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ABSTRACT

Objectives: This study was conducted to evaluate fluoride release and the micro-shear bond 
strength of resin-modified glass ionomer cement (RMGIC) in casein phosphopeptide-
amorphous calcium phosphate (CPP-ACP)-remineralized caries-affected dentin (CAD).
Materials and Methods: Exposed dentin surfaces of 30 human third molar teeth were 
divided into 2 equal groups for evaluating fluoride release and the micro-shear bond 
strength of RMGIC to CAD. Each group was subdivided into 3 equal subgroups: 1) control 
(sound dentin); 2) artificially demineralized dentin (CAD); 3) CPP-ACP remineralized dentin 
(remineralized CAD). To measure fluoride release, 15 disc-shaped specimens of RMGIC (4 
mm in diameter and 2 mm in thickness) were bonded on one flat surface of the dentin discs 
of each group. Fluoride release was tested using ion chromatography at different intervals; 
24 hours, 3, 5, 7 days. RMGIC micro-cylinders were built on the flat dentin surface of the 15 
discs, which were prepared according to the assigned group. Micro-shear bond strength was 
measured after 24 hours water storage. Data were analyzed using 1- and 2-way analysis of 
variance and the post hoc least significant difference test (α = 0.05).
Results: Fluoride detected in solutions (at all intervals) and the micro-shear bond strength 
of RMGIC bonded to CPP-ACP-remineralized dentin were significantly higher than those 
bonded to artificial CAD (p < 0.05).
Conclusions: Demineralized CAD consumes more fluoride released from RMGIC into the 
solution for remineralization than CPP-ACP mineralized dentin does. CPP-ACP increases the 
micro-shear bond strength of RMGIC to CAD.
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INTRODUCTION

Dental caries is a highly prevalent disease [1]. The conservative intervention technique, 
which has been introduced in the past few years for extensive caries-attacked teeth, involves 
elimination of the affected tissues and replacement of the defect with restorative materials 
[2]. It has been recommended to remove the outer carious infected layer of dentin, while 
conserving the inner-caries affected dentin [3]. Caries-affected dentin (CAD) differs from 
normal dentin in its intrinsic properties, for example, it exhibits reduced permeability due to 
the formation of whitlockites inside dentinal tubules and partially demineralized intertubular 
dentin [2]. Recent management strategies involve the remineralization of CAD to avoid 
its unnecessary removal, as current tissue-engineering technologies are not capable of 
synthesizing artificial dentin [4]. This minimally invasive conservative approach has led to an 
increasing demand for remineralizing agents and adhesive restorative materials that bond to 
the remaining CAD.

Changes in both the structural and biochemical compositions of dentin during the caries 
process make CAD a challenging substrate for bonding with resin adhesives [5]. Carious 
dentin consists of two distinct layers: a bacterially infected dentin (outer) layer and an 
affected dentin (inner) layer [6]. Caries-infected dentin has been described as highly 
demineralized and physiologically unremineralizable, being accompanied by irreversibly 
denatured collagen fibrils with a virtual loss of cross-linkages. In contrast, the inner layer of 
CAD is uninfected, it is partially demineralized but has a remineralizing ability due to the 
presence of intact collagen fibers, and it is protected by hydroxyapatite crystals; therefore, 
it should be conserved during clinical treatment. Consequently, during cavity preparation 
for an adhesive restoration and after removal of caries-infected dentin, CAD forms large 
areas of the cavity floor. It differs from normal dentin in many aspects, including physical, 
chemical, and biomechanical properties, which significantly affect the outcomes of resin-
dentin bonding. It has around half the hardness of normal dentin and displays excessive 
porosity due to mineral loss. Moreover, its intrinsic properties are different, for example, its 
permeability is reduced due to the formation of whitlockites inside the dentinal tubules and 
partially demineralized intertubular dentin. This obliteration of dentinal tubules by acid-
resistant mineral crystals explains the lower bond strength to CAD than normal dentin [7-9].

Several trials have been conducted to improve bonding to CAD, including treatments with 
fluoride, tricalcium phosphate agents, and casein phosphopeptide-amorphous calcium 
phosphate (CPP-ACP) [7,10]. These are new remineralization approaches in preventive 
dentistry which that aim to reduce the lesion depth and to increase both the remineralization 
and mineralized content of the tooth structure, by improving the ratios and saturation 
of both calcium and phosphate. Recent studies have reported that the application of 
CPP-CAP containing remineralizing agents can decrease demineralization and enhance 
remineralization of either bovine or human dentin [11,12]. Furthermore, CPP-ACP has a 
direct anti-cariogenic effect on oral biofilms [9].

Glass ionomer cements (GICs) are commonly used as dental restorative materials, 
particularly in patients at high risk of caries [13]. They have many desirable advantages such 
as chemical bonding to the tooth structures [5,14], promotion of remineralization due to 
gradual fluoride release and cariostatic effects [15]. They are superb choices as fluoride-
releasing materials, since they have a higher quality than other restorative materials such 
as giomers and compomers in terms of continuous fluoride release and recharge. Bonding 
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of GIC is based mainly on an ionic chemical bond formed between the liquid component 
of the cement and the calcium of the hydroxyapatite of the tooth structure [16]. Several 
improvements have been introduced to overcome the drawbacks of conventional GICs. One 
such modification is the development of resin-modified glass ionomer cement (RMGIC) 
which has favorable properties, including bonding to the tooth structure through chemical 
and micromechanical mechanisms, increased working time, decreased setting time, ease of 
handling, and improved physical properties, fluoride release and aesthetics [17].

