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Abstract
The aim of this study was to assess the remineralization of enamel caries lesions
using the self-assembling peptide P11-4 associated with different materials. Artificial
early enamel lesions were prepared on 154 primary teeth. The samples were randomly divided into eight groups: (1) control, (2) P11-4, (3) fluoridate toothpaste (FT),
(4) P11-4 + FT, (5) casein phosphopeptide–amorphous calcium phosphate (CPP–
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ACP), (6) P11-4 + CPP–ACP, (7) fluoridate bioactive glass toothpaste (BT), and
(8) P11-4 + BT. The surface enamel microhardness (EMH) and energy-dispersive Xray spectroscopy (EDS) of the teeth were then measured at the baseline, after demineralization, and after 28 days of remineralization. The enamel surfaces were assessed
by field emission scanning electron microscopy (FESEM) and atomic force microscopy
(AFM). The data were analyzed with one-way analysis of variance (ANOVA) (p < .05).
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EMH after demineralization was significantly lower than the baseline value (p < .001).
The interventions led to an enhanced percentage of EMH recovery (%REMH), which
was higher in Groups 6 and 7. There was no significant difference between Groups
3 and 4. Groups 1 and 2 had the lowest %REMH. The mean calcium/phosphate
weight percentage ratio of P11-4 was significantly lower than the others (p < .001).
The FESEM and AFM images revealed mineral deposition on the eroded enamel and
reductions in surface roughness in Groups 5 and 7.
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I N T RO DU CT I O N

as casein phosphopeptide–amorphous calcium phosphate (CPP–ACP),
have been developed. The material “stabilizes amorphous calcium

Caries begin with inorganic loss (demineralization) in the tooth, and a cav-

phosphate (ACP) and forms CPP–ACP complexes,” leading to

ity will develop if the minerals are not replaced (remineralization)

enhanced

(Featherstone, 2008). Treatments of noncavitated early caries lesions are

remineralization (Dai et al., 2019; Oliveira, Barboza, Barreto, &

divided into two main categories: micro-invasive strategies or using non-

Tostes, 2020; Shen et al., 2020). There is still controversy about the

invasive materials to remineralize the enamel (Philip, 2019; Schwendicke

superiority of CPP–ACP compared to fluoride products to treat caries

et al., 2019). Traditionally, fluoride products form fluorapatite and effec-

lesions. A greater efficacy of CPP–ACP than fluoride was suggested

tively reverse caries by improving enamel remineralization (Philip, 2019).

by reports of in vitro studies that did not follow pH-cycling conditions

Ca

and

PO43

in

dental

plaque

and

increased

Hydroxyapatite crystals are composed mainly of calcium (Ca) and

in permanent (Shen et al., 2020) or primary teeth (Zhang, Zou, Yang, &

phosphate (PO43 ) ions; thus, materials that contain these ions, such

Zhou, 2011), as well as in a clinical study in permanent teeth

Microsc Res Tech. 2021;1–11.
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(Dai et al., 2019). However, the others did not report the effect

informed consent form that authorized the use of these teeth for

(Oliveira et al., 2020; Vyavhare, Sharma, & Kulkarni, 2015).

research purposes.

Bioactive glass is a biocompatible material that has proven advantages in preventive dentistry. BioMin F is a bioactive glass toothpaste
that contains 5% fluoro calcium phosphosilicate. The ions release

2.1
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Sample preparation

slowly, based on “smart technology” and form apatite, which
enhances enamel remineralization (Brauer, Karpukhina, O'Donnell,

The specimens were disinfected by soaking in 0.1% Chloramine T

Law, & Hill, 2010; Taha, Patel, Hill, & Fleming, 2017). Some studies

solution for 30 days. Then all the crowns were assessed under a ste-

recommended BioMin F toothpaste to treat early caries lesions com-

reomicroscope to discard teeth with any cracks, anomalies, stains, or

pared to fluoride toothpaste in permanent teeth (Alhussain, Alhaddad,

defects. From these, we chose 154 teeth and their roots were

Ghazwi, & Farooq, 2018; Bakry et al., 2018).

