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Abstract 

Background: Incorporation of bioactive agent into pit and fissure sealant would halt demineralization and promote 
further remineralization. The aim was to assess the effect of bioactive and fluoride fissure sealants on calcium and 
phosphate content and surface topography of artificially demineralized enamel in young permanent teeth.

Methods: 30 sound extracted premolars free from cracks or any developmental anomalies were used. They were 
divided into group I bioactive fissure sealant, group II fluoride fissure sealant and group III no material applied. Each 
tooth was divided into halves in a buccolingual direction and evaluated by energy dispersive X-ray spectrometer 
(EDX) at baseline, demineralization and after applying the material. Another set of 7 sound extracted premolars was 
evaluated by scanning electron microscopy (SEM) at the same phases.

Results: EDX showed that regaining calcium to demineralized enamel was significantly higher with bioactive seal-
ant than either fluoride or the control group. SEM revealed minerals deposits with formation of distinct white zone 
at tooth/sealant interface for both pit and fissure sealant groups. Whereas no white zone formation was detected in 
control group.

Conclusions: Incorporating bioactive material into pit and fissure sealant through microcapsules provided better 
results than incorporating fluoride by enhancing the biological process of remineralization. Clinical relevance: The 
more use of bioactive pit and fissure sealant would maintain the occlusal surfaces as sound structures and decrease 
the need for operative procedures to restore teeth cavitation.

Keywords: Bioactive, EDX, Pit and fissure sealant, Remineralization

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Dental caries is one of the most common diseases that 
affect many populations. It is considered as a major 
public health problem worldwide [1]. Caries occurs as a 
result to the frequent exposure of the dental hard tissues 
to sugar attacks which eventually would lead to enamel 
demineralization [1]. Enamel is the frontline in providing 
protection for dentin and pulp, slowing down the pro-
gression of the dental caries process with its disastrous 

consequences [2]. The progression to caries is continu-
ously prevented by the balanced process of deminer-
alization and remineralization at the enamel surface [3]. 
Demineralization occurs when hydroxyapatite (HA) 
crystals lose its minerals. Whereas remineralization 
offers restoration of these minerals into the crystals [2]. 
However, overtime, subsurface demineralization might 
be too extensive for enamel to “self-heal” with the pos-
sibility of cavity formation. Therefore, extrinsic assistance 
is needed to stop this undermining progression. Fortu-
nately, this is achieved through the reservoir of minerals 
from saliva; calcium (Ca) and phosphate (P) which aids 
in regaining the surface enamel layer to some degree [4]. 
In children, although the occlusal surfaces of their teeth 
constitute 12.5% of total dental surfaces, 85% of total 
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caries incidence is seen in these areas. This is attributed 
to the very narrow pits and fissures (about 0.1 mm wide) 
which is not suitable for a standard toothbrushing to 
achieve effective cleaning, allowing food to be mechani-
cally retained with biofilm formation [5]. Pit and fissure 
sealants have proved their effectiveness in the prevention 
or arrest of caries by providing these occlusal surfaces 
with a physical barrier [6]. However, the frequent use of 
fissure sealants showed some drawbacks. Among those, 
the occurrence of microleakage along the sealant’s mar-
gins with the possibility of subsequent enamel demin-
eralization adjacent to the material at the sealant-tooth 
interface [7]. It is quite advantageous when the pit and 
fissure sealant has remineralizing properties. The fourth 
generation of resin-based sealants have fluoride-releasing 
abilities. Fluoride can enhance remineralization, stop 
demineralization, and increase the dissolution-resistance 
of the tooth structure. Nevertheless, this effect depends 
on the amount of fluoride that can be released [8].

Currently, biologic approaches of caries management 
are based on the caries risk of each individual, on the 
minimal non-invasive treatment methods and on the bio-
activity of the utilized material [9]. Bioactive material is 
the one able to induce a biological effect on the host tis-
sue. This depends on the ability of the material to induce 
re-precipitation of HA on enamel and dentin surfaces 
or to release biologically active substances and ions that 
have great cellular changes [10]. The available bioactive 
restorative materials are few, they are known for their 
release and recharge of ionic components in response to 
pH changes. They are of two types; one which could con-
tain different kind of ion releasing glasses (e.g., Activa™, 
Pulpdent; Predicta™  Bioactive, Parkwell; Giomer™, 
Shofu) and the other type that encloses semipermeable 
microcapsules associated with special monomers. These 
microcapsules would produce better physical properties 
to the material combined with its bioactivity. (e.g., Bio-
Coat™, Premier) [11]. It has been introduced as a bioac-
tive pit and fissure sealant. It has microcapsules which 
are filled with ionic solutions of fluoride, calcium, and 
phosphate and would be rechargeable by diffusion of ions 
in and out of the sealant [12]. This mode of action should 
be investigated thoroughly because it is suggested that 
microcapsules release considerable quantities of ions for 
remineralization in biological conditions. To our knowl-
edge, no studies were published until now to compare the 
remineralizing ability of a bioactive fissure sealant to a 
fluoride containing fissure sealant. Accordingly, the aim 
of this study was to assess the remineralizing effect of the 
bioactive sealant through its microcapsules compared 
to a fluoride-containing pit and fissure sealant as evi-
denced by the change in the mineral content and surface 
topography of artificially demineralized enamel surfaces 