A previous study investigated CPP-ACP modified GICs and reported very promising 
outcomes, such as increased compressive strength and micro-shear bond strength to dentin. 
Moreover, it showed an ability to increase enamel resistance to acid demineralization, 
without an unfavorable influence on the GICs' mechanical properties [18]. CPP-ACP-
modified GIC could counteract the incidence of secondary root caries when exposed to 
cariogenic biofilms of many species in an in vitro study [19]. As well, it was reported that 
CPP-ACP-modified GIC exhibited higher shear bond strength to enamel than conventional 
GIC [20].

In the light of the recently introduced approaches for conservative treatment of dentin caries 
and the unique features of GICs, this study is aimed to evaluate the impact of CPP-ACP-
remineralized CAD on fluoride release and the micro-shear bond strength of RMGIC bonded 
to it. The research hypothesis was that a CPP-ACP remineralizing agent would remineralize 
CAD and influence its depletion of fluoride released from RMGIC into the solution. 
Furthermore, this agent would increase the micro-shear bond strength of RMGIC bonded to 
dentin.

MATERIALS AND METHODS

Teeth selection, specimens preparation and grouping of the specimens
The commercial product Tooth Mousse (Recaldent, GC International, Tokyo, Japan) and 
light-activated GIC (Fuji II LC, GC Corporation, Tokyo, Japan) were used. A description of 
the materials utilized in the study is presented in Table 1. Thirty extracted human sound 
third molar teeth (obtained from the out-patient clinic of the Faculty of Dentistry, Mansoura 
University, Egypt, and surgically extracted due to impaction; ethics committee approval No. 
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Table 1. Materials used in the study
Material Specification Composition Manufacturer
Tooth Mousse   
(Recaldent)

Remineralizing agent Glycerol, d-sorbitol, xylitol, CMC-Na, CPP-ACP, propylene 
glycol, sodium saccharin, titanium dioxide, silicon dioxide, 
phosphoric acid, favoring, guar gum, ethyl p-hydroxybenzoate, 
butyl p-hydroxybenzoate, propyl p-hydroxybenzoate, zinc oxide, 
magnesium oxide, pure water

 GC Corporation  
(Tokyo, Japan)

Acidic gel Demineralizing agent 5% lactic acid  Voco GmbH  
(Cuxhaven, Germany)

Cavity conditioner Conditioning agent to leave a 
moist surface

20% polyalkenoic acid, 3% aluminum chloride (pH 1.2)  GC Corporation  
(Tokyo, Japan)

Fuji II LC Light activated glass ionomer 
restorative material

Powder: fluoroaluminosilicate glass  GC Corporation  
(Tokyo, Japan)Liquid: polyalkenoic acid, hydroxyethyl meth-acrylate, 

dimethacrylate, water, comphorquinone, (pH 1.3)
Artificial saliva Artificial saliva 0.75 g Sodium azide, 0.804 g potassium-monohydrate phosphate, 

0.166 g calcium chloride, 0.059 g magnesium chloride, 1.02 g sodium 
chloride in 1 L of distilled water.

 Faculty of Pharmcy, 
Mansoura University 
(Mansoura, Egypt)

CMC-Na, Sodium carboxymethyl cellulose; CPP-ACP, casein phosphopeptide-amorphous calcium phosphate.
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16080518) were collected, thoroughly washed under distilled water, scaled using a sharp hand 
sickle scaler to remove soft tissues, and stored in a solution of 1% chloramine-T at 4°C to 
inhibit microbial growth.

Fifteen teeth were sliced horizontally in the bucco-lingual direction beneath the dentino-
enamel junction using a hard tissue microtome (Isomet, Buehler, Lake Bluff, IL, USA) 
at 2,500 rpm under copious water spray coolant to expose a flat dentin surface. Another 
parallel section 2 mm away from the first one was made to produce a flat dentin disc (used 
for evaluating fluoride release). The other fifteen teeth had their occlusal surfaces removed 
below the dentino-enamel junction to expose a flat dentin surface, and their roots were 
mounted in self-cure acrylic resin blocks (used for testing the micro-shear bond strength of 
RMGIC to dentin). The 15 specimens designated for each test were divided into 3 groups (5 
specimens each) as follows: 1) control (sound dentin); 2) artificially demineralized dentinal 
specimens (demineralized CAD specimens); 3) demineralized then CPP-ACP remineralized 
dentinal specimens (remineralized CAD specimens).

Artificial dentinal caries induction
Artificial carious dentinal lesions were introduced in the specimens of groups 2 and 3. The 
specimens were immersed into an acidified gel of 5% gelatin solution with pH adjusted 
to 4.5 using lactic acid for 14 days, following the Silverstone-recommended protocol. At 
room temperature, each specimen was immersed in 10 mL of the acidified gel. This gel was 
replaced once after 7 days. The specimens were washed in hot running water (50°C–60°C) to 
remove the gel remnants and gently air-dried [9].