removed to the level of 1 mm under the enamel–dentin junction. The

Remineralization of early caries lesions is another alternative based

enamel surfaces were prepared by using silicon carbide papers (range:

on tissue regeneration because it mimics the physiological function of

600–2,000 grit), followed by the application of aluminum oxide

the enamel matrix. Self-assembling peptide P11-4 forms a biomatrix

(0.5–3 μm), and finally rinsed with distilled water. Then, the teeth

scaffold in the body of the lesion and provides a suitable area to form

were randomly allocated to eight groups as follow; control (n = 14) and

new hydroxyapatite (Hartgerink, Beniash, & Stupp, 2001; Kind

interventinal groups (n = 20). Demineralization and remineralization

et al., 2017; Kirkham et al., 2007; Philip, 2019). Some studies revealed

solution were also prepared as follows:

greater efficacy of P11-4 in the remineralization of early caries lesions in
permanent teeth than CPP–ACP or fluoride varnish that were assessed

• Early caries lesions process: Each sample was immersed in 30 mL

in other in vivo (Brunton et al., 2013) and in vitro studies (Sindhura,

demineralization solution, at 37 C for 96 hr. The solution contained

Uloopi, Vinay, & Chandrasekhar, 2018). Other clinical studies (Alkilzy,

0.1 mM lactic acid solution, 3 mM CaCl2, 3 mM KH2PO4, 0.2% guar

Tarabaih, Santamaria, & Splieth, 2018; Jablonski-Momeni, Nothelfer,

gum (pH 4.5). The final pH was adjusted to 4.5 with 50% sodium

Morawietz, Kiesow, & Korbmacher-Steiner, 2020) and laboratory

hydroxide (NaOH). The solutions were replaced with new ones after

research on permanent teeth concluded that remineralization is

48 hr. After 96 hr, each specimen was washed with deionized water

enhanced after applying P11-4 in conjunction with CPP–ACP or fluoride

for 20 s, air-dried and a second EMH test performed (Patil,

varnish (Kamal, Hassanein, Elkassas, & Hamza, 2020).

Choudhari, Kulkarni, & Joshi, 2013; Zhang et al., 2011).

It is important to use noninvasive methods to treat early caries

• Remineralizing solution: The artificial saliva solution consisted of

lesions in young children. With respect to P11-4 mechanism, our study

2.200 g/L gastric mucin, 0.381 g/L sodium chloride (NaCl),

aimed to assess providing enamel regeneration followed by use of other

0.213 g/L calcium chloride (CaCl22H2O), 0.738 g/L potassium

remineralizing agents. Our hypothesis was that P11-4 in combination

hydrogen phosphate (K2HPO43H2O), and 1.114 g/L potassium

with CPP–ACP or fluoride agents to remineralize enamel would be simi-

chloride (KCl). The final pH was adjusted to 7.00 at 37 C with 85%

lar or superior to applying these materials alone, because of the syner-

lactic acid (Patil et al., 2013). We replaced the freshly prepared arti-

getic effect of each. The null hypothesis was tested against an

ficial saliva daily in order to overcome the risk of mucin structural

alternative hypothesis that differences in remineralizing would be found

changes during the intervention phase. The pH level was moni-

between the materials. To our knowledge, there are no studies that

tored in the beginning and at the end of each daily intervention.

assess the influence of P11-4 and compare these noninvasive preventive

The samples that contained the artificial saliva were incubated at

methods in primary teeth. Therefore, the aim of the current study was

37 C in order to better simulate oral cavity conditions.

to evaluate fluoride-based toothpaste, fluoride-containing bioactive
glass toothpaste, and CPP–ACP with or without self-assembling peptide
P11-4 for the remineralization of artificial enamel caries lesions in pri-

2.2
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Experimental protocols

mary teeth. Surface enamel microhardness (EMH), energy-dispersive Xray spectroscopy (EDS), field emission scanning electron microscopy

The following treatment was performed on the demineralized enamel

(FESEM), and atomic force microscopy (AFM) assessments of the

in each group:

lesions were compared after treatment with these materials.
• Group 1 (control): Samples with polished enamel surfaces were
immersed in artificial saliva solution and received no interventions.

