enclosed shear-
bond strength (LIME-SBS) test with an enclosed mould, with cylindrical adherent bonded
to the substrate with/without adhesive. In shear-bond strength testing, a fulcrum is added
at the midpoint between the bonded interface and the load. The load would be applied to
the mould far away from the adhesion zone. The model using LIME-SBS could provide

even stress distribution to the bonding surface, allowing for the best evaluation of shear.

The common way to prepare the macro shear-bond strength testing involves the

preparation of specimen by placing the adhesive on the dentine surface, which the
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cylinder mould will be placed on the tooth surface before the adherent being placed into
the cylindrical mould. In the top design in Figure 2.6, usually this will cause the
specimens to be debonded at a larger area than what we intended to see at the adhesive
region. The Ultradent jig (top), which is the representative of SBS, and the SDI rig
(bottom), which is the representative of ME-SBS (Van Meerbeek et al. (2010). In the
bottom design, the specimens could be debonded at a specific area demarcated at the

adhesive region.

Adherent

Adherent

v

Figure 2.6: The Ultradent jig (top) and the SDI rig (bottom) (Van Meerbeek et al., 2010)

2.6.1.2 Tensile Bond Test

In the tensile bond test (TBS) (Figure 2.7), samples are prepared to be broken by

tensile stress working at a 90° angle (perpendicular) to the tooth surface. Calculation of
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TBS is comparable to SBS; the force at fracture over the bonded cross-sectional area is
used to calculate the TBS. Active or passive gripping methods can be used to hold the

specimens.

Adherent

I Adhesive

Substrate

I Stress

Figure 2.7: Tensile test of a bonded assembly

In the active gripping method, specimens are mechanically fastened to the
gripping device using glue or clamps, whereas in the passive gripping method, specimens
are positioned in the testing apparatus without the use of glue or clamps (Sirisha et al.,

2014).

The test apparatus should ensure that the substrate and adhesive material are
aligned during the test, which means that the tensile force can be applied at a 90° angle
to the planed substrate surface. One issue with this test is in maintaining alignment both
during bonding and testing to avoid stress concentration due to incorrect interfacial
geometry. Furthermore, the TBS requires fine sectioning of the specimens which may

lead to initial/eventual cracks on the specimens.
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2.7 Factors affecting bond strength

2.7.1 Variables associated to specimen preparation

Bond strength can be affected by substrates (enamel/dentine). A study by
Yazici et al. (2007) showed that there are significant differences in SBS between
enamel and dentine. Glass ionomer cement has a higher bond strength to enamel
than to dentine. This is because the cement interacts with the hydroxyapatite
mineral phase, instead of the collagen in the dentine (Wilson & Mclean, 1988).
Dentine bond strength increases over several days, reaching 80% bond strength

after 15 minutes (Lin et al.,1992; Powis et al., 1982).

2.7.1.1 Dentine Depth and Permeability

The reduction of dentine thickness increases its permeability, thus decreasing the
shear-bond strength. The removal of the smear layer results in a significant increase in
the permeability. Superficial dentine has less water content than deep dentine, due to the
bigger diameter and number of tubules per unit area. Sharafeddin et al. (2020) believed
that SBS in superficial dentine is higher than deep dentine. Caries-free dentine will show
uniform permeability. Tooth surfaces must be kept wet, since drying the tooth surface for
several minutes may cause damage to the bonding surface, as dentine is sensitive to

dehydration.

2.7.1.2 Smear Layer

The smear layer is made up of an organic film composed of apatite particles
ranging in size from 0.5 to 15um on all surfaces, though it is not always continuous (Eick

et al., 1970). When the tooth surface is cut by hand or rotary instruments, smear layers
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are formed (Gwinnett, 1983). In clinical scenarios, bacteria and saliva contamination
might form a biofilm layer (White et al., 1989). A smear layer covering the bonding
surface also has the drawbacks of a weak bond to the underlying dentine and being brittle

(Pashley & Henry, 1991).

The removal of the smear layer prior to bonding or the use of bonding agents that
can penetrate beyond the smear layer while incorporating it are the two main options for
overcoming low bond strengths due to the smear layer's limited strength (Pashley et al.,

1997). Both methods have been proven to be effective (Van Meerbeek et al., 2003).

A smear layer is commonly prepared by grinding a tooth with silicon carbide
(SiC) paper for practical reasons. SiC paper with a grit of 600 is frequently used. Tooth
structure is cut by rotary or manual instruments during cavity preparation, resulting in
denatured collagen and altered surfaces. When dentine was cut by diamond bur and
carbide rotary instruments, according to Brinnstrom et al. (1979), the diamond cut
dentinal surfaces appear to have more irregularities and a thicker smear layer. A study by
El-Askary et al. (2008) showed that dentine and glass-ionomer adhesion, are proved to
be independent of the smear layer thickness. With the interposition of a smear layer,
bonding of GIC could be achieved even without the usage of dentine conditioner (Inoue

et al., 2004).

2.7.1.3 Substrate Location

Higher bond strength to the occlusal dentine was observed than buccal dentine. To
reduce variation and produce a uniform dentine structure, it is recommended that
superficial dentine be used, as close to enamel as possible. As a result of that, substrate

location must be specified when bond strength is studied (Sirisha et al., 2014).
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2.7.1.4 Storage condition and time

Storage media such as distilled water can be used. However, the storage medium
must be replaced weekly to limit bacterial growth (Liebermann et al., 2017). This is so as
the intense bacterial contamination typically results in an additional adverse impact on
surface properties. 0.5% aqueous solution of chloramine-T could be used as preservative,
and it need to be stored in distilled water for at least 2 h to reduce the chloramine
concentration before restoratives are used (Rolland et al., 2007). Aldehydes and other
preservatives that react with dentine or inhibit radical polymerisation (phenols, for
example) must not be used. Teeth that have been extracted for more than six months prior

to testing may experience dentinal protein degeneration, according to the ISO/TS 11405.

2.7.2 Variables related to testing specimen properties

2.7.2.1 Bonding area

A clear delimitation of the bonding area is important, according to ISO/TR 11405,
and the diameter of the bonded surface must be stated when comparing bond strengths.
The specific value for bond area wasn’t mentioned by ISO/ TR11405. In static tests, the
test specimen will be stationary when bond strength testing is carried out. Sano et al.
(1994) reported decreased tensile bond strength when the bonding area increased, with
specimens with rectangular bonding areas between 0.25-11.65mm?. Another report by El-
Askary et al. (2012) showed increased in shear-bond strength when smaller surface areas

of bonding area where used.
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2.7.2.2 Properties related to various types of GIC

In comparison to a conventional GIC, LC provides higher bond strength to teeth.
The methacrylate polymerisation of resin-based components creates more shrinkage of
hybrid ionomers during setting. There are two mixing methods of GIC- which is capsule-
mixed versus hand-mixed glass ionomer cements. Optimal clinical results can only be
achieved with correct mixing technique, mixing time and powder-to-liquid ratio. The
compressive strength of the capsule- mixed GIC were more superior than the hand-mixed
GIC, suggestive that capsule-mixed GIC might be more superior on teeth surfaces where

occlusal forces are higher (Arnold et al., 2022).

2.7.2.3 Operator skill and technique sensitivity

Individual operators would affect the outcome, and there are significant
interactions exist between products, substrates, and operators. Differences in individual
skill are always expected. This is because GIC may be difficult to handle and can lead to
inadequate adaptation to cavity and leads to gaps. Bonifacio et al. (2013) reported no
operator influence in the survival rate of proximal-ART restorations using GIC. The
proper use of hand instruments when inserting the adherent to the dentine is also

important to ensure there’s minimal to no gap on the cavity wall.

2.7.2.4 Storage medium before Shear-bond Strength Test

Regarding the storage medium after bonding of GIC prior to the SBS test, storage
of GIC in artificial saliva solution has shown better strength as compared to storage in

deionised water (Bali et al., 2015). Furthermore, artificial saliva simulates the oral cavity,
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which has a complex chemistry of the oral environment. GIC may release more fluoride
in deionised water than artificial saliva (Mallakh and Sarkar,1990). The reason for storing
in deionised distilled water (DI) is to maintain the SDF humidity and because it exhibits

a thin, smooth, regular coating with some occlusion of dentine tubules (Peng et al., 2021).

2.7.3 Variables of influence related to testing mechanics

2.7.3.1 Type of loading

There are several types of configurations used to load the shear force, which
include wire loops, knife-edges, and points (DeHoff et al., 1995). The use of a knife-
edged chisel causes significant stress concentration at the bonded interface, whereas the

use of a wire loop results in a better stress distribution at the area's edge (Braga et al.,

2010).