Application of casein phosphopeptide-amorphous calcium phosphate 
remineralizing agent
The remineralizing agent was applied only to the specimens of groups 3 immediately after 
demineralization. A thin coat of CPP-ACP was painted on the flat exposed dentinal surface using 
a micro-brush for 15 min/day and left undisturbed. After remineralization, specimens were 
rinsed with distilled water for 20 seconds and stored in artificial saliva until the next application; 
the process was repeated for 5 consecutive days [13].All specimens were stored in artificial saliva 
that was prepared and maintained at a pH of 7.4 to 8.1 in an incubator at 37°C [21].

Evaluation of fluoride release by ion chromatography
Fifteen disc-shaped dentinal specimens were classified into the 3 prescribed groups and 
prepared as previously described. The specimens were bonded to RMGIC (to study the 
influence of CAD remineralization on its consumption of fluoride released from RMGIC). 
The discs were treated with polyacrylic acid conditioner, which was left undisturbed for 10 
seconds, water-rinsed for 10 seconds and then gently air-dried for 5 seconds to leave a moist 
surface, as recommended by the manufacturer.

The specimens were bonded with RMGIC using a split Teflon mold (4 mm in diameter 
and 2 mm in thickness) [22]. The RMGIC capsules were triturated for 10 seconds in an 
amalgamator (Fushion SyG-200, TRIUP International Corporation, Shanghai, China). The 
mold was placed on the conditioned dentin surface, filled with RMGIC, and covered with a 
celluloid strip. For the specimen to be easily suspended into the solution, a nylon thread was 
placed in each specimen, and excess material was removed by placing a glass slide over the 
filled mold and gently pressing to extrude the excess material. The specimens were cured 
using a Demetron LC curing light (Kerr Corporation, Orange, CA, USA) with a minimum 
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output of 600 mW/cm2, removed gently from the mold, and the whole assembly was stored in 
5 mL of distilled water at 35°C in a plastic container.

At intervals of 24 hours, 3, 5, and 7 days from the beginning of immersion, the amount 
of fluoride released from specimens was determined. At each measurement interval, the 
specimens were extracted from the solution, filter paper-dried, and then, immersed in 
another 5 mL of distilled water. For free fluoride ion determination in distilled water-
collected specimens, an Ion Chromatograph (DX 500, Dionex, Camberley, UK) with 
suppressed conductivity was used. The fluoride ion concentration was determined to an 
accuracy of 0.001 ppm [14].

Measurement of micro-shear bond strength of resin-modified glass ionomer 
cement to dentin
Fifteen specimens were prepared, classified into 3 groups, and bonded with RMGIC as 
described above. A Tygon tube (TYGON Medical Tubing, Saint Gobain, Akron, OH, USA) of 
2 mm in height and 1 mm in diameter was fixed onto the conditioned flat dentinal surface, 
filled with RMGIC, and light cured. After light curing, the specimens were stored in distilled 
water at 37°C for 24 hours prior to testing.

Each specimen was secured with tightening screws to the lower fixed compartment of 
a universal testing machine (Model 3345, Instron Corporation, Canton, MA, USA). An 
orthodontic wire loop of 0.14 mm diameter was wrapped around the bonded micro-cylinder 
assembly as close as possible to its base and aligned parallel to the loading axis of the upper 
movable compartment. A shearing load was applied at a crosshead speed of 0.5 mm/min 
with a load cell of 500 N until debonding. Data were recorded using the software Bluehill 3 
(Instron Corporation) included with the machine. Micro-shear bond strength was calculated 
through the following equation [23]:

 δ = P/πr2

Where, δ = bond strength (MPa), P = load at failure (N), and r = radius of the micro-cylinder.

The experimental design of this study is summarized in Figure 1. All data were analyzed 
using 1- and 2-way analysis of variance (for micro-shear bond strength and fluoride release, 
respectively) and the post hoc least significant difference test for pairwise comparisons with a 
significance level of α = 0.05 in SPSS software version 20 (IBM Corp., Armonk, NY, USA).

RESULTS

Fluoride release
Table 2 presents the level of fluoride release in each studied group at different intervals; 24 
hours, 3, 5, and 7 days and shows the influence of time on fluoride release in each group  
(p < 0.05). Groups 1 and 3 both showed the same behavior of significantly higher initial 
fluoride release (8.38 ± 0.33 ppm and 4.48 ± 0.28 ppm, respectively) on the 1st day which 
decreased gradually on the 3rd and 5th days, and then was the lowest (1.11 ± 0.13 ppm and 1.88 
± 0.08 ppm, respectively) on the 7th day (p < 0.05). As well, group 2 had significantly higher 
initial fluoride release (1.25 ± 0.09 ppm) on the 1st day than on the other days (p < 0.05). 
However, in group 2, fluoride release on the 7th day was not significantly different from those 
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on the 3rd and 5th days, while a significant difference was detected between the results of the 
3rd and 5th days.

The mean amount of fluoride release varied with groups at each interval (Table 2). The 
control groups had significantly higher fluoride release on the 1st, 3rd, and 5th days (8.38 
± 0.33 ppm, 4.68 ± 0.27 ppm, and 3.39 ± 0.30 ppm, respectively) than the other groups 
(groups 2 and 3, p < 0.05). On the 7th day, the highest fluoride release was recorded for the 
remineralized specimens (1.88 ± 0.08 ppm, p < 0.05).