2
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MATERIALS AND METHODS

The solution was replaced every day for 28 days.
• Group 2 (self-assembling peptide P11-4): The procedure was per-

The Human Ethics Review Committee of the School of Dentistry, Shi-

formed according to the manufacturer's instructions. After tooth

raz University of Medical Sciences approved this in vitro study. We

demineralization, the enamel surfaces were cleaned with a brush,

confirm that all methods were carried out in accordance with relevant

rinsed with 2% sodium hypochlorite (Aug. Hedinger GmbH &

guidelines and regulations. In total, 160 human primary canine teeth

Co. KG, Stuttgart, Germany) for 20 s, and washed with distilled

were extracted due to orthodontic treatment from 6 to 8 years old

water for 30 s. Then, the enamels were etched with 37% phospho-

children. The teeth were kept in distilled water. The parents signed an

ric acid (3 M, ESPE, St. Paul, MN) for 20 s, rinsed with distilled

3
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water, and allowed to air dry. The peptide P11-4 is available as
Curodont powder (Curodont Repair, Credenits AG, Windisch,
Switzerland). A glass vial of Curodont powder was dissolved in
0.05 mL of deionized water and immediately applied to the sur-

TABLE 1

Materials used in the current study

Material

Chemical composition

Manufacturer

Curodont repair
(P11-4)

Monomeric self-assembling
peptides (P11-4)

Credenits AG,
Windisch,
Switzerland

Fluoridate
toothpaste

Sorbitol, aqua, hydrated
silica, cocamidopropyle
betaine, trisodium
phosphate, aroma,
cellulose gum, sodium
phosphate, sodium
fluoride, carbomer, sodium
saccharine, 1,450 ppm
fluoride

Oral B, Iowa,
USA

CPP–ACP (tooth
mousse,
Recaldent)

Pure water, glycerol, CPP–
ACP, D-sorbitol, CMC-Na,
propylene glycol, silicone
dioxide, titanium dioxide,
xylitol, phosphoric acid,
zinc oxide, sodium
saccharin, ethyl phydroxybenzoate,
magnesium oxide, guar
gum, propyl phydroxybenzoate, butyl phydroxybenzoate

GC, Tokyo,
Japan

BioMin F
(fluoride
containing
bioactive
glass
toothpaste)

Glycerin, silica, PEG 400,
fluoro calcium
phosphosilicate, sodium
lauryl sulphate, titanium
dioxide, aroma, carbomer,
potassium acesulfame,
fluoride content 530 ppm

BioMin
Technologies,
Ltd., London,
UK

faces of the teeth for 5 min to allow for penetration into the
eroded enamels. The samples were subsequently placed in a
remineralization solution (artificial saliva), which was changed
every 24 hr. Only one application of Curodont was used for the
entire study.
• Group 3 (fluoridate toothpaste): Totally 0.25 g of 1,450 ppm fluoride
toothpaste (Oral B, Iowa) applied as a thin layer to the surface of
each tooth. Each sample was immersed in 30 mL of artificial saliva
and stirred at 100 rpm for 3 min. Then, the tooth was rinsed with
deionized water for 20 s and immersed in a remineralization solution.
This procedure was performed twice daily at 8 a.m. and 3 p.m., after
which the enamel was rinsed with deionized water for 20 s.
• Group 4 (P11-4 + fluoridate toothpaste): Eroded enamel was first
treated with P11-4 then 1,450 ppm fluoridate toothpaste, as
described for Groups 2 and 3. During 28 days of the study, the
procedure was performed twice per day, as mentioned for
Group 3.
• Group 5 (CPP–ACP): Enamel surface was covered with a thin layer
of water-based, sugar-free topical cream (tooth mousse) that contained Recaldent (GC, Tokyo, Japan), and subsequently stirred at
100 rpm for 3 min in artificial saliva. The remainder of the process
was performed as described for Group 3, twice per day for
28 days.
• Group 6 (P11-4 + CPP–ACP): P11-4 was initially applied to the
enamel, followed by CPP–ACP as described for Groups 2 and
5. The previously described procedure for Group 5 was repeated
twice per day for this group along 28 days of the study.
• Group 7 (fluoridate bioactive glass toothpaste): Totally 0.25 g of Bio-