in young permanent teeth. The null hypothesis was that 
there is no difference in remineralization effect between 
the bioactive pit and fissure sealant and the fluoride-
containing pit and fissure sealant whether on the mineral 
content or the surface topography.

Methods
This is an in  vitro study, which was conducted at the 
Pediatric Dentistry and the Oral Biology departments, 
Faculty of Dentistry, Pharos University in Alexandria, 
Alexandria, Egypt. Ethical approval was obtained from 
the Research Ethics Committee—Pharos University 
in Alexandria in adherence to the tenets of the Dec-
laration of Helsinki 1964 and its later amendments  (# 
PUA02202208283038) [13]. Two sets of samples were 
used according to the employed evaluation technique. 
The first set was evaluated by energy dispersive X-ray 
spectrometer (EDX) and analysed for minerals content 
while the second set was evaluated by scanning electron 
microscopy (SEM). The first set of samples consisted of 
30 sound extracted premolars. They were collected from 
patients aged 15–20 years who were scheduled for serial 
extraction as part of their orthodontic treatment. An 
informed consent to participate in the study was obtained 
from older participants and from parents and/or legal 
guardians of minor participants. This was accomplished 
after a thorough explanation of the purpose and aim of 
the study. The collected teeth were free from cracks or 
any developmental anomalies. All teeth were debrided, 
cleaned with pumice paste to remove any residual plaque 
or stains specially from the occlusal surfaces and then 
stored in distilled water to avoid enamel dehydration till 
we started working. The teeth were randomly divided 
into three groups each containing 10 teeth according to 
the used material. All teeth were sectioned into 2 halves 
in a buccolingual direction to allow studying the changes 
in enamel crystals along the depth of the fissure.

Roots were removed 3  mm below the cementoe-
namel junction using a double-sided water-cooled 
diamond disc at low speed. Crowns were inserted in 
acrylic resin block then sectioned longitudinally in 
a bucco-lingual direction into halves using a double-
sided fine grit water-cooled diamond disc with care to 
avoid damage to the inner surface. Teeth specimens 
were about 4  mm in thickness and were polished by 
diamond paste of 1 μm size. Then, they were washed, 
dehydrated and air dried. Of each tooth, only one half 
was processed and evaluated by EDX at all subse-
quent stages: baseline, demineralization, and pH cycle. 
Group I included teeth that were sealed with bioactive 
fissure sealant (BioCoat pit and fissure sealant with 
bioactive ions- Premier Dental Products Company). 
Group II included teeth that were sealed with fluoride 
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fissure sealant (Fisseal pit and fissure sealant contain-
ing fluoride- PROMEDICA Dental Material). Group 
III included teeth that were not sealed and would serve 
as control group.

The second set of samples consisted of 7 sound 
extracted premolars. They were selected according to 
the same criteria used with the first set and likewise 
were stored in distilled water to avoid enamel dehy-
dration till the start of work. They were divided as fol-
lows: one tooth, after being sectioned buccolingually 
as previously mentioned, served as baseline SEM eval-
uation (both halves were evaluated). While the other 6 
premolars were sectioned in a buccolingual direction, 
and 1 half of each tooth was evaluated by SEM at the 
demineralization stage. The complement half served 
for SEM evaluation at pH cycle stage. According to 
the material used, 2 premolars were assigned for Gr. A 
(bioactive fissure sealant). Another 2 premolars were 
assigned to Gr. B (fluoride fissure sealant) whereas the 
last 2 premolars were assigned for the control group 
Gr. C. Figure 1 shows a flow chart illustrating the main 
steps of the current study.

EDX evaluation
To assess the same surface at different intervals, we 
used electrically conductive carbon tapes to attach 
each sample to the chamber’s base. This facilitated the 
conductivity of surfaces without affecting the miner-
als under investigation. Each sample was mounted on a 
conductive tape onto the chamber just before analysis. 
The tape was facing downwards and in no contact with 
the examined surface. After sample removal, it was 
cleaned with ethanol.

First assessment (at baseline)
All 30 specimens of groups I, II and III were evaluated 
using EDX (high vacuum mode, voltage 20  kV) at the 
area just beneath the occlusal groove as a baseline evalua-
tion of mineral content.