Micro-shear bond strength
The micro-shear bond strengths (MPa) of the studied groups are shown in Table 3. The 
micro-shear bond strength of the control group (25.03 ± 2.73 MPa) was significantly higher 
than that of both the demineralized and remineralized groups (p < 0.05). Additionally, 
remineralization significantly enhanced the micro-shear bond strength of the demineralized 
specimens (5.70 ± 1.71 MPa) by 10 MPa to 15.16 ± 1.53 MPa (p < 0.05).
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Grouping of specimens and tests of the study
(a total No. of 30 specimens)

Micro-shear bond strength of RMGIC to dentin
(15 specimens: 5 specimens for each group)

Fluoride release
(15 specimens: 5 specimens for each group)

Group 1: (Control) RMGIC 
bonded to sound dentin specimens 24 hr

3rd day

5th day

7th day

Group 1: (Control) RMGIC-sound 
dentin assembly specimens

Group 2: RMGIC bonded
to artificially-CAD specimens

Group 2: RMGIC-artificially-CAD
assembly specimens

Group 3: RMGIC bonded to CPP-ACP
remineralized CAD specimens

Group 3: RMGIC-CPP-ACP
remineralized CAD assembly specimens

Figure 1. Experimental design of this study. 
RMGIC, resin-modified glass ionomer cement; CAD, caries-affected dentin; CPP-ACP, casein phosphopeptide-amorphous calcium phosphate.

Table 2. Fluoride release (ppm) of different groups at different intervals
Interval Group 1 Group 2 Group 3 p value LSD
1st day 8.38 ± 0.33a 1.25 ± 0.09a 4.48 ± 0.28a 0.0001 0.36
3rd day 4.68 ± 0.27b 1.03 ± 0.01b 2.83 ± 0.12b 0.0001 0.24
5th day 3.39 ± 0.30c 0.85 ± 0.09c 2.24 ± 0.10c 0.0001 0.27
7th day 1.11 ± 0.13d 0.95 ± 0.06bc 1.88 ± 0.08d 0.0001 0.13
p value 0.0001 0.0001 0.0001 - -
LSD 0.37 0.10 0.23 - -
The values are presented as means ± standard deviations. The values with different superscript letters within the same column are significantly different at p < 0.05.
Group 1, control (RMGIC-sound dentin assembly specimens); Group 2, RMGIC-artificially demineralized dentin assembly specimens (CAD specimens); Group 3, 
RMGIC to demineralized and then CPP-ACP remineralized dentin assembly specimens (remineralized CAD specimens); LSD, least significant difference; RMGIC, 
resin-modified glass ionomer cement; CAD, caries-affected dentin; CPP-ACP, casein phosphopeptide-amorphous calcium phosphate.
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DISCUSSION

A state of oral health exists when net mineral loss (demineralization) and net mineral gain 
(remineralization) remain in equilibrium [24]. The primary objective of deep caries management 
is to conserve the tooth structure, as well as to maintain the integrity of pulp health. CAD is 
characterized by intact collagen framework but with loss of minerals [25]. This layer is able to 
remineralize and retain such dentin during pulp capping procedures providing a chance to heal 
and repair stressed pulp without invasive procedures such as root canal treatment [26].

CPP-amorphous calcium fluoride phosphate (CPP-ACFP) and CPP-ACP compounds are 
natural remineralizing agents derived from milk, to promote the general trend found in 
nature. A range of laboratory, animal, and short and long-term human clinical trials have 
confirmed the capability of these compounds to prevent demineralization and to enhance 
remineralization by replacing both calcium and phosphate ions lost due to caries, making 
the enamel more resistant to further acid attacks [27]. Therefore, the application of CPP-ACP 
may improve the bonding ability of different types of dental restorations to CAD.

Calcium phosphate is ordinarily insoluble, (i.e., it forms a crystalline structure at neutral 
pH). CPP-based products, such as CPP-ACP, which contains 18% calcium ion and 30% 
phosphate ion in weight, are the basis for the anticariogenicity of milk derivatives [28]. 
The action of CPP derivatives is partially based on the regulation of bioavailable calcium 
phosphate levels. CPP can adhere to 25 calcium ions, 15 phosphate ions, and 5 fluoride ions 
per molecule and can stabilize calcium and phosphate ‘nanoclusters’ of ions in solution. 
Moreover, CPP can free its weight in calcium and phosphate to form a colloid compound 
that prevents calcium phosphate crystals from growing to the size required for precipitation 
[29]. ACP is formed at neutral or alkaline pH. When CPP adheres to ACP aggregates, their 
growth is controlled, preventing them from reaching the critical size for precipitation [20]. 
These characteristics result in maintained ion phosphate and calcium supersaturation with 
increased remineralization and reduced hydroxyapatite demineralization [30].