paper adhesive to generate a 2  2 mm window on the surface of each

Min F toothpaste (BioMin Technologies, Ltd., London, UK) that con-

tooth and covered the surrounding area with two layers of nail polish in

tained Ca and fluoride (<600 ppm) was applied to the eroded enamel

order to create an equal test area. A Vickers diamond indenter (SCTMC

and the teeth were subsequently immersed in 30 mL of artificial

DHV-1000Z, digital microhardness tester, Shanghai, China) was used to

saliva and stirred at 100 rpm for 3 min. The remainder of the process

determine the EMH at a 50 g force for 15 s, at five points, and a dis-

was performed as described for Group 3, twice a day for 28 days.

tance of 100 μm. The average of these five points was recorded. EMH

• Group 8 (P11-4 + fluoridate bioactive glass toothpaste): The speci-

was measured at baseline, after demineralization, and remineralization.

mens were treated with P11-4 and BioMin F according to the pro-

The baseline EMHs of the specimens were 315.03 to 324.83 Vickers

cedures for Groups 2 and 7. The remainder of the process was

hardness number (VHN). After demineralization, the surfaces were

performed as described for Group 3, two times a day for 28 days.

rinsed with distilled water for 20 s and dried. We then calculated the
EMH for this time point. After obtaining the last EMH, the percent

The materials and methods used in the study shown in Table 1
and Figure 1.
All the samples were subjected to laboratory tests at baseline,

EMH recovery (%REMH) in the remineralized enamel was calculated as
follows: %REMH = (remineralized EMH
tooth microhardness

demineralized EMH)/(sound

demineralized EMH)  100.

after demineralization, and 28 days after enamel treatment followed
by rinsing with deionized water for 20 s.

2.4 | Energy-dispersive X-ray spectroscopy and
field emission scanning electron microscopy
2.3

|

Microhardness test
We selected 42 teeth from the interventional groups (n = 6) to measure

A total of 80 teeth were embedded in acrylic blocks with placement of

the minerals at the surface layer of each tooth at three time points:

the buccal surface of each tooth at the top surface (n = 10). We used

baseline, after demineralization, and remineralization. The procedure

4
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Tooth Selection
(n=154)
First Laboratory
Tests
Second Laboratory
Tests

Group
1
Group
2
Group
3
Group
4
Group
5
Group
6
Group
7
Group
8

Demineralization

Experimental
Groups

• Control: no interventions
• Self-assembling peptide P11-4: Rinsed with 2% sodium hypochlorite, etched with 37%
phosphoric acid, washed, dried, prepared Curodont solution, applied for 5 min
• Fluoridate toothpaste: Applied over the enamel, immersed in 30 ml of artificial saliva,
stirred at 100 rpm for 3 min. Repeat procedure twice daily
• P11-4 + Fluoridate toothpaste: Treated with P11-4 followed by 1450 ppm fluoridate
toothpaste, as described for groups 2 and 3. Repeat procedure twice daily
• CPP-ACP: Applied over the enamel, stirred at 100 rpm for 3 min in artificial saliva. Repeat
procedure twice daily
• P11-4 + CPP-ACP: Enamel treated with P11-4 followed by CPP-ACP. Repeat procedure
twice daily
• Fluoridate Bioactive Glass toothpaste: Applied over the enamel, immersed in 30 ml of
artificial saliva, stirred at 100 rpm for 3 min. Repeat procedure twice daily
• P11-4 + Fluoridate Bioactive Glass toothpaste: Enamel treated with P11-4 followed by the
paste. Repeat procedure twice daily

Third Laboratory
Tests

FIGURE 1

Flowchart showing the methods and materials used in this study

was conducted according to former studies and analytic method.

2.6

|

Statistical analysis

Energy-dispersive X-ray spectroscopy (EDS; spot size: 100 nm) in conjunction with high-resolution field emission scanning electron micros-

IBM SPSS for windows version 22.0 (IBM Corp., Armonk, NY) was

copy (FESEM; spot size: 2–3 nm; MIRA3, Tescan, Brno, Czech Republic)

used for data analysis. All data are presented as mean ± standard devi-

was used to assess the surfaces of the teeth. The enamel surfaces were

ation (SD). For between-group comparisons, one-way ANOVA and

gold-coated and the surfaces were scanned by FESEM at 15 kV for

Tukey's HD test were separately used for each condition and the

45 s, and magnifications of 35,000 and 75,000.

mean %REMH between the groups. One-way ANOVA and Tukey's
post hoc tests were used to compare the effect of different materials
and conditions in terms of mineral content. p values <.05 were consid-

2.5

|

Atomic force microscopy

ered to be statistically significant.