A wire loop configuration uses the smallest orthodontic ligature wire possible
(0.2mm) to provide better adhesive interface engagement and remove the substrate
evenly. The wire loop can be placed at an equal radius from the adhesive interface, with
the point of contact being the curved surface created by the wire. The repeated wire
ductile failure could be the limitation for wire loop technique as it deforms and stretches
prior to actual specimen loading. The knife- edged chisel was the traditional loading
method proposed by ISO standards, despite having several concerns regarding stress
concentration at a specific point on the bonded interface, leading to complex

representation of stresses and underestimated bond strength values (Ismail et al., 2021).
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2.7.3.2 Crosshead speed

The speed at which the sample is placed is loaded up to its breakage is essential
for in-vitro test. [ISO/TS 11405 recommended crosshead speed between 0.75 + 0.30
mm/min. Low speed may capture more reliable data, meanwhile high speed could
develop abnormal stresses during the mechanical testing leading to cohesive fracture. A
study done by Naves et al. (2016) showed that the failure load of premolars remained
unaffected by varying crosshead speeds in the range of 0.5-5.0 mm/min. Majority of
studies utilised crosshead speed of 0.5 or 1.0mm/min (Scherrer et al., 2016). Braga et al.
(2016) suggested that comparing load rates among testing assemblies that have various
compliance levels is more significant and less challenging than comparing crosshead

speeds.

2.8 Failure mode

Fractured specimens can be classified as cohesive, adhesive, or mixed. If more
than 75% of the bonding area is exposed dentine, this is considered adhesive failure.
Cohesive failure in materials is defined as more than 75% of the bonding area is covered
with remnants of GIC. Mixed failure would be the combination of both adhesive and
cohesive failures, involving between 25% and 75% of the bonding area (Francois et al.,
2020). Compared to macro-sized samples, microshear samples displayed higher adhesive
failure percentages. This might be explained by the smaller specimen diameter, which
lowers the possibility of complicated stress formation and yields more adhesive rather
than mixed/ cohesive failure (Ismail et al., 2021). A microscopic examination of the
fracture surfaces can reveal the assembly's failure mode. Stereomicroscopes are

frequently used to view magnifications of 10 — 50X.
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The fillings are categorized as displaying cohesive failure, when cracks in glass
ionomer cement (GIC) are observed close to the interface with the tooth structure. Cracks
that occurs in the GIC-tooth interphase may be due to sample dehydration and it is mostly
cohesive Mustafa et al., (2020). Due to the low cohesive strength of GIC, cohesive failure
may be present, suggesting that GIC-tooth flexural strength is higher and GIC cracks in
the bulk. Several factors can contribute to cohesive failure, such as errors in aligning the
specimen along the long axis of the testing device, the generation of microcracks in the
specimen during cutting or trimming, and the inherent brittleness of the involved material.

(Jiang et al., 2020)

Adhesive failure was reported as a complete detachment of GIC with the dentine.
Mixed mode of failure was reported when having partially attached GIC remnants to the
tooth substrate. Study done by Grossman and Mickenautsch (2002), showed that 16% of
the interphase layer was detached even before mechanical testing was performed. Braga
et al. (2010) showed that the maximum tensile stresses was presented along the surface
of fillet, which is located at the edges of the substrate and adherent. This showed that
maximum stresses was not located at the interface between substrate and adherent. The
study done by Braga et al. (2010) showed that the nominal bond strength, measured as
the applied load at failure divided by the cross-sectional area, is not representative of the

true stresses generated at the interface.
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Figure 2.8: A schematic illustration of the GIC interfacial characteristics by

Mustafa et al., (2020)

If the failure is adhesive in nature (located at the adhesive interface), wetting
properties or chemical reactions with the substrate will most likely be required to improve
bond strength. Structural cracking on GIC surfaces might form due to dehydration and
stress during mechanical tests. Cracking observed on GIC surfaces typically did not result
in the complete fracture of the GIC restoration at the base of the cavity. However, this
differs from mechanical tests where force was applied until the entire bulk of the GIC

experienced complete failure.

2.9 Research gap

In our pilot study, sound dentine exhibits higher bond strength in both LC and SC
HVGIC groups as compared to demineralised dentine when the control group (no surface
treatment) in SDF-treated dentine. When 25-30% polyacrylic acid was placed, the bond
strength has slight increase compared to no surface treatment groups. However, the large
variation in co-efficient was present. Pilot study was performed on sound dentine and

superficial dentine. On polyarcylic acid, before or after the SDF were placed. In the pilot
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test, the SC reading was higher when sound dentine was used when compared to
simulated carious dentine (SCD). The reduced adhesion was noted, but it may be due to
application of SDF, which was left unknown if there’s no control group experiment were

performed in our study for all the treatment groups.

Surface treatments for optimizing the bonding of self-cure (SC) and light-cure
(LC) high-viscosity GICs (HVGICs) in SDF- treated dentine are still limited. This poses
a significant gap in understanding the effectiveness of surface treatments in enhancing
the bond between these materials. With their finer glass particle sizes and higher powder-
to-liquid ratios, HVGIC materials offer shorter setting times, better handling, and higher
strengths (Scholtanus & Huysmans, 2007). The effective marginal seal between GIC and
the tooth surface is important after the placement of SDF. The usage of different surface
treatment system such as universal adhesive, phosphoric acid and RMGIC-based
adhesive may be considered as to enhance the bond strength of GICs to the SDF-treated

carious teeth.
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3.1 Materials

Chapter Three: Materials and Methods

This study was approved by the Ethical Committee of the Faculty of Dentistry,

University of Malaya, Kuala Lumpur, Malaysia (ID: DF RD1933/0096(P). The materials

evaluated in this study and their compositions are displayed in Table 3.1.

Table 3.1: Glass ionomer materials, surface treatment materials and their composition

used in this study.

Material Manufacturer | Abbreviation | Matrix Composition Batch
Number
Riva Star SDI, SDF 35-40% 8800535
Bayswater, silver fluoride, 15-20%
Australia ammonia solution and
deionised water
Riva Self SDI, SC Polyacrylic acid, K2106034E
Cure Bayswater, Tartaric acid, A
HV Australia Fluoroaluminosilicate
glass
Riva Light | SDI, LC HEMA, acrylic acid 8630002
Cure HV Bayswater, homopolymer,
Australia dimethacylate cross-
linker, acidic monomer,
tartaric acid glass
powder
Riva SDI, PAA 25-30% PAA 191214
Conditioner | Bayswater,
Australia
Super Etch | SDI, PPA 37% phosphoric acid 181104
Bayswater,
Australia
ZipBond SDI, /B 10-MDP, fluoride, 1170158
Bayswater, photoinitiator
Australia
Riva Bond | SDI, RB HEMA, polyacrylic 8800600
LC Bayswater, acid, acidic monomer,
Australia dimethacylate cross-
linker, tartaric acid.
Abbreviations: PAA: polyacrylic acid; HEMA: 2-hydroxyethyl methacrylate; 10-MDP:

10-Methacryloyloxydecyl dihydrogen phosphate

45




3.2 Methods

This research was divided into two: Part A and Part B. Total of one hundred and
fifty extracted maxillary and mandibular premolar teeth were collected from patients aged
from 18 years old to 45 years old for orthodontic treatment purpose which were collected
from private dental clinics in Cheras, Selangor region. For Part A, 140 teeth were
collected for the evaluation of SBS and failure modes. For Part B, 10 teeth were collected

for interfacial analysis of the bonded specimens by using SEM/EDX.

The inclusion criteria consisted of:

e The storage period no longer than 6 months in distilled water at 4°C until further
use

e Age of the subjects ranged from 18-45 years old

e Qcclusal surface of the enamel is intact.

The exclusion criteria were as follows:
e Teeth with developmental defects
e Teeth with cracks caused by the extraction forceps
e Dental caries
e Teeth undergoing attrition

e Teeth which had subjected to any pre-treatment chemical agent.

The teeth were kept in a container containing 0.5% chloramine-T trihydrate
solution for a week for disinfection purpose. An ultrasonic scaler was used to clean these
teeth (Piezon® Master 400, Switzerland) to remove hard and soft debris from the teeth
specimen. Following that, the teeth were stored no longer than 6 months in distilled water

at 4°C until further use.
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3.2.1 Part A Shear Bond Strength

3.2.1.1 Tooth preparation

Each specimen was sectioned 2.0mm from the central fissure by using a high-
speed sectioning machine (Micracut 176, Metkon®, Bursa, Turkey) (Figure 3.1) to
expose the flat occlusal dentine surface. Sectioning of premolars was performed
perpendicularly to the long axis of the tooth. The flat surfaces were inspected under a
stereomicroscope (Olympus, Japan) at 10x magnification (Figure 3.3) to ensure no
remnants of enamel or exposed pulp were in the specimen. The tooth surfaces were wet

all times.

