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ARTICLE INFO ABSTRACT
Keywords: Objectives: This study aims to assess and compare the micro-shear bond strength (4SBS) of a novel
Luting resin cement resin-modified glass-ionomer luting cement functionalized with a methacrylate co-monomer

Microshear bond strength
Phosphate functional monomers
Resin-modified glass ionomer luting cement

containing a phosphoric acid group, 30 wt% 2-(methacryloxy) ethyl phosphate (2-MEP), with
different substrates (dentin, enamel, zirconia, and base metal alloy). This assessment is conducted
in comparison with conventional resin-modified glass ionomer cement and self-adhesive resin
cement.

Materials and methods: In this in vitro study, ninety-six specimens were prepared and categorized
into four groups: enamel (A), dentin (B), zirconia (C), and base metal alloys (D). Enamel (E) and
dentin (D) specimens were obtained from 30 human maxillary first premolars extracted during
orthodontic treatment. For zirconia and metal alloys, 48 disks were manufactured using IPS e.max
ZirCAD through dry milling and Co-Cr powder alloy by selective laser milling. Each group was
further subdivided into three subgroups (n = 8) according to the luting cement used: (1) Fuji
PLUS resin-modified glass ionomer luting cement (FP) as a control cement, (2) modified control
cement (eRMGIC), and (3) RelyX U 200 (RU 200) self-adhesive resin cement. The two-way
analysis of variance and Tukey’s HSD were used to assess the data obtained from measuring
the uSBS of the samples.

Results: The results of this study showed that the mean ySBS values of eRMGIC were statistically
higher compared to FP in all tested groups (p < 0.001). The mean uSBS results of eRMGIC were
non-significantly different from those recorded by RU 200 for all substrates except for the dentin
substrate, where the RU200 cement produced significantly higher strength (p < 0.001). The
failure modes were limited to a combination of mixed and adhesive failures without pure cohesive
failure.

Significance: The functionalization of FP with an organophosphorus co-monomer (2-MEP) directly
affects the adhesion performance of the functionalized cement, which may be utilized to develop
a new type of acid-base cement. It exhibited a performance comparable to that of resin-based
cement and should serve well under different clinical conditions.
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1. Introduction

Indirect restorations are bonded to tooth surfaces using luting cement, which locks the restoration mechanically in place by filling
the microscopic gaps between the tooth structure and restoration [1]. Luting materials provide chemical bonding, mechanical
interlocking, or a combination of these techniques for retaining indirect restorations. The conventional cementation method depends
primarily on the friction generated between the surfaces of the prepared tooth and the fitting walls of the restorations [2]. Modern
materials use micromechanical and chemical adhesion to bond cement, tooth surfaces, and artificial restorations [3].

To ensure the quality of the cementation process, it is essential to have a comprehensive understanding of the properties and
clinical applications of luting agents. A strong seal between the restoration and teeth is achieved using luting agents, which not only
holds the restoration in place but also prevents microleakage and cavity formation on the surface. Therefore, luting materials affect the
duration of indirect restorations [4].

The optimal luting cement should possess excellent tensile, shear, and compressive strengths to effectively endure the stress
experienced during contact between the restoration and tooth. Generally, it could be the weakest link in the tooth-cement-restoration
chain used in permanent prosthodontic therapy; however, to date, no luting material has been developed with all of the qualities of an
ideal cement [5].

Among the luting cements, GIC was commonly used due to its bonding property to the tooth structure which was achieved by
chemical bonding of its carboxylic constituents with the calcium present in the enamel and dentin [6,7]. GIC has a low binding strength
with dentin owing to the aforementioned adhesion process [8]. This fragility arises in part from the tendency of the smear layer to fail
cohesively, which can impede the adhesion mechanism [9].

The inclusion of monomer molecules in GICs creates a hybrid material, a new type of GIC called the RMGIC [10,11]. The devel-
opment of the RMGIC was aimed at improving the working time and handling properties of a standard GIC, the physical features of
GICs were enhanced by these adjustments [10]. The polymerization of RMGIC occurs in two stages: stage one is accelerated by
exposure to light or chemicals, and stage two begins as soon as the powder and liquid are mixed and continues for up to 24 h [12,13].

By contrast, compared to traditional GICs, the resin component of RMGICs amplifies the effects of polymerization shrinkage.
Polymerization shrinkage may result in gap development, potentially leading to microleakage and subsequent postoperative sensi-
tivity, secondary caries, and loss of adhesion, as widely reported in the literature [14]. Water sorption may reduce the contraction gap
but can impair the ability of the material to seal initially, thereby reducing the efficacy of the seal [15].

The advent of the self-adhesive resin cements (SARCs) has facilitated significant advancements. For instance, etching, priming, and
bonding no longer need to be performed separately. SARCs are formulated using innovative compositions of monomers, initiators, and
fillers [3].

The acidic monomers of these cements (acidic methacrylates) can interact with essential luting cement fillers and the hydroxy-
apatite (HAp) crystals of dental hard tissue, using their multifunctional phosphate groups [16]. In recent studies, SARCs have exhibited
a higher bonding strength than RMGICs for various materials, including aluminum oxide ceramics, non-noble and noble metals, and
pressable ceramics [17].