The surfaces of 32 teeth (n = 4) were evaluated with an Atomic force
microscopy (AFM) device (JPK Nanowizard II apparatus, JPK Instru-

3
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|

ments, Berlin, Germany) in identified areas as described above: after
enamel polishing, demineralization, and treatment with the study

3.1

|

Enamel microhardness

materials. The analysis was performed by scanning in the tapping
mode with nonconductive silicon nitride at a speed of 1 Hz. The sur-

There was significant interaction between the conditions and the

face root mean square roughness (Ra) was calculated for each sample

materials (p = .024). Table 2 shows the mean ± SD for microhardness

in a 5  5 μm2 area for five areas.

and %REMH in the polished, demineralized, and remineralized enamel.

5
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TABLE 2

Comparison of enamel surface microhardness in the experimental groups
Condition (mean ± SD)

Group (n = 10)

Baseline

DEM

REM

1. Control

319.08 ± 2.01A,a

131.52 ± 2.40A,b

133.84 ± 2.23b

2. Curodont

319.68 ± 2.02A,a

132.82 ± 2.90A,b

176.19 ± 20c

A,a

A,b

3. Toothpaste

318.88 ± 2.81

134.42 ± 2.45

4. Curodont + toothpaste

319.38 ± 2.69A,a

133.72 ± 2.34A,b

A,a

A,b

132.84 ± 2.23

%REMH

246.01 ± 4.90

0.85 ± 1.60A
23.19 ± 1.58B

c

60.50 ± 3.44C

248.6 ± 4.88c

68.06 ± 3.20D

5. CPP–ACP

318.68 ± 2.58

6. Curodont + CPP–ACP

321.26 ± 2.56A,a

133.46 ± 2.33A,b

294.12 ± 7.16c

85.57 ± 3.90E

A,a

A,b

c

77.97 ± 1.91F

133.45 ± 2.95

259.38 ± 5.98

61.88 ± 2.37C
c

7. BioMin F

320.76 ± 2.90

279.47 ± 2.27

8. Curodont + BioMin F

320.86 ± 2.57A,a

134.22 ± 2.25A,b

218.07 ± 4.06c

44.94 ± 2.44G

p value

.112

.286

<.001

<.001

Note: Mean values with the same lowercase letter in each row are not statistically significant. Mean values with the same capital letter in each row are not
significantly different.
Abbreviations: CPP–ACP, casein phosphopeptide–amorphous calcium phosphate; DEM, demineralization; %REMH, percentage microhardness recovery in
remineralized teeth; REM, remineralization.

The mean EMH at the beginning of the study was 319.9 ± 2.52 VHN.

hydroxyapatite arrangement pattern was observed (Figure 2a,b).

There was no significant difference observed between the groups at

Treatment with P11-4 resulted in the formation of crystal-like struc-

baseline (p = .112). After demineralization, we noticed a significant

tures; however, the orientation of the crystals had an irregular pattern

reduction in the EMH of the groups (all p < .001). However, there was

(Figure 2c,d). Toothpaste alone or with P11-4 resulted in agglomera-

no significant difference observed among the groups in the demineral-

tion of minerals that were superficially deposited and had an irregular

ization phase (p = .286). Application of the remineralizing materials

surface (Figure 2e,f). The application of CPP–ACP filled the porous

significantly enhanced EMH (all p < .001). The P11-4 group had the

areas and voids, and there was more precipitation of the minerals over

least mean %REMH followed by the P11-4 + bioactive glass tooth-

the eroded enamel compared with the toothpaste groups (Figure 2g,

paste group. There was a significantly greater increase in %REMH in

h). Enamel treated with toothpaste or CPP–ACP associated with

the P11-4 + CPP–ACP group, followed by the bioactive glass tooth-

P11-4 had more mineral deposition, which was dispersed over the

paste and CPP–ACP groups compared with the other groups (all

eroded enamel (Figure 2i–l). Images of the bioactive glass toothpaste

p < .001). However, there was no significant difference in enhancing

groups showed precipitation of minerals and decreased enamel poros-

%REMH between the P11-4 + toothpaste and the toothpaste groups

ity; however, in some areas the prism cores were not filled by the

(p = .940). The smallest change in %REMH was in the control group,

paste (Figure 2m–p).

which was significantly different from the other groups (all p < .001).