Figure 3.1 High speed sectioning machine (Micracut 176, Metkon®, Bursa, Turkey).
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Figure 3.2 (a) Mounting of premolar tooth specimen in self-curing cold cure resin.

(b) Samples removed from the plastic mount and demineralised using pH-cycling

method.

Figure 3.3: Stereomicroscope (OLYMPUS szx7, Olympus Corp., Tokyo, Japan)
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Teeth were mounted using plastic rings with about 25mm internal diameter and a
height of about 25mm. Each specimen was embedded vertically in clear viscous self -
curing resin (Kemdent, Wiltshire, UK) (Figure 3.2). Removal of the mounted tooth was
done immediately after they set, then stored immediately in water (ISO3696, grade 3) at

4°C.

The dentine surface of each tooth was further polished for 60 seconds with 400
grit, 600 grit, and 1200 grit silicon carbide papers (Metkon® Instrument Ltd, Turkey)
using a water-cooled polishing machine (Isomet, Buehler; Lake Bluff, IL, USA) (Figure
3.4). The ground surface was perpendicular to the mounted tooth, with top and bottom
surfaces of the specimens made parallel to ensure the bonded substrate was well-aligned

during bonding.

Figure 3.4: Grinding and polishing machine (Isomet, Buehler; Lake Bluff, IL, USA).
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3.2.1.2 Surface preparation by pH cycling/ Demineralisation method

The polished teeth were immersed in different solution for pH cycling. The
demineralising solution comprised 2.2 mM CaCly, 2.2 mM NaH>PO4, and 50 mM acetic
acid with a pH of 4.6, while the remineralising solution comprised 1.5 mM CaCl, 0.9
mM NaH>POy4, and 0.15 M KCI adjusted to a pH of 7.0 (Table 3.2). Each specimen was
immersed (Figure 3.2b) for 8 hours in the 10 mL demineralising solution and 16 hours in
the 10 mL remineralising at room temperature (24 + 0.1 °C) for 10 days as shown in Table
3.2 (Dias et al., 2016; Buzalaf et al., 2010; Schiipbach et al., 1989). Fresh de- and
remineralisation solutions were used every time, due to the pH solution needing to be
standardised because frequent titration between high and low pH would either cause an
excessive increase in ionic strength or dilute the solution (Buzalaf et al., 2010). This also
prevented the solution from becoming exhausted or saturated, as well as preventing the
accumulation of dentine dissolution products. It is necessary to affirm the model

developed in this study by pH- cycling (Bassi et al, 2020).

A total of 4 demineralised samples from part A were being selected and were
viewed under polarisation sensitive optical coherence tomography (PS-OCT) by using
ThorLabs OCT system (OCM1300SS, Thorlabs, Newton, USA) for acquisition of
experimental images and verification of demineralisation procedure (Figure 3.5). A
700+14um deep, partially demineralised baseline lesion was confirmed with PS-OCT,

simulating caries-affected dentine.
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Table 3.2: Remineralising solution, demineralising solution and artificial saliva used in

the study
Code Material Composition
RS Remineralising KCL, 8.83mM
solution (pH 7.0) MgCl,.6H20, 0.29mM
CaCl. 2 H»O, 1.13mM
KzHPO4, 4.62mM
Fluoride, 0.022ppm
DS Demineralising 2.2mM NaH2POsq,
solution (Adjusted to | 2.2mM CaCl,
pH 4.6) 50mM acetic acid
1.0M NaOH,
Distilled Water

saliva

Artificial | SAGF medium

NaCl,125.6mg/L

KCl, 963.9 mg/L

KSCN, 189.2 mg/L
CaCl,.2H,0, 227.8 mg/L
KH>POy4, 654.5 mg/L
Urea, 200 mg/L

NH4Cl, 178 mg/L
NaHCO3, 630.8 mg/L
Na2S04.10H20,763.2mg/L

3.2.1.3

Figure 3.5 ThorLabs OCT system (OCM1300SS, Thorlabs, USA).

Groupings

One hundred forty premolar teeth were divided randomly into ten groups

of fourteen specimens for each adhesive group (Table 3.3).

51



3.2.1.4 Restorative procedure

Custom-made SDI jig mould (Figure 3.6) were used. The moulds were Smm in
height with a 3.5mm inner diameter. The SDI bonding jig was placed perpendicularly on

the centre of each tooth mounted after the SDF and surface treatment were placed.

The SDF-treated dentine surfaces were cleaned with pumice-water slurry and a
layer of 38% SDF (Figure 3.7) (Riva Star, SDI, Bayswater, Australia) was applied by
continuous scrubbing the silver capsule for 2 minutes, followed by washing, drying, and
placing in deionised distilled water for 2 weeks. Potassium iodide (KI) was not used in

the study.

Before the application of the tested restorative material, the surfaces were again
cleaned with pumice prior to surface treatment (shown in Table 3.3). The prepared teeth

were randomly divided into 10 groups of 14 and surface treated as follows:

Group 1 (T1) - no surface treatment was applied (control).

Group 2 (T2) — conditioned with 25-30% polyacrylic acid (PAA) (Riva
Conditioner, SDI, Bayswater, Australia) (Figure 3.8) for 10 seconds, washed, and gently

air dried.

Group 3 (T3) - etched with 37% phosphoric acid (Super Etch, SDI, Bayswater,

Australia) (Figure 3.9) for 5 seconds, washed, and gently air dried.

Group 4 (T4) — etched with 37% phosphoric acid for 5 seconds, washed, and

gently air dried, followed by application of a layer of universal bonding agent (Zipbond,
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SDI, Bayswater, Australia) (Figure 3.10) which was thinned with air and light cured for

20 seconds. The bonding area was delineated by observing the dentine surface only.

Group 5 (T5) - etched with 37% phosphoric acid for 5 seconds, washed, and gently
air dried, followed by application of a layer of RMGIC-based adhesive (Riva Bond LC,
SDI, Bayswater, Australia) (Figure 3.11) was which was thinned with air and light cured

for 20 seconds.

Two types of GICs were included in this study: Self-cured (Riva Self Cure HV
[SC]) (Figure 3.12) and light-cured (Riva Light Cure HV [LC]) high-viscosity glass
ionomer cements (HVGICs)(Figure 3.13). The 38% SDF used is Riva Star. The technical

profiles of the two materials are described in Table 3.1.

Table 3.3: Surface treatment groups involved in the study.

Material Code | Number of samples
(n)
Per group

GROUP 1 T1 14
No treatment

GROUP 2 T2 14
Riva conditioner: 25-30% polyacrylic acid (PAA)

GROUP 3 T3 14
Super etch: 37% phosphoric acid (PPA)

GROUP 4 T4 14

Super etch: 37% phosphoric acid (PPA) +

Zipbond : Universal adhesive

GROUP 5 T5 14
Super etch: 37% phosphoric acid (PPA) +

Riva bond LC: RMGIC-based adhesive
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Figure 3.6: SDI Jig Mould (SDI Shear-bond Strength Rig, SDI Limited, Bayswater,

Australia)

Figure 3.7 Riva Star, 38% SDF/KI (SDI, Bayswater, Australia)
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Figure 3.8: Riva conditioner:
25-30% polyacrylic acid(PAA)

(SDI, Bayswater, Australia)

Figure 3.10: Zipbond :
Universal adhesive

(SDI, Bayswater, Australia)

Figure 3.9: Super etch:
37% phosphoric acid (PPA)

(SDI, Bayswater, Australia)

Figure 3.11: Riva bond LC :
RMGIC based adhesive

(SDI, Bayswater, Australia)
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Figure 3.12 Riva self-cure HVGIC (SDI, Bayswater, Australia)

Figure 3.13 Riva light-cure HVGIC (SDI, Bayswater, Australia)
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Figure 3.14 Capsule Mixer (CMII, GC, America)

Figure 3.15: Placement of GIC on to the SDI Jig Mould.
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The SC and LC capsules were activated using capsule mixer (Figure 3.14) for 10s
before placing them into the SDI mould (Figure 3.15). For SC, the GIC was then
compressed with a mylar strip to ensure good adaption. Each layer of LC was placed 2mm
at a time and light cured for 20 seconds using LED light curing unit (Demi Ultra, Kerr,
Orange, USA) (Figure 3.16). The metal mould was left, unremoved at the dentine surface.
A total of 14 GIC-dentine samples were fabricated for each type of the restoration
material. The dentine surface of each specimen group received different surface
treatments prior to placement of the GIC as outlined in the previous section (Table 3.3).
The HVGICs were left to set for 5 minutes in the moulds and metal jig before removing
the spring clamp from the assembly. The bonded specimens were stored with the metal
moulds in-situ in artificial saliva (SAGF medium) (Table 3.2) at 37°C and 100% relative

humidity for a week.