Owing to their multifunctional phosphoric acid methacrylates, self-etching resin cements appear to facilitate adequate attachment
to various substrates [18]. Zr restorations can also be bonded using functional monomers induced in adhesive resin cements, such as
11-methacryloyloxundecan 1,1-dicarboxylic acid (MAC-10),4-methacryloxyethyl trimellitate anhydride (4-META), and 10-methacry-
loyloxydecyl dihydrogen phosphate (MDP) [19]. These monomers bond chemically with surfaces composed of Zr, noble metals, and
non-noble metals, thereby promoting enhanced, enduring, and robust bond strength [20].

Luting indirect restorations with RMGIC is common practice, however it doesn’t have the adhesive properties of resin based ce-
ments, which could compromise the restoration’s performance and longevity [4,21-24]. Innovations in conservative dentistry, such as
minimum invasive dentistry (MID), are directed towards realizing multifunctional restorative bio-interactive materials. Recently,
Rabeia and Abdulla (2023) described a multifunctional RMGIC containing 2(methacryloxy) ethyl phosphate (2-MEP) and phos-
phorylated RMGIC (eRMGIC). It exhibited remarkable compressive and flexural strength and low solubility primarily owing to the
presence of pendant phosphate groups [25]. However, the influence of such functionalization on the bonding ability of RMGIC’s to
different dental substrates has not yet justified. To the best of the authors knowledge and after reviewing of the literature, no research
has been conducted on the modification of RMGIC with a phosphate functional monomer and this study is the first to examine the effect
of adding 2-MEP to the liquid phase of resin modified glass ionomer luting cement on the bonding strength to different dental
substrates.

Therefore, this study aimed to evaluate the effect of functionalizing chemically cured RMGIC by incorporating an organophos-
phorus monomer, 2-(methacryloxy)ethyl phosphate (2-MEP) which is a type of photoreactive and proton-conductive polymer based on
phosphate monomers. Its pendant phosphate group is commonly utilized as an adhesive promoter. The dense matrix formed by the
phosphate groups’ interactions with their polarity enhances mechanical properties and increases resistance to water intrusion,
resulting in decreased solubility and diffusion of water into the liquid part of the RMGIC (Fuji PLUS GC, USA). The 2-MEP had a
concentration of 30 wt % of the liquid component of RMGIC. To fulfill the aim, we investigated the micro shear bond strength (uSBS)
between four substrates (dentin, enamel, zirconia, and metal alloy) and three different luting cements. The null hypothesis was that the
uSBS at the interface between the substrates and cement would not be affected by incorporating a phosphate-based co-monomer into
the control cement (RMGIC).
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2. Materials and methods
2.1. Substrates and cements with grouping

The main materials used in this study were Fuji PLUS (FP), modified Fuji PLUS (eRMGIC), and Rely X U200 self-adhesive resin (RU
200) cements. The material compositions of the luting cement and the substrates used to bond the cements are listed in Table 1.

The modified FP cement (eRMGIC) was obtained by incorporating 2-MEP into the liquid phase of the cement [25]. Experimental
cement containing 2-MEP (30 wt %) was prepared according to Equation (1) [26]. 2-MEP (0.60 g, 30 wt%) was weighed using a digital
balance with a precision of three decimal places. Subsequently, it was blended into 2 mL of the original cement liquid after subtracting
the weight of the original liquid equivalent to that of the added monomer. The modified liquid was blended using a magnetic stirrer for
5 min to ensure a homogeneous dispersion [25,27].

W
Con:7t>< 100 m

where Con, Wt, and V denote the concentration (%), weight of the solute (g), and volume of the 100 mL solution, respectively.

Ninety-six specimens were created and categorized into four distinct groups based on the substrates used: human enamel, human
dentin, zirconia, and metal alloys (A, B, C, and D). The substrates represent the different components of permanent restorations.
Enamel and dentin represent the tooth structure (enamel and dentin), and zirconia and metal alloy are the most common materials for
permanent restorations. The specimens were randomly subdivided into three subgroups (n = 8) (A1, A2, and A3; B1, B2, and B3; C1,
C2, and C3; and D1, D2, and D3) based on the type of cement used: (1) FP, (2) eRMGIC, and (3) RU 200. G* power 3.0.10 (University of
Kiel, Germany) was used to estimate the sample size (n = 8) allocated to each group. The statistical power and alpha error probability
were set as 80 % and 0.05, respectively, for a two-sided test. The effect size of F was 0.4, which indicated a large effect [28].

Thirty maxillary premolar teeth, sourced from various health institutions, were extracted for orthodontic purposes to obtain enamel
and dentin samples. The individuals from whom these teeth were obtained were aged between 14 and 30 years. The teeth were ac-
quired from Diyala governorate and some private clinics in Dyala/Baqub’a city. The collection of teeth adhered to the guidelines
outlined by the Research Ethics Committee of the College of Dentistry at the University of Baghdad (reference number 617 on 2-6-
2022).

We ensured that the teeth were crack-free and healthy using 5x dental loupes. The dental surfaces were cleaned using pumice and a
silicone cup. Subsequently, they were thoroughly rinsed using distilled water [29]. To prevent bacterial and fungal development, the
teeth were placed in thymol solution (0.1 %) at a room temperature (20-25 °C) for a period of 60 d before the investigation [30,31].

2.2. Preparation of enamel samples

Six teeth were selected for microshear testing. The roots were excised and the crowns were sectioned longitudinally into buccal and

Table 1
Tested materials, type, composition, and batch numbers as per the manufacturer’s descriptions.