To determine the amount of fluoride release from GICs into aqueous solutions, ion 
chromatography was chosen, both because this technique is appropriate for the measurement 
of free fluoride ions and because it senses low concentrations of fluoride ions that may 
not be detected by the ion-selective electrode method [31]. Fluoride release from GIC is a 
complex process influenced by several intrinsic and extrinsic factors. Intrinsic factors may 
include the formulation, the powder/liquid ratio, the geometry of the specimen, mixing 
time, material solubility or porosity, temperature, surface finishing, and treatment. Extrinsic 
factors encompass the type and pH of the storage medium, the environmental temperature, 
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Table 3. Micro-shear bond strength(SBS) of the groups tested in this study
Group SBS (MPa) F value p value
Group 1 25.03 ± 2.73a - -
Group 2 25.03 ± 2.73a 681.48 0.0001
Group 3 15.16 ± 1.53b - -
LSD 2.84 - -
The values are presented as means ± standard deviations. The values with different superscript letters are 
significantly different at p < 0.05.
Group 1, control (RMGIC-sound dentin assembly specimens); Group 2, RMGIC-artificially demineralized dentin 
assembly specimens (CAD specimens); Group 3, RMGIC to demineralized then CPP-ACP remineralized dentin 
assembly specimens (remineralized CAD specimens); LSD, least significant difference; RMGIC, resin-modified glass 
ionomer cement; CAD, caries-affected dentin; CPP-ACP, casein phosphopeptide-amorphous calcium phosphate.
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experimental design, and analytical methods. Three mechanisms are responsible for fluoride 
release from GIC: surface loss, diffusion through pores and cracks, and bulk diffusion [32-36]. 
Our present findings showed that RMGIC bonded to the specimens of the three groups 
continued to release fluoride in distilled water over the 7 days test period. The maximum 
release took place on the first day, soon after, the amount steadily diminished until reaching 
a reasonably constant rate. This may be related to the initial ‘burst’ of fluoride release from 
the glass particles. The burst release is attributed to the reaction between polyalkenoic 
acid and fluoride-containing glass particles on setting, and also to the rapid dissolution of 
fluoride from the outer surface into the solution [32,33]. The gradually diminished rate of 
fluoride release during the subsequent days until the seventh day may have been due to the 
earlier burst of fluoride released from glass particles dissolved in the polyacid during setting 
[37]. This is in agreement with Forsten [38], who concluded that the highest burst of fluoride 
release was on the first day and decreased over the first week.

Additionally, the CAD-RMGIC group exhibited the lowest level of fluoride release in the 
solution, which may have been related to higher fluoride deposition into CAD than into the 
mineralized dentin forming complexes with the remaining acid-resistant mineral crystals 
[39]. This is in agreement with another study [40] that reported an immediate high fluoride 
deposition onto demineralized dentin immersed into fluoride calcium phosphoric acid 
complex solution, which had the ability to remineralize it. That complex was considered to 
be a source of fluoride as was the RMGIC presented in this study. Since CPP-ACP partially 
remineralized CAD, there was less fluoride uptake and deposition within the specimens of 
group 3 than within those of group 2, while group 3 showed higher fluoride content within its 
solution than did group 2. As well, Mazzaoui et al. [41], explained that CPP-ACP remains as 
a contaminant on the treated CAD surface which promotes the release of fluoride ions from 
RMGIC to form CPP-ACFP nano-complexes.

The results revealed that the micro-shear bond strength of RMGIC to artificial CAD was 
significantly lower than that to sound dentin. The total strength of normal dentin is primarily 
dependent on the mineral phase (71.3%) while the remaining strength is correlated to the 
collagen matrix (28.7%) [42]. This indicates that the minerals lost in the inter-tubular matrix 
impair the mechanical properties of the CAD concerning bond strength [8]. Taking into 
account the chemical bonding mechanism between the carboxylic groups of the polyacrylic 
acid and the calcium ions of hydroxyapatite, the lower bond strength of RMGIC to carious 
dentin is reasonable, because the loss of calcium ions through demineralization gives less 
opportunity for bonding [43].

In contrast, demineralized dentin treated with CPP-ACP showed a significant improvement in 
micro-shear bond strength. A feasible explanation may be the ability of this agent to increase 
the deposition of hydroxyapatite crystals on the dentin surface which in turn increases 
bond strength [44]. This occurred through the enhanced ionic bond to more hydroxyapatite 
crystals around collagen fibers and the micromechanical interlocking of RMGIC in contrast 
to the demineralized tooth structure [13]. These findings are consistent with those reported 
by Choi et al. [45], who concluded that the micro-tensile bond strengths of both conventional 
GIC and RMGIC to demineralized dentin were significantly lower than the corresponding 
micro-tensile bond strengths to mineralized dentin.

According to Sattabanasuk et al. [46], the application of CPP-ACP on CAD surface might have 
an impact on the bond strength of some adhesive systems. It can adhere intraorally to plaque 
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pellicles, hydroxyapatite and soft tissues, supplying bioactive calcium and phosphate to the 
tooth structure thereby, facilitating the remineralization process. These findings correspond 
with the results of this study. Another supporting study by Rahiotis and Vougiouklakis [5], 
indicated that CPP-ACP improved remineralization of CAD compared to specimens without 
pretreatment. It was explicated that CPP-ACP technology, which has been introduced 
recently, can remineralize CAD. Calcium and phosphate ions easily diffuse through porous 
lesions and are deposited in partly demineralized crystals, reforming apatite crystals. These 
crystals are the fundamental component of the chemical bond of GIC to dentin.

CONCLUSIONS

Within the limitations of this study, CPP-ACP treatment can be suggested for use in vivo 
to motivate CAD remineralization, subsequently arresting the progress of carious lesions. 
Regarding fluoride release, CAD treated with CPP-ACP uses less fluoride discharged from 
RMGIC into solution for further remineralization. These findings are of interest, as they are 
evidence of the ability of CPP-ACP to partially mineralize CAD. As well, CPP-ACP enhances 
the bonding stability of RMGIC to CAD. CPP-ACP is a promising conservative approach that 
encourages minimal intervention and leads to dramatic improvements in dentistry.