Figure 3.16: Light curing machine (Demi Ultra, Kerr, Orange, USA)
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Figure 3.17: The schematic diagram of sample preparation.
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3.2.1.5 Testing Procedure

The flow of the experiment was summarised in Figure 3.17. The specimens were
positioned in the universal testing machine (UTM) (Shimadzu, Japan) fitted with a
custom-made notched-edge blade (Figure 3.18). The long axis of each specimen was
placed perpendicular to the direction of the applied force (Figure 3.19a). The experiment
was carried out at a temperature of 24°C, and the specimens were removed from the
deionised water immediately before the experiment were carried out. The shear loading
test was performed at a crosshead speed of 1.0 mm per minute (Figure 3.19b-c) using

UTM with 500N load force. The shear-bond strength was calculated as below:

F =N/A, where F is the shear-bond strength (MPa), N is the maximum force exerted on

the specimen (in Newtons), and A is the size of the bonding area (mm?).

After testing, all debonded surfaces were being examined under stereomicroscope
(Olympus, Japan) (Figure 3.3) using 25x magnification to inspect the amount of GIC that
are left on the dentine and to determine the mode of failure. The mode of failure was

classified as below:

a) Adhesive failure is defined as more than 75% of the bonding area is exposed
dentine.

b) Cohesive failure in GIC is defined as more than 75% of the bonding area is
covered with remnants of GIC.

c) Mixed failure would be the combination of both adhesive and cohesive failures

between 25% and 75% of the bonding area.
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Notched-edge loading

— > Dentine substrate

Internal diameter: 3.5mm

Arcylic
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Figure 3.18: Schematic diagram of specimen with GIC build up occlusally. The

SDI Jig with GIC
Height: Smm

cylindrical stainless-steel mould was placed with an internal diameter of 3.5mm and

height of 5.00mm.
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Figure 3.19: a) Universal testing machine (UTM) (Shimadzu, Japan). b)
Specimen alignment with the jig in UTM. c) Close-up view of notched-edge jig

with metal enclosed mould.
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3.2.1.6 Data analysis

Normality of data was assessed using the Shapiro—Wilk test. Shapiro-Wilk test
which is one of the most widely used methods to test the normality of the data besides
Kolmogorov—Smirnov test. Shapiro-Wilk test was done because it is more appropriate
for small sample size less than 50 samples). Based on Shapiro-Wilk test analysis, the data
were not normally distributed. The data comparison among treatment groups SC and LC
was non-parametric, thus the statistical analysis was done with Kruskal-Wallis test and

post hoc pairwise comparisons (a=.05). Data was analysed using SPSS version 26.

3.2.2 Part B SEM/EDX Analysis

3.2.2.1 Tooth selection
Ten extracted sound premolar tooth were selected for Part B. They were randomly

assigned to one of the five groups.

3.2.2.2 Tooth preparation

Each specimen was sectioned 2.0mm from the central fissure by using a high-
speed sectioning machine (Metkon®, Turkey) (Figure 3.1) to expose the flat occlusal
dentine surface (Figure 3.2). The flat surfaces were inspected under a stereomicroscope
(Olympus, Japan) at 10x magnification (Figure 3.3) to ensure no remnants of enamel or

exposed pulp were in the specimen. The tooth surfaces were wet at all times.

The dentine surface of each tooth was further polished for 60 seconds with

400 grit, 600 grit, and 1200 grit silicon carbide papers (Metkon® Instrument Ltd, Turkey)
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which were placed on the water-cooled polishing machine (Isomet, Buehler; Lake Bluff,

IL, USA) (Figure 3.4).

3.2.2.3 Surface preparation by pH cycling/ Demineralisation method

The demineralised dentine was created as mentioned in section 3.2.1.2.

3.2.2.4 Grouping

The grouping of adhesive systems in part B was the same as in part A (Table 3.3).

3.2.2.5 Restorative Procedures

The restorative procedures were carried out as mentioned in section 3.2.1.4.

3.2.2.6 Preparation of samples
Each specimen was embedded vertically in clear viscous self-curing cold cure
resin in a rectangular block. Removal of the mounted tooth was done immediately after

the setting of the resin, and stored immediately in water (ISO3696, grade 3) at 4°C.

The specimens were sectioned through the restoration sagittally (Figure 3.17)
under continuous water agitation with a high-speed sectioning machine (Metkon®,
Turkey) (Figure 3.1). Each tooth was sliced into two specimens, each with a flat surface
on both sides (Figure 3.20). The specimens (Figure 3.21) were then polished with a
grinding and polishing machine (Figure 3.4) for 60 seconds under running water with an

increasing grit of silicon carbide paper (600 grit, 800 grit, 1200 grit).
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Figure 3.20: Schematic diagram of SEM/EDX samples preparation.

Figure 3.21: Specimen preparation for SEM/EDX analysis.

3.2.2.7 Examination procedure
Scanning electron microscopy (SEM) and elemental analysis were done

using vacuum scanning electron microscope (SEM) (Quanta-FEG 50, FEI,
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Germany) (Figure 3.22). At each time point, an image (n=1) was taken of the
surface of the dentine and GIC interface at two magnifications of 500x and 2000x.
SEM micrographs were produced in a SEM machine at various magnifications

using an accelerating voltage of 10 kV.

Figure 3.22 Scanning Electron Microscope (SEM)

(Quanta-FEG 250, FEI, Germany)

The energy-dispersive X-ray analysis (EDX) (n=1) is ultilised to analyse the
superficial dentine presented with elements including oxygen, calcium, phosphorus,

silver, aluminum, fluoride, silicon and strontium.

3.2.2.8 Evaluation of adaptation failure

Imagel software was used to analyse and calculate the amount of GIC remnants
left on the dentine surface (Figure 3.23). A red photo contrast was placed on the area

with remnant GIC.
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Figure 3.23: Evaluation of failure mode (a) Sample image (b) Example of calculation %
using NIH ImageJ image analysis software (red colored areas) for adaptation
failure on stereomicroscope image. The red colored area was showed remnant GIC
failure areas in the stereomicroscopy image with failure was recorded and classified
according to adhesive (less than 25%), cohesive in material (more than 75%) or mixed

failure (between 25%-75%).

3.2.2.9 Data analysis

Data was analysed using SPSS version 26. The data was subjected to Pearson

Chi-Square with Bonferroni Adjustment (p<0.05).
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Chapter Four: Results

4.1 Part A

4.1.1 Shear-bond strength of different surface treatment groups

Table 4.1: Mean + Standard Deviation of Shear-bond Strength (SBS) for the two glass

ionomer cements and various surface conditioning treatment groups

Pre- Tl T2 T3 T4 T5 p- Post
treatment value | hoc
materials

Riva HV | Mean 6.12 £]640 £]298 +0.00 344 +]0.003 | T2,

self-cure 301 [3.06 |2.50 1.03 Tl
(8O) >TS,
Median | 6.50 | 6.57 |2.15 | 0.00 |3.57 T3
(6.02) | (4.08) | (3.99) (1.13)

Riva HV | Mean 0.00 475 £17.09 £| 757 £]9.23 £+|0.014 | TS,

light- 373 |3.01 323|432 T4,
cure Median [ 0.00 [3.71 [634 [690 |10.52 T3>
(LO) (4.60) | (4.36) | (3.20) | (5.78) T2
p-value - 0.129 [0.001* |- 0.001*

Abbreviations: T1, control; T2, Riva Conditioner; T3, Super Etch; T4: Super Etch +
Zipbond,; T5: Super Etch + Riva Bond LC.
Result of Kruskal Wallis test, with post hoc pairwise comparisons (a=.05).

*indicates statistically significant differences between groups (P< 0.05).

The p-value of the normality test (Shapiro-Wilk) for SBS was less than 0.05 in all
adhesive groups. Hence, the data was not normally distributed. Non-parametric univariate

statistical analysis was performed using Median and Interquartile Range. Kruskal-Wallis



test was used to compare the median rank within the treatment groups. Overall, there was
a significant difference in SBS between the groups (p < 0.001). Thus, post hoc test
multiple comparison (p<0.05) was used. Table 4.1 shows the median and mean values of

the SC and LC to simulated carious dentine after 1-week storage in artificial saliva.

Within the SC groups, the SC-T2 group showed the highest median (IQR) SBS
followed by the SC-T1 and SC-T5 respectively. The lowest median (IQR) SBS was

observed in the SC-T3. The difference between them was significant (p<0.05). The

universal adhesive surface treatment group resulted in no specimens surviving.