Materials Type Composition Lot No Manufacturer

Fuji PLUS RMGIC Chemical cure Powder: fluoro aluminosilicate glass, pigment, initiator; 210713A GC America, Chicago
(Control cement) luting cement Liquid: HEMA, tartaric acid, maleic acids, copolymer of acrylic and 1L, USA

chemical initiators, water.

Modified Fuji PLUS Chemical cure Powder: fluoro aluminosilicate glass, initiator, pigment; 210713A GC America, Chicago
(eRMGIC) luting cement Liquid: 2-(methacryloxy) ethyl phosphate 30 %, HEMA, tartaric acid, 1L, USA
(experimental maleic acids, copolymer of acrylic and chemical initiators, water.
cement)

Rely X U200 Self-adhesive Base paste components: glass powder treated with silane, TEGDMA 9065438 3 M ESPE, Seefeld,

resin cement silane-treated silica, fiberglass, 2-methyl 1,1-[1 (hydroxymethyl)-1,2- Germany

ethanodiil] ester, 2-propenoic acid, t-butyl per-3,5,5-trimethyl
hexanoate, and sodium persulfate

Catalyst paste components: glass powder treated with silane
dimethacrylate caption

by substituted dimethacrylate,

sodium p-toluenesulfonate, silane-treated silica
calcium,1-benzyl-5-phenyl-acid barium salts,

calcium hydroxide, and titanium dioxide 1,12-dodecane

dimethacrylate
2-(methacryloxy)ethyl Phosphate - 52628- Polysciences Europe
phosphate functional 03-2 GmbH, Germany
monomer
Zirconia IPS e.max ZirCAD 87 % Zr02, Y203, Hf02, A1203 X08278 Ivoclar Vivadent
(Schaan,
Liechstenstein)
Base metal alloy Co-Cr powder 62.69 % Co, 27%Cr, others 10 % Cocrmow, Mti, China
alloy
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palatal parts [32]. Four sections of enamel slabs were produced from the middle of the palatal and buccal surfaces of each tooth using
an XP precision sectioning saw (Pelco, USA). Their measurements were verified using a digital caliper (Ningbo, China) to obtain
accurate dimensions (approximately 3 mm length, 3 mm width, and 1.5 mm thick) and were marked using a ruler. A line was drawn
from the tip of the buccal cusp to the cervical line, and another line was drawn between the mesial and distal tooth surfaces at their
maximum prominent curvature to determine the middle area of the buccal and palatal surfaces (Fig. 1A-D) [33]. A silicone mold was
used to embed the samples in acrylic resin by exposing the outer enamel surface and allowing it to set for 30 min using dental surveyor
(Fig. 2A-D) [34]. To achieve flat surfaces, the samples were polished for 10 s using a polishing machine (Laryee Technology, China)
equipped with 1200-grit silicon carbide abrasive sheets. Subsequently, a diamond paste was used to polish the samples (15 pm Dia-
mond Paste, Struers) with water cooling employed until the enamel achieved a flattened surface [35].

2.3. Preparation of dentin samples

Acrylic blocks were constructed using a cylindrical silicone mold that was specifically created for this purpose. The cementoenamel
junction (CEJ) was restricted, and an additional marking was created 2 mm apical to the CEJ to indicate the position of the teeth inside
the acrylic material [36]. Following the manufacturer’s guidelines, an acrylic resin (VERACIL, Colombia) with a cold cure was pre-
pared and injected into the silicon mold, and both the buccal and palatal cusps were sectioned using an electrical diamond saw
(Gamberini, Italy). The section was made 1.5 mm cervical to the mesial pit to expose a dentin surface for investigation. To determine
ridge height, a periodontal probe was used to measure the distance from the pit to the mesial marginal ridge. This estimate was
increased by 1.5 mm, and a mark was made on the mesial side of a tooth. Subsequently, the tooth was submerged in water and was cut
with a saw to create a smooth horizontal surface [37].

A custom-made holder with a movable horizontal arm leveled dentin and enamel specimens to facilitate handling and for consistent
polishing pressure.

The samples were leveled and finished using a grinder\ polisher device (MO pao 160E, China), first with a 600-grit paper under
running water and subsequently with rotating aluminum oxide papers at a constant speed of 600 rpm for 60 s. This process aimed to
obtain flat and smooth sample surfaces and to standardize the smear layer [38].

2.4. Preparation of zirconia samples

Twenty-four pre-sintered 3Y-TZP disks (5 mm diameter and 2 mm thickness) were designed using Google SketchUp software to
create a standard tessellation language (STL) file. The disks were designed by importing the STL file to a software program (Exocad
Dental CAD2.2, Exocad GmbH, Darmstadt, Germany). Dry milling was performed using the In-Lab MC X5 milling machine. The
specimens were sintered in a furnace (InFire HTC speed sintering furnace, Sirona) following the cycle prescribed by the manufacturer
(sintering temperature of 1650 °C for 8 h, and 90 min for cooling) [39,40]. After sintering, the zirconia specimens shrunk by 25 %,
resulting in their final dimensions of 2 mm x 5 mm (height x diameter). All samples were embedded in a chemically cured meth-
acrylate material using a cylindrical silicone mold specially designed for this purpose. (Fastray, HJ Bosworth, Skokie, IL, USA). A
custom-made holder was then used to prepare the specimens using a grinder/polisher device (MO Pao 160E, China), first with a
600-grit paper under running water and subsequently with rotating aluminum oxide papers at a constant speed of 600 rpm for 60 s, to
obtain flat and smooth surfaces and to standardize the smear layer [38]. The surfaces of all samples were then sandblasted using 53-pm
aluminum oxide particles (Al;03) (Aqua care powder, UK). A pressure of 1 bar was applied at a distance of 10 mm for 15 s between the
nozzle and the surface of the specimens using a sandblast device (Aqua care device, UK) [41].