REFERENCES

 1. Llena C, Leyda A, Forner L, Garcet S. Association between the number of early carious lesions and diet in 
children with a high prevalence of caries. Eur J Paediatr Dent 2015;16:7-12.
PUBMED

 2. Pereira PN, Nunes MF, Miguez PA, Swift EJ Jr. Bond strengths of a 1-step self-etching system to caries-
affected and normal dentin. Oper Dent 2006;31:677-681. 
PUBMED | CROSSREF

 3. Mount GJ, Ngo H. Minimal intervention: a new concept for operative dentistry. Quintessence Int 
2000;31:527-533.
PUBMED

 4. Zhong B, Peng C, Wang G, Tian L, Cai Q, Cui F. Contemporary research findings on dentine 
remineralization. J Tissue Eng Regen Med 2015;9:1004-1016. 
PUBMED | CROSSREF

 5. Rahiotis C, Vougiouklakis G. Effect of a CPP-ACP agent on the demineralization and remineralization of 
dentine in vitro. J Dent 2007;35:695-698. 
PUBMED | CROSSREF

 6. Fusayama T. Two layers of carious dentin; diagnosis and treatment. Oper Dent 1979;4:63-70.
PUBMED

 7. Yamaguchi K, Miyazaki M, Takamizawa T, Inage H, Kurokawa H. Ultrasonic determination of the effect of 
casein phosphopeptide-amorphous calcium phosphate paste on the demineralization of bovine dentin. 
Caries Res 2007;41:204-207. 
PUBMED | CROSSREF

 8. Alves FB, Lenzi TL, Reis A, Loguercio AD, Carvalho TS, Raggio DP. Bonding of simplified adhesive 
systems to caries-affected dentin of primary teeth. J Adhes Dent 2013;15:439-445.
PUBMED

 9. Marquezan M, Corrêa FN, Sanabe ME, Rodrigues Filho LE, Hebling J, Guedes-Pinto AC, Mendes FM. 
Artificial methods of dentine caries induction: a hardness and morphological comparative study. Arch 
Oral Biol 2009;54:1111-1117. 
PUBMED | CROSSREF

 10. Mitra SB. Adhesion to dentin and physical properties of a light-cured glass-ionomer liner/base. J Dent Res 
1991;70:72-74. 
PUBMED | CROSSREF

9/11https://rde.ac https://doi.org/10.5395/rde.2018.43.e45

CPP-ACP remineralized caries-affected dentin

http://www.ncbi.nlm.nih.gov/pubmed/25793946
http://www.ncbi.nlm.nih.gov/pubmed/17153976
https://doi.org/10.2341/05-131
http://www.ncbi.nlm.nih.gov/pubmed/11203973
http://www.ncbi.nlm.nih.gov/pubmed/23955967
https://doi.org/10.1002/term.1814
http://www.ncbi.nlm.nih.gov/pubmed/17614188
https://doi.org/10.1016/j.jdent.2007.05.008
http://www.ncbi.nlm.nih.gov/pubmed/296808
http://www.ncbi.nlm.nih.gov/pubmed/17426400
https://doi.org/10.1159/000099319
http://www.ncbi.nlm.nih.gov/pubmed/23534022
http://www.ncbi.nlm.nih.gov/pubmed/19878926
https://doi.org/10.1016/j.archoralbio.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/1991864
https://doi.org/10.1177/00220345910700011201
https://rde.ac


 11. Nagamine M, Itota T, Torii Y, Irie M, Staninec M, Inoue K. Effect of resin-modified glass ionomer cements 
on secondary caries. Am J Dent 1997;10:173-178.
PUBMED

 12. Hamama HH, Burrow MF, Yiu C. Effect of dentine conditioning on adhesion of resin-modified glass 
ionomer adhesives. Aust Dent J 2014;59:193-200. 
PUBMED | CROSSREF

 13. Bahari M, Savadi Oskoee S, Kimyai S, Pouralibaba F, Farhadi F, Norouzi M. Effect of casein 
phosphopeptide-amorphous calcium phosphate treatment on microtensile bond strength to carious 
affected dentin using two adhesive strategies. J Dent Res Dent Clin Dent Prospects 2014;8:141-147.
PUBMED

 14. Itota T, Carrick TE, Rusby S, Al-Naimi OT, Yoshiyama M, McCabe JF. Determination of fluoride ions 
released from resin-based dental materials using ion-selective electrode and ion chromatograph. J Dent 
2004;32:117-122. 
PUBMED | CROSSREF

 15. Cross KJ, Huq NL, Palamara JE, Perich JW, Reynolds EC. Physicochemical characterization of casein 
phosphopeptide-amorphous calcium phosphate nanocomplexes. J Biol Chem 2005;280:15362-15369. 
PUBMED | CROSSREF

 16. Zafar MS, Ahmed N. Therapeutic roles of fluoride released from restorative dental materials. Fluoride 
2015;48:184-194.

 17. Sakaguchi RL, Powers JM. Craig's restorative dental materials. 13th ed. Philadelphia (PA): Elsevier Health 
Sciences; 2012. p155-158.