In the LC groups, the differences between groups were significantly different
(p<0.05), in which the LC-T5 group showed the highest median (IQR) SBS followed by
the LC-T4 and LC-T3 group respectively. The lowest SBS was obtained in LC-T2 group.
The “none” surface treatment group resulted in no specimens surviving after the 1-week

storage.

The result of the Kruskal-Wallis post hoc test at 95% confidence level (Table 4.1)
showed significant mean difference in SBS between SC and LC group in treatment

material T3 (p<0.001). In addition, there was significant mean difference in SBS between

SC and LC group with T5 (p <0.0001).

4.2 Part B

4.2.1 Mode of failure

According to Figure 4.1 and Table 4.2, data of failure modes for all adhesive

groups were analysed using Pearson Chi-Square test with Bonferroni Adjustment. The



example of stereomicroscope images were displayed in Figure 4.2. SC generally
exhibited adhesive failures, when compared to mixed failure groups. Only group SC-T5
presented with one cohesive failure. Conversely, LC exhibited mostly adhesive and
mixed failure in the material for most surface treatments. Only LC-T2 presented with one
cohesive failure. When comparing the failure modes between groups, the result of failure
mode was not significant. SC groups presented with higher adhesive failure when

compared with LC, as LC has more mixed failure.

There are no data for SC-T4 and LC-T1 as the specimens failed prematurely. The

minimum expected count is less than 5, the results are inconclusive, which might be

influenced by the small sample size.

Table 4.2: Distribution of failure modes for the various surface treatment, Number (%)
Treatment Riva HV self-cure (SC) Riva HV light-cure (LC)
Adhesive | Cohesive Mixed | Adhesive | Cohesive Mixed
(%) in (%) (%) in (%)

materials materials

(%) (%)
T1] 10(71.4) -1 4(28.6) 0(0.00) 0(0.00) 0(0.00)
T2 | 9(64.3) - 5357 | 4(28.6) 1(7.1) 9(64.3)
T3 | 13(92.9) - 1(7.1)| 7(50.0) - 7 (50.0)
T4 0(0.00) 0(0.00) 0(0.00) | 7(50.0) - 7 (50.0)
T5 7 (50.0)

11 (78.6) 1(7.) ] 2@143)| 7(50.0)
n=14,; Abbreviations: T1, control; T2, Riva Conditioner, T3, Super Etch T4: Super
Etch + Zipbond, T5: Super Etch + Riva Bond LC; Adhesive failure %, more than 75%
of the bonding area is exposed dentine; Cohesive failure % in GIC, more than 75% of
the bonding area is covered with remnants of GIC; Mixed failure %. the combination
of both adhesive and cohesive failures between 25% and 75% of the bonding area.
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Distribution of failure modes for the various surface treatment,
percentage (%)
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Figure 4.1: Bar graph of distribution of failure modes for the various surface
treatment, percentage (%)
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Figure 4.2: Stereomicroscope images of a) adhesive failure b) cohesive failure ¢) mixed

failure. D = Dentine surface; GIC = Glass ionomer cement
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4.2.2 SEM Qualitative Evaluation

In Figure 4.3a, the SEM image showed 2000x magnification SC specimen without
any surface conditioning. The ion exchange layer seems to be well adapted between both
dentine and GICs compared to the others HVGIC group. SEM analysis showed a gap in
between SC, LC and dentine in Figure 4.3 (b-g). These surfaces were coated with

formation of precipitates on tooth surface.

Figure 4.3e showed dense spherical nodular structure, suggestive of filler present
in the layer between dentine and GIC. Figure 4.3f showed thin cylindrical configuration
of resin tags could be observed after conditioning the dentine surface. Noted dense
spherical nodular structure presented in the layer between dentine and GIC. All LC groups
exhibited hybrid layer (Figure 4.3 (f-g), except the one treated with polyacrylic acid.
Figure 4.3(f) showed short and discrete resin tag were seen with thin hybrid layer in
phosphoric acid-treated LC groups. Figure 4.3(a) and (h) presented with reduce gap in

the interfacial region.
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Figure 4.3, continued.
SEM photomicrographs of 2000x magnification of the dentine specimen interface after

treatment with surface treatment.

(SCTT1) SC with dentine treated without any surface treatment;
(SCT2) SC with dentine treated with PAA;

(SCT3) SC with dentine treated with PPA;

(SCT5) SC with dentine treated with PPA and Riva bond LC;
(LCT2) LC with dentine treated with PAA;

(LCT3) LC with dentine treated with PPA;

(LCT4) LC with dentine treated with PPA and Zipbond;

(LCT5) LC with dentine treated with PPA and Riva bond LC.

SC: high viscosity glass ionomer cement; LC: resin-modified glass ionomer cement;

D: dentine. *Yellow arrow shows presence of resin tags.
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EDX Qualitative Evaluation

Table 4.3 Representative EDX analysis of dentine surface treated with SDF with SC.

SC-T1 SC-T2 SC-T3 SC-T5
Element| Weight %| Atomic %| Weight Atomic % | Weight | Atomic | Weight | Atomic
% % % % %
C 39.50 2.60 28.80 2.00 14.80 1.90 17.97 35)0.3
O 33.50 1.80 41.40 1.40 36.20 1.00 3713 4;6.9
F 4.60 0.80 540 0.60 3.60 0.30 7.06 7.52
Al 3.30 0.40 2.20 0.20 7.50 0.30 1.99 1.49
Si 3.10 0.40 0.60 0.20 9.20 0.40 7.34 4.78
P 2.50 0.50 7.70 0.50 9.60 0.40 1.57 0.93
Ca 0.70 0.40 7.40 0.50 5.50 0.30 1.54 0.70
Sr 5.80 1.00 3.40 0.60 12.40 0.70 9.75 2.04
Ag  6.90 1.30 3.10 0.80 1.20 0.50 |0.37 |0.06

Table 4.4: Representative EDX analysis of dentine surface treated with SDF with LC.

LC-T2 LC-T3 LC-T4 LC-TS

Element| Weight % | Atomic %| Weight% | Atomic | Weight | Atomic Weight Atomic %
% % % %

C 24.02 35.39 15.99 26.14 | 29.00 |40.80 16.08 28.10
O 40.57 44.89 40.51 49.71 140.93 |43.23 36.55 47.95
F 7.60 7.08 2.86 2.96 6.36 5.66 4.68 5.17
Al 0.60 0.39 0.69 0.50 |2.8l1 1.76 1.29 1.00
Na 0.37 0.29 0.45 0.39 0.41 0.30 0.40 0.36
P 7.65 4.37 11.23 7.12 3.33 1.81 6.89 4.67
Ca 15.13 6.68 24.15 11.83 [ 6.10 |2.57 13.41 7.02
Ag 34 0.56 2.75 0.50 ]2.24 0.35 16.97 3.30
S 0.26 0.14 0.47 0.29 - - - -
Si - - - - 4.84 1291 0.94 0.70

Results from Table 4.3 and Table 4.4 shows qualitatively recorded presence of

fluoride (F) and silver (Ag) in all the dentine surfaces. The SEM-EDX study was

performed without any dehydrating and coating. The treated dentine surface was mainly

composed of oxygen, carbon, fluoride, calcium, phosphorus and silver. Fluoride levels

were present in all dentine surface. Silver ions were also found in the dentinal tubules. In

our study the atomic percentage (at %) does not have a correlation with the SBS involved.

However, in LC-T3, it was reported that the content of Ag is highly detected (3.30 at%)

on the dentinal surface.
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Group SC-T1 Group SC-T2 Group SC-T3 Group SC-T5

Group LC-T2 Group LC-T3 Group LC-T4 Group LC-T5

Figure 4.5: EDX Spectroscopy from all 8 different groups. Note that Ag was detected in all the treatment groups.
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Chapter 5: Discussion

5.1 Methodology

The main objective of the present study was to investigate the effects of different
surface treatments on the SBS of SC and LC on SDF-treated carious dentine.
Furthermore, we wanted to analyse the associated failure mode using a stereomicroscope
and digital imaging software. Although several methods of placement of GIC after the
application of SDF have been researched, very few have evaluated whether surface
treatment on demineralised dentine could have any effect on the SBS between the GIC
and dentine. In our study, the first null hypothesis was rejected, because all surface
treatments affected on the bond strength of SC and LC to SDF-treated simulated carious
dentine (SCD), except SC-T4 and LC-T1 because they failed to bond on the tooth surface.
The second and third null hypotheses are accepted, as the surface treatments on SDF-
treated SCD did not affect the failure type. Furthermore, the presence or absence of the
ion exchange layer did not relate to the bond strength changes for GICs adhering to SDF-

treated SCD.