2.5. Preparation of metal samples

Co-Cr alloy specimens were created using selective laser melting (SLM). Twenty-four specimens were created with thickness and
diameter of 2 mm and 5 mm, respectively. A 3D printing program (Lychee Slicer, 3D Mango, Belgium) was used to create the

2 enamel slabs
Root —— 1l
2 enamel slabs
@ ~Hl
Crown
A B C D

Fig. 1. Preparation of enamel slabs (A): Root was excised. (B): The crown separated longitudinally into the buccal and palatal parts. (C): The buccal
and palatal surfaces. (D): Four sections of enamel slabs.



R.J. Khalil and A.M.W. Al-Shamma Heliyon 10 (2024) e30851

Fig. 2. Enamel sample preparation. (A): Enamel slaps. (B): Enamel slap with a metal rod. (C): Slaps attached to the vertical arm of dental surveyor.
(D): Sample insertion into the silicone mold.

geometrical shape of the specimen, which was saved as an STL file. An SLM machine (D-150, Riton, China) was used to fabricate disk
specimens [38,42]. The metal substrates were abraded with 53-pm Al;03 (Aqua cure powder, UK) for 10 s in the sandblasting machine
(Aqua care device, UK), with a distance of 10 mm between the samples and the source of particles [43]. Deionized water was used to
clean and wash all the samples for 3 min to remove surface debris using an ultrasonic cleaner (model c¢d-4820, China) [38].

All the samples used in this study are shown in Fig. 3.

2.6. Cements application

For applying the FP and experimental cements, the enamel and dentin samples were conditioned using a citric acid conditioner (10
% for 20 s) in accordance with the manufacturer’s recommendations and were then efficiently rinsed with water. Subsequently, gentle
air (oil-free air) was blown to remove the excess water and obtain a glistering and moist surface. The samples used with RU200 did not
require surface treatment except sandblasting.

Using Teflon as the primary material, a specific device was developed to establish a standardized approach for applying cement to
the different substrates. The device was composed of a cylindrical structure designed to fit the acrylic block well. This cylindrical mold
had a removable Teflon cover. The cover consisted of two 3-mm-thick half-circle pieces. The cover was attached to the cylinder using
four screws. To connect the acrylic block to the Teflon cover, a detachable metal bar with a central screw was placed at the bottom of
the cylindrical mold. Additionally, four screws were positioned around the cylinder to stabilize the acrylic block and direct the surface
of the specimen towards a hole with a diameter of 2 mm in the Teflon cover. This hole was intended to receive polyethylene microtubes
(as shown in Fig. 4A-F), which were obtained by cutting a 6-mm FG Nelaton catheter. These microtubes had a height and internal
diameter of 3 mm and 1 mm, respectively, and were placed at the center of the Teflon mold [44,45].

The FP and experimental cements were mixed using hand-mixing glass powder with non-modified and modified liquids, respec-
tively, as per the manufacturer’s instructions at a relative humidity of (35.5 %) and at the temperature of 23 + 2 °C. One large scoop of
powder was dispensed to three drops of liquid. A three-digit analytical balance (Sf-400c, China) was used to weigh the powder and the
three liquid drops (0.25 g & 0.02 and 0.10 g + 0.02, respectively) and to prevent the occurrence of proportional errors while preparing
the samples. The liquid and powder were dispensed onto a mixing pad. The powder was divided into two equal portions, and the first
portion was mixed with the liquid for 15 s. The remaining portion was added and mixed for 15-20 s (total mixing time: 3040 s). The
dispensing of the RU 200 cement was achieved using an auto-mixing tip owing to its paste-paste system.

The FP and experimental cements were inserted into the microtubules using a U-100 disposable insulin syringe (Dispovan, India)
and the microtubules were cut at 20-unit intervals using a sharp cutter. The syringe was then loaded with the mixed cement and a
plastic spatula. The syringe plunger was reinserted, and the cement was dispensed through the endodontic tip attached to the Luer lock
connection of the syringe, which was precisely fitted to the internal lumen of the microtubules. The RU200 cement was dispensed using

Fig. 3. Different samples used in this study.
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Fig. 4. Teflon Mold (A): Full view. (B): Bottom view. (C): Sample in place. (D): Top view of sample. (E): Side view of the sample with cement
material within the polyethene microtubules. (F): Cement sample free from polyethylene microtubules.

a disposable auto-mixing tip connected to the endodontic tip [45].

In all samples, excess cement was removed from the periphery of the mold using a sharp explorer. To minimize the possibility of air
bubble incorporation in the samples during dispensing, an EndoActivator (Dentsply Tulsa Dental, Tulsa, OK, USA) with a red tip (25/
0.04) was used to agitate the cement at 10,000 cycles/min (167 Hz) for 5 s [46].