3.4
3.2

|

|

AFM observations

Mineral content
The AFM findings demonstrated a mean Ra in the demineralized

We measured the values of Ca and PO43

in the treated teeth at

enamel

of

267 ± 3.42 nm.

Surface

treatment

with

various

baseline, demineralization, and remineralization by EDS. Table 3

remineralizing materials decreased roughness of the enamel surface

shows the mean ± SD Ca/PO43

weight percentage (wt%) ratio for

to some extent. The demineralized enamel treated with P11-4 had

each material. All groups showed significant differences between the

the roughest enamel surface (254.67 ± 4.13 nm), followed by tooth-

conditions (all p < .05). The highest ratio was measured at baseline

paste (164.86 ± 2.24 nm), P11-4 + toothpaste (135.83 ± 3.43 nm),

and the lowest was in the eroded samples. There was a statistically

P11-4 + CPP–ACP (106.9 ± 4.71 nm), and P11-4 + bioactive glass

significant difference between these materials in remineralization in

toothpaste (81.36 ± 2.02 nm) in the treated teeth. The CPP–ACP

terms of the Ca/PO43 wt% ratio (p < .001). The mean Ca/PO43 wt

and bioactive glass toothpaste groups had the smallest Ra values

% ratio for P11-4 was significantly less than the other experimental

(75.18 ± 3.66 nm and 76.42 ± 2.51 nm, respectively). The treated

groups (p < .001). However, the other groups did not show significant

enamel topography in the P11-4 intervention groups is shown in

differences in the mean Ca/PO43 wt% ratio (p > .05).

Figure 3.

3.3

4

|

FESEM analysis

|

DI SCU SSION

The eroded enamel had high surface porosity and surface roughness

The current results agree with previous studies that showed the effec-

and the prism core had dissolved in some areas. Interprism that had a

tiveness of remineralizing agents on surface changes and EMH

6
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T A B L E 3 Comparison of Ca/PO43
wt% ratio in the experimental groups

Condition (mean ± SD)
Groups (n = 6)

Baseline

DEM

REM

2. Curodont

2.40 ± 0.06A,a

1.70 ± 0.05A,b

1.82 ± 0.09A,c

3. Toothpaste

2.40 ± 0.08A,a

1.76 ± 0.08A,b

2.10 ± 0.01B,c

A,a

A,b

2.13 ± 0.03B,c

4. Curodont + toothpaste

2.37 ± 0.03

5. CPP–ACP

2.40 ± 0.02A,a

1.81 ± 0.05A,b

2.09 ± 0.05B,c

A,a

A,b

2.11 ± 0.03B,c

1.79 ± 0.06

6. Curodont + CPP–ACP

2.40 ± 0.03

7. BioMin F

2.42 ± 0.03A,a

1.70 ± 0.07A,b

2.10 ± 0.04B,c

A,a

A,b

2.11 ± 0.06B,c

8. Curodont + BioMin F

2.40 ± 0.03

p value

.810

1.74 ± 0.14

1.75 ± 0.06
.101

<.001

Note: Mean values with the same lowercase letter in each row are not statistically significant. Mean
values with the same capital letter in each column are not significantly different.
Abbreviations: Ca/PO43 wt%, calcium to phosphate weight percentage; CPP–ACP, casein
phosphopeptide–amorphous calcium phosphate; DEM, demineralization; REM, remineralization.