When evaluated, the decrease in mean SBS was not similar for all surface
treatment materials. The bond strength of LC was comparable with SC, which is not
similar to a study that showed LC to simulated carious dentine was reported to be higher
than SC (Choi et al., 2006). This may be because, in LC, there was a lack of formation of
tags at the dentine-cement interface, due to the lack of penetration of RMGIC polymer
into the dentinal tubules as the SDF layer was shown present on the dentine surface. This
was observed in the present study in the elemental analysis where Ag was present in all

surfaces.

No surface treatment was chosen as the control group because GIC can adhere to

the tooth surface with chemical bonding even without surface treatment (van Meerbeek
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et al., 2003). In our study, there is little Ca in this region due to the demineralisation, and
the bond strength should be comparable to the self-cure GIC. This may be due to the outer
surface layer of the SDF- treated dentine has an elevated level of calcium and phosphorus
and a corresponding increase in microhardness (Chu et al., 2008). However, in our study,
SC could bond with SDF-treated dentine, while LC material failed to bond to the dentine
surface in the group without surface treatment. It differs from a study by Tanumiharja et
al. (2000) which LC can adhere to the dentine interface without dentine conditioner. In
our study, this may have been difficult as the silver-incorporated precipitate layer was
thick, HEMA and resin from LC could not diffuse into the calcium-rich hydroxyapatite
layer. Therefore, without suitable surface conditioning, there is no bonding between the
dentine and the LC, thus the LC specimens failed. Glass ionomer products that contain
resin monomer may require dentine treatments that differ from traditional glass ionomer

cements. This was anticipated before the experiment was carried out.

In our study, SBS in SC wasn’t statistically significant when no conditioner or
when PAA was placed. This result concurs with the result of Tanumiharja et al. (2000),
which mentioned that there were no significant differences between conditioned and non-
conditioned GIC. The reported findings confirm previous research that showed no
advantage of surface pre-treatment with 10-25% polyacrylic acid in terms of GIC bond
strength to the dentine (Bassi et al., 2020; Ng et al., 2020; Francois et al., 2020). However,
other reports refute this observation by showing polyacrylic acid had several benefits
which can enhance the bonding of GIC to caries-affected dentine (Saad et al., 2017,
Ugurlu et al., 2002). Conditioning with a weak acid such as 26% polyacrylic acid is
known as the gold standard (Hoshika et al., 2015). It is believed that in the current study,
PAA had to diffuse downward through a bed of demineralised collagen fibrils to infiltrate
the interfibrillar spaces with either chemical adhesion or micromechanical retention. It

increases the wettability of the dentine surface and improves ion exchange with the
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cement (Powis et al., 1982). However, it might be due to the thickness of the SDF layer,
the resin component from LC could be difficult to penetrate into the demineralised

interfibrillar spaces.

Application of phosphoric acid as pre-treatment yields the lowest bond strength in
the SC group, while in the LC groups, it had significantly higher median SBS reported
compared to the polyacrylic conditioner and control groups. Our former result was similar
to studies that found a drop in SBS of SC to phosphoric acid-etched teeth, both in caries-
affected and normal dentine (Bassi et al., 2020; Kokmaz et al., 2010). It could be due to
during SC placement to phosphoric acid-conditioned SDF dentine, there is a diffusion
gradient. The demineralised dentinal collagen in the phosphoric acid group relies on the
infiltration of PAA from the setting SC cement, unlike the dentine pre-treatment with
PAA where some of the PAA may be retained by chemical bonding to the partially
demineralised collagen. The high viscocity self- curing and light-curing GIC is used in
this study, the viscosity might be too thick for the GIC to wet the demineralised dentine

surface, thus failed to infiltrate the dentine.

On phosphoric-acid-etched dentine, there is a non-continuous thin intermediate
layer as noted in our SEM observation, that contains SDF and banded collagen, as the
apatite crystallites are partially dissolved in the demineralised collagen network (Van
Meerbeek, 1996). Due to the aggressiveness of pre-treatment protocols, this can cause
excessive demineralisation and consequent lack of minerals for SC chemical bonding.
The SC bonding mechanism is mainly produced by ionic exchange with calcium-free
radicals. When the smear layer and smear plug is removed by phosphoric acids, the
calcium radicals and the capability to form a bonding bridge between the cement and
dentine walls are also reduced (Van Meerbeek et al., 2006; Powis et al., 1982). However,

there might be a collapse of the demineralised collagen network if the acid-etched dentine
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is desiccated before GIC placement. This aggressive pre-treatment protocol can leave a
bed of denuded collagen within the subsurface of demineralised dentine (Gwinnett A. J.,
1994). When acid etching, in contrast to conditioning, the smear layer and smear plug are
removed, which may increase the dentine permeability and outward flux of dentinal fluids
during bonding. The fluids might dilute the chemically cured GICs, producing weak
bonds to dentine. However, the removal of the smear layer will clean and create a uniform
surface for bonding and prevent any blocking of dentinal tubules. Therefore, our study
uses the 5s-etching method as Scheffel et al. (2012) reported that phosphoric acid etching
for 5s showed the lowest dentine calcium loss compared to 10s and 15s etching. Short
etching is thought to limit the loss of calcium ions from the superficial dentine. In the
later result, the use of phosphoric acid before LC had improved the bond strength to SDF-
treated dentine, which corroborates with some recent studies (Valente et al., 2002;
Coutinho et al., 2006; Nicol0 et a., 2007; Pereira et al., 2002). Surface treatment with
phosphoric acid can promote the formation of an acid-base resistant layer (ABR) by the
interaction of adhesives to the hydroxyapatite crystals to form less soluble calcium salts
that can resist the acid-base challenge (Waidyasekera et al., 2009). In our study, thin
cylindrical resin tags were observed in all phosphoric acid-treated- LC groups, which

could be the ABR layer.

In this study, the group tested with universal adhesive failed to bond SC on the
SDF-treated dentine surface. Failure of SC to bond in SC-T4 was anticipated, mainly due
to the thickness of the universal adhesive which acted as a barrier preventing the cement
from chemically curing directly to the dentine. However, there’s an increase in SBS of
LC to SDF-treated SCDs using universal adhesive, which is similar to a few studies
conducted by Besnault et al. (2004), Imbery et al. (2009), El-Askary and Nassif (2011),
and Ugurlu (2020). However, the SDF-treated surfaces were found to have significantly

lower tensile bond strengths to dentine for two dental adhesive resin cements, which
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contained MDP or 4-META (Soeno et al., 2001). In our study, dentine bonding agents
can form a chemical union with LCs due to the HEMA and other resins in LCs. As
Zipbond contains 10-MDP as the acidic functional monomer, this might positively
improve the bond strength of LC (El-Askary et al., 2011; Saad et al., 2019). In our study,
the fluoride ions level after the application of universal adhesive was about the same level
with other treatment groups. This contrasts with a study by Mazzaoui et al. (2000) found
that dentine bonding agents significantly reduced the fluoride released by LC; however,
they do not prevent the fluoride passing through. In our study, the consistent level of

fluoride might be due to the fluoride released by SDF, not by the GICs.

Another very interesting point is, this study has demonstrated that RMGIC-based
adhesive, had the highest bond strength of LC to dentine, but low bond strength of SC to
dentine. This is in contrast with the study carried out by Talip et al. (2017) which shows
that RMGIC-based adhesive increased bond strength for SC groups which was similar to
our GIC used in the study. This finding confirms previous research that showed SDF-
treated dentine was less affected when RMGIC adhesive was placed before resin
composite (Koizumi et al., 2016). RMGIC adhesive, which adheres chemically and
mechanically to dentine and adheres chemically to the SC (Cho and Cheng, 1999), did
not work in our current study. It may be due to the light-cure set RMGIC adhesive being
unable to reach its maturation stage to bond with HVGIC with additional calcium ion
exchange. The elevated HEMA resin content (25-40%) within the LC material results in
less predisposed to adhere to HVGIC unless the surface is appropriately roughened.
During LC development, the acid-base reaction and light-polymerisation reactions
compete with and inhibit one another. The essential component of the acid-base reaction
requires water; however, in LC, the content of water is reduced, which may retard the
acid-base reaction. In conventional GIC, it could take 24 hours to 1 week to reach

maturation, whereas in light-cure GIC, the resinous portion might have the immediate
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setting but not the GI portion (Berzins et al., 2010). According to manufacturers’ data,
the P/L ratio for Riva Self Cure HV is 3.85 (0.5/0.13), which is high. GIC with a low P/L
ratio will usually produce lower bond strength because of decreased ion released to form
an ion exchange layer (Shebl et al., 2015). However, our observation is when the P/L ratio
is high, the GIC has more unreacted particles, which act as stress concentration points to
reduce the SBS value recorded for SC, as compared to LC (Yap et al., 2001). In the
meantime, LC shows increased bond strength with RMGIC adhesive due to their high
wettability and their resin content, thus an increase in surface energy and shear-bond
strength. This may be due to the reduction in the consistency of the LC; the powder/liquid
ratio in Riva Bond LC is 0.7 (0.7:1) compared to Riva Light Cure GIC which is 3 (3:1).
Pereira et al. (1997) noticed that RMGIC-based adhesive contains HEMA, which has
excellent wetting ability on the tooth surface, as it can improve the infiltration of adhesive

monomer into demineralised dentine, thus improve the bond strength.