The FP and experimental cement samples were left for 4 min and 30 s, respectively, to obtain the initial setting time after
dispensing, in accordance with the recommendations of the manufacturer. The RU200 samples were light-cured directly from the top
of the mold at 1200 mW/cm? using LED curing unit (Bluephase Style, Ivoclar Vivadent) after the samples were dispensed in the tubule
for 20 s [47]. After removing the RU 200 samples from the mold, they were further cured at two sites located at the edge of each sample
(20 s), with each point perpendicular to the other, to achieve optimal sample curing.

All the samples were then released from the mold by untightening the four cover screws and the cylinder screws. At 37 °C, these
samples were stored for 24 h in an incubator inside distilled water. Subsequently, each microtubule was carefully removed by making a
vertical incision along its wall with a surgical blade of size 15, allowing the cement microcylinders to firmly adhere to the surfaces of
various substrates [48]. The luting cement cylinders were then examined using 5x magnifying loupes (EyeMag Smart medical loupes
from ZEISS, Jena, Germany). An LED light was used to examine the specimens to identify and eliminate any samples containing air
bubbles or visible faults. However, no such specimens were detected, and all were considered well-suited for testing [47]. A blade was
used to remove excess resin materials (flash) under the tube rim.

Fig. 5. Micro-Shear Test, Custom-made chisel specially designed for micro shear samples illustrates the micro shear test chisel, acrylic block with
cement sample on Zirconia substrate.
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2.7. Micro-shear bond strength testing

The micro-shear bond test involves the application of force to cylindrical cement samples that have adhered to the substrate discs,
using a blade connected to a universal testing machine. The samples were placed in a jig affixed to the universal testing machine
(Laryee, China) to determine their 4SBSs. A custom-made notched chisel (central notch radius of 1.2 mm) mounted on the testing
machine with a 5-kN load cell was used to apply the shear load to each specimen at a crosshead speed of 0.5 mm/min. The load was
applied parallel to the direction of the bonded interface until the occurrence of failure (Fig. 5) [49]. Measurements of the 12 groups
were conducted simultaneously using the same setup. To calculate ;SBS, the maximum load was divided by the cross-sectional surface
area [44].this test was done according to description in the ISO/TS 11405: 2015 [50].

The failure modes of the examined specimens were studied using scanning electron microscopy (SEM). (SEM, Axia ChemiSEM,
Thermo Fisher Scientific, Waltham, MA, USA). The samples were first dried. They were then coated with gold nanoparticles for 2 min
using a current of 45 mA and subsequently examined via SEM at an operating voltage of 30 kV. We used a working distance if 10-15.1
mm at a magnification of x 80. The failure modes in the substrate were categorized as adhesive, mixed mostly adhesive, mixed mainly
cohesive, and cohesive [51].

2.8. Statistical analysis

Software for Windows version 25 (SPSS, Chicago, IL, USA) was used to statistically analyze the presented data. The Shapiro-Wilk
test (p > 0.05) was used to evaluate the normality of the data. Statistical analysis was performed using two-way analysis of variance
(ANOVA). The Tukey multiple comparison test was used (p < 0.05) to elucidate the effect of FP functionalization on the pSBS of each
cement for all four substrates and the difference in the effect between the substrates.

3. Results
3.1. uSBS results

Table 2 and Fig. 6 show the ySBS of the samples 24 h after the application of the cements to different substrates. The results of the
Shapiro-Wilk test revealed that the data were normally distributed. The results of the two-way ANOVA test revealed that, compared to
the control FP and RU 200 cements, the FP cement exhibited a noticeable difference when functionalized with 30-wt.% 2-MEP.

In group A (cement applied to enamel), the subgroup A2 (eRMGIC) exhibited highest mean uSBS (18.6 + 2.2). By contrast, the
mean ySBS was significantly lower in subgroup Al (FP) (10.8 £ 1.4) (p < 0.001). In group B (cement applied to dentin), the subgroup
B3 (RU 200) exhibited the highest mean ySBS (20.4 + 1.2). By contrast, subgroup B1 (FP) and B2 (eRMGIC) showed statistically
significantly lower mean pSBS values of 8.8 + 0.8 (p < 0.001) and 17.1 £ 0.9 (p < 0.001), respectively.

In group C (cement applied to Zirconia), the highest mean uSBS was observed in subgroup C3 (RU 200) (19.2 + 1.9). By contrast,
the lowest mean ySBS value was observed in subgroup C1(FP) (9.0 + 1.0) (p < 0.001). The subgroup C2 (eRMGIC) showed statistically
non-significant differences from subgroup C3 (RU 200) (18.1 £+ 0.8, 19.2 + 1.9) (p > 0.05).

In group D (cement applied to metal alloy), the highest mean ySBS was observed in subgroup D3 (RU 200) (15.8 + 0.6), whereas
the lowest mean ySBS was observed in D1 (FP) (8.0 £+ 1) (p < 0.001). By contrast, the subgroup D2 (eRMGIC) exhibited statistically
non-significant differences (14.2 + 0.7) (p > 0.05) from D3 (RU 200).

Among the different groups, group A (enamel) exhibited the highest mean pSBS value of experimental cement (eRMGIC), whereas
group D (metal alloy) exhibited the lowest.