(Alhussain et al., 2018; Dai et al., 2019; Schmidlin, Zobrist, Attin, &

in the outer layer (Krishnan & Lakshmi, 2013). This outer layer pro-

Wegehaupt, 2016; Zhang et al., 2011).

vides a source of minerals for remineralization of subsurface lesions

Microhardness is an easy, nondestructive technique that has been

by forming hydroxycarbonated apatite (Bakry et al., 2018; Krishnan &

used to assess the effectiveness of remineralizing materials on early

Lakshmi, 2013). Since BioMin F has fluoride incorporated inside its

caries lesions (Dai et al., 2019; Kamal et al., 2020; Schmidlin

composition, it also forms fluorapatite.

et al., 2016). We used specimens that had a baseline EMH range that

The

efficacy

of

a

self-assembling

peptide

in

enamel

was similar to previous studies (Schmidlin et al., 2016; Zhang

remineralization has been reported (Kamal et al., 2020; Kirkham

et al., 2011). After demineralization, we noted a significant reduction

et al., 2007; Sindhura et al., 2018). The monomeric form with low vis-

in EMH values compared to baseline, due to mineral loss from the

cosity diffuses into the demineralized enamel to form a network that

enamel. However, the %REMH increased after the interventions. The

leads to new hydroxyapatite nucleation sites (Hartgerink et al., 2001;

control group did not undergo any treatment and had lowest EMH

Kind et al., 2017; Kirkham et al., 2007). Two studies reported

value, which agreed with previous studies (Alhussain et al., 2018;

increased enamel remineralization by P11-4 than CPP–ACP and fluo-

Kamal et al., 2020; Schmidlin et al., 2016).

ride varnish (Sindhura et al., 2018; Üstün & Aktören, 2019). Our

Like others, we found that fluoride toothpaste enhances EMH

results showed that P11-4 led to an increase in EMH compared to the

(Dai et al., 2019; Oliveira et al., 2020; Zhang et al., 2011). This might

control group; however, %REMH was the lowest among the interven-

be related to the formation of fluorapatite on the enamel surface.

tion groups. This may be related to its monomeric composition with-

However, the %REMH was lower than in the materials that con-

out Ca or PO43 ions. Also, we used only one application of P11-4,

tained Ca and PO4

3

ions. Two factors might influence the results: a

low amount of fluoride that diffused into the subsurface area
(Mehta, Nandlal, & Prashanth, 2013), and the need for additional Ca
and PO43

ions per one unit of fluorapatite (Ca10 (PO4)6F2)

which may have affected the results (Wierichs, Kogel, Lausch,
Esteves-Oliveira, & Meyer-Lueckel, 2017).
As in the present study, Kamal et al. (2020) found that P11-4 combined with CPP–ACP led to increased EMH. The monomer network
comprises amino acids which increase the affinity for Ca and PO43

(Philip, 2019).
Our results showed a higher %REMH after the application of

ions and create binding sites for these ions (Brunton et al., 2013;

CPP–ACP compared to fluoride toothpaste which agreed with previ-

Hartgerink et al., 2001; Kind et al., 2017; Kirkham et al., 2007). These

ous studies (Dai et al., 2019; Shen et al., 2020; Zhang et al., 2011).

effects may make more rapid, enhanced hydroxyapatite crystallization

This might be related to the composition of the CPP–ACP, which

possible compared to CPP–ACP alone (Kamal et al., 2020). The results

functioned as a reservoir of Ca and PO43 ions, and its ability to pene-

of one study showed the effectiveness of the combination of the

trate the subsurface lesions to form hydroxyapatite (Mehta

P11-4 and hydroxyapatite in whitening discolored enamel (Hojabri,

et al., 2013). However, some researchers believe that there is a

Kaisarly, & Kunzelmann, 2020). In clinical studies, an increased effi-

greater influence of fluoride than CPP–ACP on early caries lesions

cacy of the fluoride varnish associated with P11-4 compared to fluo-

(Oliveira et al., 2020; Vyavhare et al., 2015).

ride alone was reported (Alkilzy et al., 2018; Jablonski-Momeni

In this study, there was a higher %REMH after treatment with

et al., 2020). However, the present study did not show any significant

fluoride bioactive glass toothpaste compared with the control, CPP–

advantage with the use of P11-4 prior to fluoride or BioMin

ACP, and fluoridate toothpaste groups, which was in accordance with

F toothpaste, which might be related to the composition of the mate-

other studies (Alhussain et al., 2018; Bakry et al., 2018). Bioactive dis-

rials. Fluoride ion and silicate (Si(O)4)4 do not bind at these sites for

solves after contact with saliva and releases Ca, PO4

3

, and silica ions

Ca ions because both are highly negatively charged. Other factors that

MEMARPOUR ET AL.