 18. Zalizniak I, Palamara JE, Wong RH, Cochrane NJ, Burrow MF, Reynolds EC. Ion release and physical 
properties of CPP-ACP modified GIC in acid solutions. J Dent 2013;41:449-454. 
PUBMED | CROSSREF

 19. Zhao IS, Mei ML, Burrow MF, Lo EC, Chu CH. Prevention of secondary caries using silver diamine 
fluoride treatment and casein phosphopeptide-amorphous calcium phosphate modified glass-ionomer 
cement. J Dent 2017;57:38-44. 
PUBMED | CROSSREF

 20. Kucukyilmaz E, Savas S. Evaluation of shear bond strength, penetration ability, microleakage and 
remineralisation capacity of glass ionomer-based fissure sealants. Eur J Paediatr Dent 2016;17:17-23.
PUBMED

 21. Smith PW, Preston KP, Higham SM. Development of an in situ root caries model. A. In vitro investigations. 
J Dent 2005;33:253-267. 
PUBMED | CROSSREF

 22. Hattab FN, Amin WM. Fluoride release from glass ionomer restorative materials and the effects of surface 
coating. Biomaterials 2001;22:1449-1458. 
PUBMED | CROSSREF

 23. Shakya VK, Singh RK, Pathak AK, Singh BP, Chandra A, Bharti R, Yadav RK. Analysis of micro-shear 
bond strength of self-etch adhesive systems with dentine: an in vitro study. J Oral Biol Craniofac Res 
2015;5:185-188. 
PUBMED | CROSSREF

 24. Diefenderfer KE, Stahl J. Caries remineralization therapy: implications for dental readiness. Mil Med 
2008;173 (Supplement 1:48-50. 
PUBMED | CROSSREF

 25. Johansen E, Parks HF. Electron-microscopic observations on soft carious human dentin. J Dent Res 
1961;40:235-248. 
CROSSREF

 26. Ricketts DNJ, Pitts NB. Traditional operative treatment options. In: Pitts NB, editor. Detection, assessment, 
diagnosis and monitoring of caries. Basel: Karger Medical and Scientific Publishers; 2009. p164-173.

 27. Andersson A, Sköld-Larsson K, Hallgren A, Petersson LG, Twetman S. Effect of a dental cream containing 
amorphous cream phosphate complexes on white spot lesion regression assessed by laser fluorescence. 
Oral Health Prev Dent 2007;5:229-233.
PUBMED

 28. Aimutis WR. Bioactive properties of milk proteins with particular focus on anticariogenesis. J Nutr 
2004;134:989S-995S. 
PUBMED | CROSSREF

 29. Reynolds EC. Remineralization of enamel subsurface lesions by casein phosphopeptide-stabilized 
calcium phosphate solutions. J Dent Res 1997;76:1587-1595. 
PUBMED | CROSSREF

10/11https://rde.ac https://doi.org/10.5395/rde.2018.43.e45

CPP-ACP remineralized caries-affected dentin

http://www.ncbi.nlm.nih.gov/pubmed/9590903
http://www.ncbi.nlm.nih.gov/pubmed/24861394
https://doi.org/10.1111/adj.12169
http://www.ncbi.nlm.nih.gov/pubmed/25346832
http://www.ncbi.nlm.nih.gov/pubmed/14749083
https://doi.org/10.1016/j.jdent.2003.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15657053
https://doi.org/10.1074/jbc.M413504200
http://www.ncbi.nlm.nih.gov/pubmed/23438415
https://doi.org/10.1016/j.jdent.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/27939657
https://doi.org/10.1016/j.jdent.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26949234
http://www.ncbi.nlm.nih.gov/pubmed/15725525
https://doi.org/10.1016/j.jdent.2004.10.020
http://www.ncbi.nlm.nih.gov/pubmed/11374443
https://doi.org/10.1016/S0142-9612(00)00253-2
http://www.ncbi.nlm.nih.gov/pubmed/26605144
https://doi.org/10.1016/j.jobcr.2015.07.006
http://www.ncbi.nlm.nih.gov/pubmed/18277722
https://doi.org/10.7205/MILMED.173.Supplement_1.48
https://doi.org/10.1177/00220345610400020501
http://www.ncbi.nlm.nih.gov/pubmed/17977295
http://www.ncbi.nlm.nih.gov/pubmed/15051859
https://doi.org/10.1093/jn/134.4.989S
http://www.ncbi.nlm.nih.gov/pubmed/9294493
https://doi.org/10.1177/00220345970760091101
https://rde.ac


 30. Nakajima M, Kunawarote S, Prasansuttiporn T, Tagami J. Bonding to caries-affected dentin. Jpn Dent Sci 
Rev 2011;47:102-114. 
CROSSREF

 31. McCabe JF, Carrick TE, Sidhu SK. Determining low levels of fluoride released from resin based dental 
materials. Eur J Oral Sci 2002;110:380-384. 
PUBMED | CROSSREF

 32. Attar N, Turgut MD. Fluoride release and uptake capacities of fluoride-releasing restorative materials. 
Oper Dent 2003;28:395-402.
PUBMED

 33. De Moor RJ, Verbeeck RM, De Maeyer EA. Fluoride release profiles of restorative glass ionomer 
formulations. Dent Mater 1996;12:88-95. 
PUBMED | CROSSREF