3.2. Mode of failure

Fig. 7 shows the frequencies of the detected failure modes in various categories. For all groups (A, B, C, and D), adhesive failures
were the most prevalent in the control subgroup (FP). Fig. 8a shows the SEM images illustrating the adhesive failure mode of FP when

Table 2
Mean micro-Shear bond strength (MPa), sample size, and standard deviations (MPa).
**n Mean (+*SD) Micro-Shear bond strength (MPa)
Substrates (Group) FP (subgroup 1) eRMGIC (subgroup 2) RU 200 (subgroup 3)
Enamel (A) 8 10.8 (1.4)42 18.6 (2.2) A° 18.0 (1.0) A°
Dentin (B) 8 8.8 (0.8) B2 17.1 (0.9) A° 20.4 (1.2) B¢
Zirconia (C) 8 9.0 (1.0) B 18.1 (0.8) A° 19.2 (1.9) A8
Metal alloy (D) 8 8.0 (1.0) B2 14.2 (0.7) B 15.8 (0.6) <

Similar lowercase letters in the same row represent no significant differences among the groups (ANOVA, post-hoc Tukey test at a significance level of
p = 0.05).
Similar uppercase letters in the columns indicate nonsignificant differences among the different substrates for different luting cements.

* Standard deviation (SD) and.

" sample size.
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bonded to metal substrates. Across all groups, mixed failures (either mixed mainly adhesive or mixed mainly cohesive) were the most
common failure mode in the eRMGIC subgroup. Fig. 8b shows the mixed mainly cohesive failure mode of eRMGIC on the enamel
substrate, and Fig. 8c shows the mixed adhesive failure mode on metal substrates. Fig. 8d illustrates the adhesive failure mode of
eRMGIC on the dentin substrate. As shown in Fig. 8e, for all groups, mixed failures (mainly cohesive) were the most frequent in the RU
200 subgroup on the zirconia substrate. However, for all groups, the pure adhesive failure modes of this cement exhibited the lowest
frequencies.

4. Discussion

This study focused on the bonding efficacy of different luting agents (based on the functionalization of (self-adhesive RMGIC) luting
cement (Fuji PLUS)) with other substrates (enamel, dentin, zirconia, and metal alloy).

SARCs were developed to avoid the need for separate etching, priming, and bonding procedures. The cements under consideration
were prepared using novel combinations of monomers, fillers, and initiators. Incorporating an acidic monomer simplifies the process
by consolidating the application of the adhesive and cement into one phase, eliminating the need for the prior three sequential stages.
The acidic monomer, methacrylates with multifunctional phosphate groups, may interact with both HAp in hard tooth tissue and
essential fillers of the luting cement. Restorative bio-interactive materials are the focus of innovations aimed at expanding their range
of uses [7,52].

Rabeia and Abdulla (2023) [25] investigated the effect of adding 2-MEP, which contains a pendant phosphate group, to the liquid
phase of the control cement FP for various percentages (0,10, 20, 30, and 40 % by weight) in different periods (1, 28, and 180 days)
without any adjustments to cement powder phase. The results of this study revealed that the mean compressive and flexural strengths
of the cement (eRMGIC) modified with 30 % 2-MEP were the higher than those of the control and other modified cements (10, 20, and
40 wt%), which exhibited low solubility after one month of immersion in distilled water [25].

From the aforementioned results given above, it can be concluded that, compared to FP, the modified cement eRMGIC exhibited
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i 30000 80x 1

Fig. 8. Scanning electron micrographs of failure modes for different substrates at x 80 magnification and working distance of 10-15.1 mm. A.
Adhesive failure mode of control cement FP on metal substrate (red circle); B. Mixed mainly cohesive failure mode of experimental cement eRMGIC
on enamel substrate; C. Mixed mainly adhesive failure mode of experimental cement on metal substrate; D. Adhesive failure mode of experimental
cement eRMGIC on dentin substrate; and E. Mixed mainly cohesive failure mode of RU 200 on zirconia substrate. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

noticeable performance enhancement following the functionalization of the tooth substrates (dentin and enamel) and restorative
substrates (zirconia and metal alloy). This, in turn, can directly impact the long-term clinical performance of indirect restoration,
which primarily depends on the integrity of the interface between the tooth structure and restoration. Therefore, the null hypothesis is
rejected.

4.1. Bonding to enamel (group A)

According to the results of this study, the modified cement (eRMGIC) exhibited the highest ySBS. The acidic monomer introduced in
the eRMGIC facilitated enhanced self-etching capabilities, resulting in greater exposure to enamel prisms and improved micro-
mechanical retention. [53], This, in turn, increased the uSBS of eRMGIC (18.6 + 2 MPa) compared to that of FP. This result is
well-consistent with the previously published ;SBS values for RMGICs (19.7 MPa) [54]. The functionality of the acidic monomer with
carboxylic groups is expected to result in ionic bonding with calcium ions through chemical interactions, as reported for the in-
teractions with polyalkenoic acid [55].

The results indicate that eRMGIC might chemically bond with enamel through a surface demineralization mechanism, improving
uSBS compared to that of FP (10.8 + 1.4) and making it comparable to that of RU 200 (18 + 1 MPa). The results also revealed that RU
200 exhibited a satisfactory bond strength with enamel, as widely documented in the literature [56]. This could be attributed to the
mechanism by which RU 200 bonds to the enamel. The functional monomer in RU 200 directly interacts by demineralizing and
infiltrating tooth substrates, resulting in chemical and micromechanical retention [57]. This assumption is supported by the failure
mode of eRMGIC, namely mixed failure (75 %), indicating the integration of cement with the exposed enamel prisms. By contrast, the
FP cement exhibited adhesive failures (100 %) when bonded with enamel, owing to its porous internal structure and superficial
hybridization of the interface.