F I G U R E 2 Field emission scanning electron microscopy (FESEM) images of the enamel surfaces after: (a, b) demineralization shows an
arrangement pattern of hydroxyapatite (arrow), (c, d) application of Curodont, (e, f) application of toothpaste showing mineral agglomeration
(arrow), (g, h) application of CPP–ACP showing mineral agglomeration (arrow), (i, j) application of Curodont + toothpaste showing mineral
agglomeration (arrow), (k, l) Curodont + CPP–ACP showing mineral dispersal across the demineralized enamel (arrow), (m, n) application of
BioMin F and (o, p) Curodont + BioMin F showing mineral deposition on the tooth surface (white arrow). Black arrows show untreated.
Magnification: 35,000 and 75,000
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(Continued)

might influence the different study results pertain to methodologies

In this research we used the EDS method, as in previous studies,

and include application times, study duration, and lesion characteris-

to identify the amount of elements in the early caries lesion after

tics (Kamal et al., 2020; Kind et al., 2017; Sindhura et al., 2018).

intervention (Bakry et al., 2018; Sindhura et al., 2018). Our results

MEMARPOUR ET AL.

FIGURE 2

(Continued)

F I G U R E 3 Atomic force micrographs of (a, b) 5  5 μm2 area treated with Curodont, (c, d) treated with Curodont + toothpaste, (e, f) treated
with Curodont + CPP–ACP, (g, h) treated with Curodont + BioMin F

9

10

MEMARPOUR ET AL.

indicated that the Ca/PO43 wt% ratio in Group 2 was significantly

followed by fluoridate toothpaste. The EDS results showed no signifi-

lower than in the other groups. In one study, the researchers reported

cant differences between the groups in terms of the Ca/PO43 wt%

a lower Ca/PO4

3

wt% ratio in P11-4 compared to CPP–ACP, which

ratio, except for P11-4 which had a lower ratio. FESEM and AFM

partially agreed with our findings (Sindhura et al., 2018). This might be

images showed that the CPP–ACP groups and fluoridate bioactive

related to mineral loss with the use of acid to etch the enamel or the

glass toothpaste enhanced mineral deposition and reduced enamel

components of Curodont. The other materials increased the

roughness more than the toothpaste groups.

Ca/PO43

wt% ratio compared to the demineralization phase because

of the presence and release of different amounts of Ca and PO43
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which supported the results of prior studies (da Cruz, Hill, Chen, &
Gillam, 2018; Hartgerink et al., 2001). AFM images showed that application of CPP–ACP and BioMin F led to decreased enamel roughness
compared to P11-4 alone or toothpaste.
One limitation of the current study was the difficulty with simulation of oral conditions and factors that influence early caries lesions in
the laboratory setting, because of variations in biofilm and salivary
secretion among patients. However, we maintained the teeth in artificial saliva and accurately applied the materials in accordance with the
manufacturer's instructions. Other limitations include the lack of studies that have assessed the efficacy of some of these remineralizing
agents in primary teeth. For this reason, we compared our results with
studies performed on permanent teeth. In addition, primary teeth are
more porous than permanent teeth and this may result in faster progression of lesions in the in vitro and in vivo studies.
Based on the results of this study, especially the effectiveness of
P11-4 associated with CPP–ACP, we recommend longer duration
in vitro studies with more sample sizes and in vivo researches. Additional studies should be conducted that assess molecular dynamic
simulations in order to determine if there are any affinities to different
ions in the materials.
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|

C O N CL U S I O N

The materials used in the present study increased EMH more than in
the control group. The application of self-assembling peptide P11-4 in
combination with CPP–ACP was more effective than the other interventional groups in terms of improved EMH recovery. Other effective
materials include fluoridate bioactive glass toothpaste and CPP–ACP,
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