The reported failure modes varied in this study. In SC groups, generally, adhesive
failure was exhibited, while in LC groups, generally adhesive and mixed failures were
exhibited. Failure is not purely random; instead, it occurs wherever a crack in the material
propagates (Wang & Darvell, 2007). This type of failure shows that the adhesive strength
of SC and LC to dentine was weaker than its cohesive strength. This demonstrates a
higher bond strength between the dentine and GICs as compared to between the GICs and
the surface treatment materials. In both groups, if adhesive failure and mixed failure were
observed, it may have been due to the gap between GIC and teeth specimens noted in the
SEM analysis. In our study, cohesive failure specimens occurs once in each specimens.
It was believed that in terms of cohesive failure mode, it can represent a combination of
the mechanical characteristics of the many materials involved rather than a strong
interface bonding. Several factors can lead to cohesive failure, such as microcracks in the

specimen created during cutting or trimming, faults in specimen alignment along the long
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axis of the testing apparatus, and the brittleness of the material involved. Cohesive failure
specimens should be discarded, and only data from adhesive failure or mixed failure
specimens with a limited region (< 10%) involved should be used for the computation of

bond strength. (Jiang et al., 2020)

In the failure mode, we used Imagel software to analyze and calculate the amount
of GIC remnants left on the dentine surface. A red photo contrast was used to contrast the
remnant GIC seen in the dentine. According to Jensen (2013), it was important to use
image analysis to compare the intensity of the marker in the image, compared to
“eyeballing” an image to state a particular area. In order to calculate the selected area, the
software can choose the selection area and shape to view the percentage of remnant GICs
left on the confined mould area rather than the whole dentine surface. HVGIC is full of
porosities and focal points for crack initiation and propagation. The adhesive used is
likely to have fewer cracks, leading to an increase in bond strength. This could possibly

result in a change in the common mode of failure.

Air-dried and uncoated samples were examined by SEM using low vacuum
imaging to allow better analysis of the interface, with EDX analysis. Both GICs contain
water, therefore they are difficult to be observed at the bonding interface due to
dehydration and metallisation. The vacuum required to perform the SEM and EDX
analysis would cause cracks in the glass ionomer. In ionomeric materials, the presence of
cracks affects the mineral measurements, therefore only continuous regions were assessed

and the cracked areas were excluded.

When the SEM/EDX was carried out at each time point, an image was taken of the
surface of the specimen at two magnifications of 500% and 2000x (Ahmad et al., 2009).

This enabled detailed views of the focused area. SEM analysis showed a gap between SC,
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LC, and dentine in SC-T2 to SC-T5 and LCT2- LCT4, this was coated with the formation
of precipitates on the tooth surface. The presence of gaps in this layer might indicate high
filler content of GIC and lack of ion exchange layer formation. The lack of ion exchange
could mean the inability of the polyacrylic acid and phosphoric acid to decalcify the
underlying dentine. The noted gap could be attributed to the contraction of dentine and
GIC which causes separation of the materials at its weaker point (El-Askary et al., 2011).
In this study, a slight improvement in the SBS of SC with the polyacrylic acid step could
be explained by the SEM result. This is due to the application of polyacrylic acid can
preserve the silver precipitate layer. The continuous layer of silver precipitate was found
in HVGIC treatment by none surface pre-treatment and polyacrylic acid. All LC groups
exhibited a hybrid layer, except the one treated with polyacrylic acid. Short and discrete
resin tags were seen with thin hybrid layers in phosphoric acid-treated LC groups. SEM
in the phosphoric acid treated group in SC and LC decalcified the underlying dentine,
aiding the GIC to form an ion exchange layer. In the LC group, phosphoric acid with
universal adhesive and RMGIC adhesive resulted in the formation of numerous long,
funnel-shaped resin tag extensions. In the SEM view for the LC group of RMGIC-
adhesive-treated-dentine, the bud-like configuration of tags was observed (Figure 4.3h),
which might be due to the high glass-filler content. The formation of a hybrid layer is
important to resist abrupt debonding stress (De Munck et al., 2005). SCT1 and LC-T5
presented with reduced gaps in the interfacial region. The reduced width in gaps in SCT1
and LC-TS revealed a thin continuous adhesive interface, this could indicate high
wettability of the substrate to dentine, and it could be due to the type of conditioning

which allowed better monomer penetration into the dentine.

Chemical analysis for the assessment of the relative mineral content of SDF-treated
dentine after GIC was placed was carried out by SEM/EDX spectroscopy. EDX analysis

of superficial dentine presented with elements including oxygen, calcium, phosphorus,
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silver, aluminum, fluoride, silicon, and strontium. In groups SC-T2 to SC-T5 and LC-T2
to LC-T5, EDX confirmed the precipitation of silver precipitates and fluoride ions in the
superficial dentinal tubules. This shows inorganic exchanges between the SDF and GIC
to superficial dentine. The silver chemicals can effectively increase the interfacial
hardness and roughness at the GIC-dentine interface. Silver and silver oxide created
might be important to improve the SBS between glass ionomer to stainless steel metal
orthodontic bracket (Fricker, 1998). The application of surface-conditioning did not
induce any increase in the concentration of the F and Ag, except in the group with RMGIC
adhesive with LC, there’s a peak of Ag precipitates observed. This is related to a
significantly high SBS reading reported in LC with the surface pre-treatment with
RMGIC adhesive. Conversely, SEM/EDX showed that when pure phosphoric acid was
placed, the Ag level drops. This may be due to etching removed some silver precipitates
on the dentinal surface. Fluoride (F) is an important ion involved in caries prevention. In
both groups, the fluoride level did not show significant differences. Strontium-apatite was
found in SC as compared to LC. The formation of more insoluble apatites, such as
strontium-apatite and fluorapatite will protect against the formation of caries (Paiva et al.,
2014). In a study by Ngo et al. (2006), the ion exchange happens when fluoride and
strontium ions are available in GIC. There will be both fluoride and strontium ions to
undergo apatitic activity for areas in dentine where calcium ion levels are low with
strontium ions replacing the missing calcium. The presence of calcium (Ca) in SC is lower
as compared to the LC group. This could be due to the apparent exchange of Ca from the
dentine with Sr at the restoration interface, which was higher in the SC group. The
presence of aluminium (Al) in the dentine surface of GIC groups may be due to the AIF*
and AlF> ions leached from glass ionomers. The aluminium chloride could stabilise the

collagen matrix during future demineralisation.
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In this experiment, extracted sound human premolars were used; the exclusion
criteria for selection were teeth with cracks and caries. There are several studies that use
extracted premolars as specimens; as written in one study by Pushpalatha et al. (2014),
this tooth is usually removed for orthodontic reasons. Premolars were easier to obtain
when compared to third molars as not all patients require third molar removal, and the
tooth tends to fracture during minor oral surgery. Age is an important factor as the
deposition of caicified tissue which cause the secondary dentine to become highly
mineralised and brittle. Dentine sclerosis increases mineralisation of peritubular dentine,
resulting in the complete obliteration of the tubules (Schiipbach et al., 1989). In a study
by Lee et al. (2007), it was reported that there was no significant effect on bond strength
in teeth disinfected with 0.5% chloramine-T. The storage time in the study was about 60
days. However, the samples used in that study were bovine incisor teeth. The teeth were
stored in distilled water at 4°C until further use for no longer than 6 months, as is
recommended by ISO/TS 11405:2003. The teeth were thoroughly rinsed under running
water to remove the chloramine solution before surface preparation. In our study, the
dentine surfaces were ground only up to superficial dentine to reduce variations.
Superficial dentine has few tubules and is composed mainly of intertubular dentine.
Deeper dentine nearer to the pulp is composed mainly of larger, funnel-shaped dentinal
tubules. Type 1 collagen forms the major protein of intertubular dentine (Carberoglio et
al., 1976). Smear layers are created when the teeth are cut by hand or with rotary
instruments. It is a zone of tooth preparation debris that has been spread on the surface
following tooth preparation. Smear layers can form smear plugs that can decrease dentine
permeability. The dentine surface of each tooth was polished for 60 seconds with 400-
grit, 600-grit, and 1200-grit silicon carbide papers (Metkon® Instrument Ltd, Turkey)
which were placed on the water-cooled polishing machine (Isomet, Buehler; Lake Bluff,

IL, USA). McLeod et al. (2010) and Yazici et al.(2007) used standardised grit silicon
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carbide paper to polish the surfaces of samples to produce a uniform surface and smear

layer.