4.2. Bonding to dentin (group B)

The self-adhesive properties of RMGICs allow them to attach nanomechanically to dentin by penetrating the exposed collagen
network via pre-conditioning with 10 % polyacrylic acid (PAA). They can also attach chemically via the ionic interaction of poly-
alkenoic acid carboxyl groups with calcium [58]. The components of the glass ionomer penetrated the demineralized dentin and
formed a bond by generating thin hybrid layers. Simultaneously, the carboxyl groups of PAA engage with Ca*2 ions in the residual HAp
surrounding the collagen fibrils [58]. The practicality of RMGICs lies in their ability to create prolonged and immediate bonds with
dentin, resulting in improved bond strength over time. This is attributed to their capacity to generate a uniform thin hybrid layer.
However, notably, this characteristic is relevant only to the eRMGIC. This is due to the moderate acidity of the material, which
selectively demineralizes only the extrafibrillar space surrounding the collagen fibrils. Consequently, it preserves the intrafibrillar
apatite crystals near endogenous proteases and single fibrils, which can be recognized inside the hybrid layer [59]. The presence of the
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acidic monomer in eRMGIC enhances its acidity compared to that of the original cement (17.1 & 0.9 MPa) (p < 0.001), which induces
additional demineralization at the dentine interface, rapidly enhancing the micromechanical bonding. Additionally, eRMGIC was
initially hydrophilic. This is attributed to the polarity of the phosphate group and the availability of HEMA, which promoted the
ionization of acidic groups when combined with a hydrated substrate. Consequently, the self-etching capability of the cement was
enhanced, facilitating the penetration of the polymer in the substrate [4]. Water was expected to be reused throughout the eRMGIC
setting process because of the reaction between the acidic functional groups and the ion-releasing essential filler particles. This
enhanced the adaptability of eRMGIC to the tooth substrate and increased tolerance to moisture. Simultaneously, the failure mech-
anism from predominantly adhesive FP (100 %) to mixed patterns. (63.5 %).

In group B, the RU 200 subgroup exhibited the highest mean uSBS value; According to the “Adhesion-Decalcification” theory, the
specific functional monomers present in RU 200 can engage in ionic interactions with HAp [60]. Phosphoric acid groups in multi-
functional monomers simultaneously penetrate and demineralize dentin. Radical polymerization is the primary mode of the reaction
and may be triggered by either a self-curing process or light exposure. Consequently, substantial cross-linking occurs among the
cement generating polymers with higher molecular weights. It is speculated that the bond formed between the monomer acidic groups
and the hydroxyapatite is responsible for the acquired adhesion via micromechanical retention and chemical interactions. The
chemical bonding with HAp and micromechanical interlocking is believed to function synergistically to provide optimal material
adhesion. In addition to the functional monomers, RU 200 contain additional essential components that contribute to its bonding
ability. Rheological modifiers were incorporated into RU 200 to enhance its flowability, thereby potentially augmenting its wettability
to the substrate. These strategies significantly enhanced the mean ;SBS of RU 200 when bonded with dentin (20.4 + 1.2) compared to
those of FP and eRMGIC cements. This result can be logically explained using the failure mode of RU 200, which was predominantly
mixed failure (87 %). The predominant failure modes in the FP and eRMGIC subgroups were (100 %) adhesive and (63.5 %) mixed
failures, respectively.

4.3. Bonding to zirconia (group C)

The results indicated that eRMGIC exhibited a significantly higher mean pSBS (18.1 + 0.8) than the control FP (9.0 + 1). eRMGIC
exhibited the most intense effect of functionalization of control cement. Conventional cements, such as glass ionomer cements and
resin-modified glass ionomer cements, have been reported to exhibit weak bonding in zirconia. Despite the absence of phosphate ester
monomers, the RMGIC can establish chemical and mechanical bonds with zirconia materials [61]. It has been proposed that the
polyalkenoic acid polymers in these substances can undergo chemical reactions with metal oxides. The present findings are
well-consistent with prior research findings, which demonstrate that resin-based self-adhesive cements exhibit superior bonding
strengths compared to RMGICs when applied to diverse prosthetic substrates, including non-noble and noble alloys, glass-based ce-
ramics, and zirconia [61].

The challenge of establishing an effective bond with zirconia may be attributed to the inert nature of the material. As zirconia is
devoid of glass and silica, it resists acids, and silane coupling agents cannot create a siloxane network in its highly crystalline structure.
Furthermore, it is difficult to produce a uniform micromechanical retention on its surface [62]. To solve the bonding issues associated
with zirconia restorations, researchers have examined different surface treatment methods using both mechanical and chemical ap-
proaches. The most significant methodologies are the use of airborne-particle abrasion (APA), primers that contain acidic functional
monomers, and SARCs, which include acidic functional monomers with either phosphate or carboxylate acid groups [63]. Successful
bonding has been achieved through micromechanical bonding with Al,O3 particles using APA, followed by the application of cement
containing MDP, which provides efficient chemical bonding [64]. Chemical bonds can be formed on the zirconia surface by treating
the surface with monomers containing phosphate functional groups. This is attributed to the chemical interaction between the Zr and
OH group on the zirconia surface and the P-OH group of the phosphate monomer [65]. Several authors have reported that the surface
free energy (SEF) of the zirconia bonding surface is enhanced via APA [66]. Therefore, the high SFE results in an improved surface
wettability, which induces efficient bond strength in zirconia [67].