Second assessment (after demineralization)
Squares of self-adhesive labels 2 × 2 mm were stuck at the 
occlusal groove and the area just beneath it. All surfaces 
were then coated with nail varnish. The adhesive labels 
were then removed exposing a small window which 
included the occlusal groove and the area below it. Creat-
ing subsurface carious lesions was achieved by immers-
ing each specimen into separate tube containing 40  ml 
of demineralizing solution for 96  h to achieve an artifi-
cial lesion of 120–200 μm depth. The solution composed 
of 2.2 mM Calcium chloride  (CaCl2), 2.2 mM Potassium 
dihydrogen phosphate  (KH2PO4), 0.05  M Acetic acid 
 (CH3COOH), and to adjust the pH to 4.4, 1 M Potassium 
hydroxide KOH was added [14]. By the end of the 96 h, 
re-evaluation of the mineral content for each specimen in 
all groups was performed again at the area just beneath 
the occlusal groove.

Third assessment (after applying materials)
First, the sectioned surfaces were covered again with 
self-adhesive labels to prevent the dripped material of 
contacting those surfaces and then specimens were fixed 
in paraffin wax for ease of manipulation. The occlusal 
grooves of all specimens in all groups I, II and III were 
then acid etched with 35% phosphoric acid gel for 20 s, 
rinsed and lightly air dried. In group I, the etchant used 
was Premier®  Etch  (Premier Dental Products Com-
pany. USA). This was followed by applying bioactive 

Fig.1 Flow chart illustrating the main steps
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fissure sealant (Premier Dental Products Company. 
USA), according to the manufacturer’s instructions then 
light cured for 20 s using Elipar™ DeepCure-S LED Cur-
ing Light (3 M Ltd., USA). In group II: the etchant used 
was Cica™ (PROMEDICA Dental Material GmbH, Ger-
many). It was followed by applying fluoride fissure seal-
ant (PROMEDICA Dental Material GmbH, Germany), 
according to the manufacturer’s instructions then light 
cured for 20  s using Elipar™ DeepCure-S LED Curing 
Light (3 M Ltd., USA). As for group III: the etchant used 
was Premier® Etch  (Premier Dental Products Company. 
USA) but no material was applied afterwards on the 
occlusal grooves.

The self-adhesive labels were removed from sectioned 
surfaces then all specimens of all groups were placed 
in distilled water at 37 °C for 24 h. Then to simulate the 
oral environment, they were subjected to thermal fatigue 
through thermocycling 500 times between 5 and 55  °C 
with a transfer time of 10  s and a dwell time of 30  s in 
each water bath. An acid-resistant varnish coating was 
re-applied to the previously varnished surfaces leaving a 
small window of the occlusal groove and the area below it 
by using again the self-adhesive labels 2 × 2 mm. Follow-
ing removal of labels, all specimens were then subjected 
to pH-cycling for two weeks. For this purpose, the same 
demineralizing solution was employed. As for the rem-
ineralizing solution, it consisted of the following compo-
nents: 1.5 mM Calcium chloride  (CaCl2), 0.9 mM Sodium 
dihydrogen phosphate  (NaH2PO4), 0.15  M Potassium 
Chloride (KCl) with a pH of 7.0, 20  mmol/L cacodilate 
buffer. All specimens were individually suspended into 
tubes containing 40 ml of either solution. They were sub-
mitted to immersion in the demineralization solution for 
6 h. Then they were rinsed with deionized water followed 
by immersion for 18  h in the remineralizing solution. 
This was performed for 10  days-period and after each 
5  days-period, specimens were immersed in the rem-
ineralizing solution for 2  days [14]. As pH cycle ended, 
EDX re-evaluation of the mineral content for each speci-
men of all groups was performed at the area just beneath 
the occlusal groove. All EDX readings were compared to 
baseline and to subsurface demineralization readings for 
all groups.

SEM evaluation
Preparation of specimens
All assigned specimens were allowed to dry for 24  h 
before subjecting them to the gold ion sputtering. After-
wards they were mounted on specimen stumps making 
the area to be studied facing upwards. Next, they were 
coated with a thin layer, of 30 μm thickness, of pure gold 
using an ion sputtering unit of 1000  V. These prepared 
specimens were placed in the vacuum chamber of the 

scanning electron microscope (voltage at 50  kV). The 
surface was evaluated on the screen under 550X magni-
fication. The qualitative changes at the tooth surface and 
at the tooth/sealant interface were observed at all desig-
nated stages for all groups as previously mentioned. The 
presence of either granular, globular or white zones at the 
interface was considered positive for remineralization 
[15].