In our study, demineralised dentine was formed by pH-cycling for 10 days. Each
sample was cycled in the demineralising solution for 8 hours and then remineralising
solution for 16 hours (Lenzi et al., 2014; Kucukyilmaz et al., 2016). The pH-cycling used
in the study will replicate the dentine that can be remineralised in the carious process,
which resembles caries-affected dentine. This is because of the other methods such as the
microbiological method similar to caries lesions with an infected layer (Marquezan et al.,

2009).

Artificial carious dentine has more clinical significance and has a significantly
higher bond strength value when SDF was applied before GIC was placed compared to
normal dentine (Wang et al., 2016). OCT as shown in Figure 5.1 was carried out to inspect
the demineralisation lesion (Schneider et al., 2017). It is a non-invasive optical imaging
technique that produces real-time, 2D cross-sectional and 3D volumetric images to
measure the severity of subsurface demineralisation in enamel and dentine, track lesion
progression over time, and measure remineralisation. A 700+14um deep, partially
demineralised baseline lesion was formed, to imitate caries-affected dentine as compared

to a previous study in which 220+20um depth is formed by 7 days of demineralisation

(Liueta., 2011).

There were two methods of placing GIC after SDF were placed on the dentine:
(1) SDF-review-GIC placement, and (2) SDF-immediate-GIC placement. In our study, a
waiting period was suggested before GICs were placed on the SDF-treated dentine. They
were not placed immediately since low SBS (62% lower) was reported when GIC was

placed immediately after SDF was placed. This is due to the low reaction and penetration
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kinetics of SDF when immediate placement of GIC was done (Ng et al., 2020). In our
study, placement of GIC was done after 14 days of SDF being applied. This is similar to
a review of two to four weeks after the placement of SDF allows caries lesion arrest and
allows for reapplication to ensure that all lesions are arrested (Crystal et al., 2017). Silver
ion penetration can extend deeper when kept for 2 weeks, infiltrating the demineralised
dentine with further penetration into the underlying dentine (Sayed et al, 2019). The
reason for storing in deionised distilled water (DI) is to maintain the SDF-treated dentinal
surface humidity so it exhibits a thin, smooth, regular coating with some occlusion of
dentine tubules (Peng et al., 2021). With regards to the choice of storage medium after
GIC bonding and before the SBS test, the use of artificial saliva solution to store GIC
shows better bond strength as compared to storage in deionised water (Bali et al., 2015).
Furthermore, artificial saliva simulates the oral cavity with its complex chemistry. GIC
may release more fluoride in deionised water than artificial saliva (el Mallakh & Sarkar,

1990).

Figure 5.1: Imaging captured from OCT shows the depth of demineralised baseline lesion

in the deep artificial caries (Technique adopted from Schneider et al., 2017)
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Limited bonding area could be one of the important factors affecting SBS. In this
study, SDI jigs were used to limit the bonding area. The benefit of using this jig is
adherend could be adhered to dentine until shear-bond strength testing without the
removal of the jig, as most of the experiment has the jig removed before the shear-bond
strength testing. Bond strength results of specimens with limited bonding area and
without bonding area were compared (Chai et al., 2015; Shimaoka et al., 2011). The
comparisons performed showed that, for a non-enclosed area as compared to a confined
bonding area, there was higher bond strength. The delimiting technique may help the
restorative material be inserted into a defined surface. Operator skills may affect the bond
strength, but in this study, only one operator prepared the SBS test (Soderholm et al.,
2005). In our study, the preparation of specific jigs, such as the SDI jig (SDI, Bayswater,
Australia), which was used for proper adaptation and stabilisation of the restorative
material to the bonded substrated and to standardize the test protocol (Alzraikat et al.,

2010).

There are large coefficients of variation, approximately 50% or more in some
cases. This variability may be attributed to factors such as bonding, but it could also result
from methodological errors, including the positioning of the shear blade, desiccation of
specimens, or errors in GIC placement due to its viscous nature. There are large co-
efficients of variation which are about 50% or more in some cases. This may be due to
the bonding, but additionally it may be due to a methodological error such as positioning
of the shear blade, desiccation of specimens, or errors in GIC placement as the HVGIC is
viscous. In essence, it is crucial to guarantee that both the method of applying force and
the way in which a material breaks align with real-world usage. This involves considering
factors such as the preparation methods, the surrounding environment, and elements like

the rate of strain. Ensuring that the outcomes are not only interpretable but also practical

91



and suitable for the intended purpose is imperative. (Darvell, 2020)

Chisel assembly and crosshead speed could affect the SBS. In this study, the
conventional SBS test was employed using a notched-edge tool. The stress concentration
at the bonded interface is much more severe in shear compared to tensile in a composite
when a knife-edge chisel was used (Braga et al., 2010). However, both knife-edge and
notched-edge chisel assemblies had shown no significant difference in bond strength, but
it shows a significant difference between the mould enclosure and non-mould enclosure
(Barkmeier et al., 2022). Within the limits suggested by ISO/TS 11405, the crosshead
speed does not influence the bond strength value. In addition to that, ISO/TS 11405: 2003
recommends the rate of loading for a bonded specimen should be 0.75 + 0.30mm/min.
The evaluated test variables should be standardised throughout the treatment. GIC
adheres to tooth structure; however, the mechanism of whether it adheres to the tooth
surface after being treated by SDF is not known. Shear tests have been widely used and
were selected in this study mainly as it is relatively simple to test when compared to
tensile bond strength, especially during the alignment of the specimens in the universal
testing machine. The specimen preparation in the shear-bond test would be easier when

compared to the tensile bond strength test (McDonough et al., 2002).

Therefore, it is recommended that surface conditioning using polyacrylic acid did
not have a significant difference with HVGIC, which suggests the use of a conditioner is
optional. PPA five-second conditioning with RMGIC adhesive may enhance the
infiltration of the resin component of the LC into the partially demineralised SDF-treated
superficial carious dentine. Future studies need to be carried out to evaluate the interaction

of the materials.
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5.2 Limitations of the study

5.3.1Part A

a. Due to large variations in bond strength, there might be possible that the macro
shear-bond strength tests underestimate the bond strength values, which iswhy the
most recent studies have preferred micro tests.

b. Technique sensitivity during restorative procedures, despite the manufacturer's

recommendations were adhered to.

5.3.2Part B

a. Technique sensitivity, since some samples were rejected because of a significant

gap between the GIC and the teeth especially in SEM/EDX view. The quality of SEM

performed in the study is not for diagnostic value.

5.3 Conclusion

Within the limitations of the study, the following conclusions were made: The first
null hypothesis for the study was rejected. The second and third null hypotheses were
accepted. Surface conditioning changed the bond strength of SC and LC to SDF-treated
simulated carious dentine (SSCD). Surface treatments on SDF-treated SCD did not effect
on the failure type. The presence or absence of the ion exchange layer did not relate to
the bond strength changes for GICs adhering to SSCD. Surface treatment on SDF-treated
SCD affected the bond strength of SC and LC. Except for PPA with RMGIC adhesive,
SC generally exhibited adhesive or mixed failures. Conversely, LC exhibited mostly

cohesive failure in the material for most surface treatments.
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The preferred method for surface treating SDF-treated carious dentine before
restoration application is PAA for SC and PPA plus RMGIC adhesive for LC. As
treatment with etching and universal adhesive (T4) and no surface treatment (T1) resulted
in unsatisfactory bonding for SC and LC correspondingly, they should be avoided

clinically.
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Chapter Six: Recommendations for Further Study

a) Further studies on long-term adhesion tests are needed to further test the surface
treatment method that is best for simulated carious dentine.

b) The chemical and mechanical properties of ART materials with SDF- treated
SCDs need to be studied further.

c) The chemical interaction between surface treatment groups with SC and LC,
needs to be studied further.

d) Additional groups, involving sound dentine polished with 600-grit paper and
sound dentine treated with SDF, could be added to understand the effect of demineralised
dentine or the SDF effect on bonding.

e) During the SEM test, the removal of intrinsic water by using ethanol may be
performed to reduce the gaps in between the interface between dental materials and

dentine.
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