In the current study, two factors determined the enhancement in the mean pSBS of eRMGIC to zirconia: the improvement achieved
via micromechanical retention and the chemical interaction between the P-OH group in the phosphate monomer and the Zr-OH group
in the surface of zirconia. The results also revealed that RU 200, a well-known self-adhesive cement, exhibited satisfactory pSBS,
aligning with previous studies [68]. In RU 200, the availability of phosphoric methacrylate ester was sufficient for the formation of
P-O-Zr bonds and for providing the requisite bond strength in zirconia, owing to the specific quantity of Zr-OH on the surface of
zirconia [69].

The failure modes transitioned from 100 % adhesive in FP to 75 % in eRMGIC, indicating the effect of functionalizing the control
cement. In addition, the failure mode results showed 87.5 % mixed failures in RU 200.

4.4. Bonding to a base metal alloy (group D)

In group D (base metal alloy), statistically significant differences in pSBS (14.2 + 0.7) were observed in eRMGIC compared to the
control cement FP (8.0 + 1). This result is attributed to the bonding mechanism between the cement and the metal framework. In
addition to altering the metal surface texture or chemistry via surface treatment, the oxides on the metal surface can serve as com-
pound storage sites, strengthening the chemomechanical interaction between the metal and adhesive cement.

APA is the most commonly used technique for enhancing micromechanical retention using AloO3 particles [70]. This approach can
potentially enhance the adhesive interaction between the substrate and cement by eliminating surface debris and augmenting the
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surface roughness. These effects are accompanied by an increase in SFE and the formation of oxide framing. Co—Cr alloys with high Cr
content provide evidence to support this hypothesis [71].

As reported by Salonga et al. [72], Cr generates chromium oxide, which forms stronger bonds than those made by other metal
oxides. According to Capa et al., 2009, the bond strength of resin cement, or RMGIC, is higher than that of base metal alloys and noble
metals [73].

In this study, an enhanced bond strength was observed between the base metal alloy and eRMGIC. This enhancement can be
attributed to the incorporation of 2-MEP, which provides a strong and efficient interaction with metallic materials, creating a firm
enduring bond [71]. This ability of the compound is primarily attributed to its constitution, specifically the presence of a dihydrogen
phosphate group, which acts as an etching agent. The presence of water may lead to the dissociation of the substance into hydrogen
ions (H+). Organic ester monomers can form covalent bonds with oxide layers formed on metal surfaces. Additionally, they can
achieve mechanical retention on sandblasted surfaces [74].

In this study, the self-adhesive resin cement RU 200 also exhibited an enhanced bonding strength with the base metal alloy. This is
attributed to the composition of the cement: it contains phosphoric acid ester as a functional monomer, which binds to the metal
surface according to the mechanism mentioned previously. In addition, the high SFE and the roughening of the surface via sandblasting
contributed to this excellent outcome [75]. The organic esters in RU 200 contain dihydrogen phosphate groups that disintegrate into
two H' ions, in contrast to eRMGIC, where only one H' ion is released. The two H ions then covalently bond to the oxide layer of the
metal alloy [76].

Group D did not exhibit any cohesive failures in any subgroups. The high statistically significant difference observed in the eRMGIC
subgroup compared to the FP subgroup can be explained using the failure modes of the subgroups, which were 75 % mixed and 100 %
adhesive failures, respectively. RU 200 exhibited 87.5 % mixed failures, which explained the failure mechanism of RelyX-type
cements.

4.5. Future work and limitations
The limitations of this study and future work are described below.

1. It is impossible to completely avoid differences in tooth structure, patient age, and difficulties in preparing zirconia and metal
samples.

2. Using similar approaches, the pSBS performance of luting materials attached to the restorative material and tooth structure in vivo
and its relationship to their mechanical performances should be studied.

3. The uSBS of all samples was measured within 24 h owing to the limited time available for this study. Hence, it is highly recom-
mended for future studies to investigate the effect of aging on SBS, along with the changes in the mineral profile of luted teeth at the
interface using XPS, surface microhardness, XRD, and Raman microscopy.

4. For further study, micro-tensile bond strength (¥TBS) and interfacial fracture toughness (iFT) tests are recommended to measure
the interfacial adhesion-tooth strength.

5. Conclusion
Within the limitations of this study, the following conclusions may be drawn.

1. The functionalization of RMGIC FP with a phosphate-based co-monomer (2-MEP) effectively enhances the ySBS of the modified
cement eRMGIC compared to that of the control cement FP on different types of substrates (dentin, enamel, zirconia, and metal).

2. The modified cement exhibited the highest on enamel than on other tested cements (FP and RU 200).

3. Compared to RU 200 cement, eRMGIC cement exhibited comparable results on zirconia, and metal. However, it showed lower ySBS
on dentin.

4. eRMGIC and RU 200 cements showed mixed-type failure for all substrates, whereas the FP cement exhibited pure adhesive failures
on all substrates.

5. Despite the time constraints of the study, its findings provide fresh insights into the potential development of effective substances
for optimum clinical use. Additional valuable information can be obtained through further research, including long-term studies
and various tests, such as micro-hardness or micro-tensile tests.
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