 34. Preston AJ, Agalamanyi EA, Higham SM, Mair LH. The recharge of esthetic dental restorative materials 
with fluoride in vitro-two years' results. Dent Mater 2003;19:32-37. 
PUBMED | CROSSREF

 35. Strother JM, Kohn DH, Dennison JB, Clarkson BH. Fluoride release and re-uptake in direct tooth colored 
restorative materials. Dent Mater 1998;14:129-136. 
PUBMED | CROSSREF

 36. Karantakis P, Helvatjoglou-Antoniades M, Theodoridou-Pahini S, Papadogiannis Y. Fluoride release from 
three glass ionomers, a compomer, and a composite resin in water, artificial saliva, and lactic acid. Oper 
Dent 2000;25:20-25.
PUBMED

 37. Smith DC. Composition and characteristics of glass ionomer cements. J Am Dent Assoc 1990;120:20-22. 
PUBMED | CROSSREF

 38. Forsten L. Resin-modified glass ionomer cements: fluoride release and uptake. Acta Odontol Scand 
1995;53:222-225. 
PUBMED | CROSSREF

 39. Knight GM, McIntyre JM, Craig GG, Mulyani , Zilm PS, Gully NJ. Differences between normal and 
demineralized dentine pretreated with silver fluoride and potassium iodide after an in vitro challenge by 
Streptococcus mutans. Aust Dent J 2007;52:16-21. 
PUBMED | CROSSREF

 40. Mashiko R, Inoue G, Nikaido T, Tagami J. Morphological evaluation of artificial caries-affected dentin 
after applying FCP-COMPLEX. J Oral Sci 2017;59:343-350. 
PUBMED | CROSSREF

 41. Mazzaoui SA, Burrow MF, Tyas MJ, Dashper SG, Eakins D, Reynolds EC. Incorporation of casein 
phosphopeptide-amorphous calcium phosphate into a glass-ionomer cement. J Dent Res 2003;82:914-918. 
PUBMED | CROSSREF

 42. Wang Y, Spencer P, Walker MP. Chemical profile of adhesive/caries-affected dentin interfaces using 
Raman microspectroscopy. J Biomed Mater Res A 2007;81:279-286. 
PUBMED | CROSSREF

 43. Yoshida Y, Van Meerbeek B, Nakayama Y, Snauwaert J, Hellemans L, Lambrechts P, Vanherle G, Wakasa K. 
Evidence of chemical bonding at biomaterial-hard tissue interfaces. J Dent Res 2000;79:709-714. 
PUBMED | CROSSREF

 44. Adebayo OA, Burrow MF, Tyas MJ. Dentine bonding after CPP-ACP paste treatment with and without 
conditioning. J Dent 2008;36:1013-1024. 
PUBMED | CROSSREF

 45. Choi K, Oshida Y, Platt JA, Cochran MA, Matis BA, Yi K. Microtensile bond strength of glass ionomer 
cements to artificially created carious dentin. Oper Dent 2006;31:590-597. 
PUBMED | CROSSREF

 46. Sattabanasuk V, Burrow MF, Shimada Y, Tagami J. Resin bonding to dentine after casein phosphopeptide-
amorphous calcium phosphate (CPP-ACP) treatments. J Adhes Sci Technol 2009;23:1149-1161. 
CROSSREF

11/11https://rde.ac https://doi.org/10.5395/rde.2018.43.e45

CPP-ACP remineralized caries-affected dentin

https://doi.org/10.1016/j.jdsr.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/12664469
https://doi.org/10.1034/j.1600-0722.2002.21275.x
http://www.ncbi.nlm.nih.gov/pubmed/12877425
http://www.ncbi.nlm.nih.gov/pubmed/9002849
https://doi.org/10.1016/S0109-5641(96)80074-1
http://www.ncbi.nlm.nih.gov/pubmed/12498894
https://doi.org/10.1016/S0109-5641(02)00011-8
http://www.ncbi.nlm.nih.gov/pubmed/10023202
https://doi.org/10.1016/S0109-5641(98)00019-0
http://www.ncbi.nlm.nih.gov/pubmed/11203786
http://www.ncbi.nlm.nih.gov/pubmed/2404039
https://doi.org/10.14219/jada.archive.1990.0002
http://www.ncbi.nlm.nih.gov/pubmed/7484103
https://doi.org/10.3109/00016359509005976
http://www.ncbi.nlm.nih.gov/pubmed/17500159
https://doi.org/10.1111/j.1834-7819.2007.tb00460.x
http://www.ncbi.nlm.nih.gov/pubmed/28529278
https://doi.org/10.2334/josnusd.16-0312
http://www.ncbi.nlm.nih.gov/pubmed/14578505
https://doi.org/10.1177/154405910308201113
http://www.ncbi.nlm.nih.gov/pubmed/17120213
https://doi.org/10.1002/jbm.a.30981
http://www.ncbi.nlm.nih.gov/pubmed/10728971
https://doi.org/10.1177/00220345000790020301
http://www.ncbi.nlm.nih.gov/pubmed/18922613
https://doi.org/10.1016/j.jdent.2008.08.011
http://www.ncbi.nlm.nih.gov/pubmed/17024948
https://doi.org/10.2341/05-108
https://doi.org/10.1163/156856109X432686
https://rde.ac