Statistical methodology
Data were fed to the computer and analyzed using IBM 
SPSS software package version 20.0. (Armonk, NY: IBM 
Corp). The Kolmogorov–Smirnov test was used to ver-
ify the normality of distribution. Quantitative data were 
described using range (minimum and maximum), mean, 
standard deviation. Significance of the obtained results 
was judged at the 5% level. F-test (ANOVA) was used for 
normally distributed quantitative variables, to compare 
between all groups, and Post Hoc test (Tukey) (LSD) was 
added for pairwise comparisons. Kruskal Wallis test was 
used for abnormally distributed quantitative variables, to 
compare between all three periods regarding percentage 
change, and Post Hoc (Dunn’s multiple comparisons test) 
was applied for pairwise comparisons. For each group, 
the percent change in minerals was calculated as follows: 
[(Remineralization-Demineralization)/Demineralization] 
*100 and the recovery percentage for all groups was cal-
culated as follows: 

Results
Energy dispersive X‑ray spectrometer analysis
In Tables  1and 3, Ca content showed that after remin-
eralization, it significantly increased in group I (bio-
active sealant) than the other groups (36.18 ± 4.74, 
p < 0.001*). Group I was significantly higher than group 
II (36.18 ± 4.74, 32.39 ± 2.47, p = 0.036*) and than group 
III (36.18 ± 4.74, 26.62 ± 1.64, p < 0.001*). While group II 
(fluoride sealant) was significantly higher than group III 
(control group) (32.39 ± 2.47, 26.62 ± 1.64, p < 0.001*). 
Percentage increase of Ca from demineralization to 
remineralization was significantly higher in group I 
compared to other groups (↑59.37 ± 14.40, p < 0.001*). 
Percentage increase of Ca in group I was significantly 
higher than in group III (↑59.37 ± 14.40, ↑12.58 ± 5.87, 
p < 0.001*). Percentage increase of Ca in group II was 
significantly higher than group III (↑54.91 ± 15.85, 
↑12.58 ± 5.87, p < 0.001*). Percentage increase of Ca was 
recorded for group I compared to group II although 
it was not significant. Ca recovery percentage showed 
the highest increase with group I compared to other 

[(Remineralization− Demineralization)/

(Baseline − Demineralization)] ∗ 100
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groups (127.2 ± 64.91, p = 0.007*). Ca recovery per-
centage was significantly higher in group I than group 
III (127.2 ± 64.91, 60.15 ± 36.51, p = 0.002*). Ca recov-
ery percentage was significantly higher in group II than 
group III (99.29 ± 19.51, 60.15 ± 36.51, p = 0.045*). 
Higher Ca recovery percentage was recorded for group I 
compared to group II although it was not significant.

As regards P content, it showed after remineraliza-
tion a significant increase in group III than the other 
groups (47.24 ± 3.33, p < 0.001*). Group I was signifi-
cantly lower than group III (39.46 ± 3.85, 47.24 ± 3.33, 
p < 0.001*) and group II was significantly lower than 
group III (41.36 ± 3.70, 47.24 ± 3.33, p = 0.003*). Per-
centage decrease of P from demineralization to remin-
eralization was significantly lower in group II compared 
to other groups (↓14.39 ± 15.14, p = 0.022*). Percentage 
decrease of P in group II was significantly lower than 
group III (↓14.39 ± 15.14, ↑5.65 ± 7.27, p = 0.007*) while 
percentage decrease of P was recorded for group I com-
pared to group II and compared to group III although 
this was not significant. P recovery percentage was sig-
nificantly higher in group II compared to other groups 
(937.6 ± 2553, p = 0.033*). P recovery percentage was sig-
nificantly higher in group II than group III (937.6 ± 2553, 
−608.6 ± 1906, p = 0.011*) while there was no significant 
difference between groups I and II or groups I and III.

Tables 2 and 3 showed that Ca/P ratio was significantly 
higher after remineralization in group I than the other 
groups (0.94 ± 0.24, p < 0.001*). Group I was significantly 
higher than group III (0.94 ± 0.24, 0.57 ± 0.06, p < 0.001*) 
and also group II was significantly higher than group III 

(0.79 ± 0.13, 0.57 ± 0.06, p = 0.010*). Higher Ca/P ratio 
was recorded for group I compared to group II although 
it was not significant.

Scanning electron microscopy results
Changes in the enamel just beneath the central groove 
of all groups was assessed by SEM. At baseline, enamel 
surface was presented with its characteristics, yet minute 
depressions were spotted in the micrographs (Fig.  2A). 
Demineralization in all groups exhibited several defec-
tive areas on the enamel surface with evidence of col-
lapse in enamel rods, lack of orientation and rough micro 
spaces scattered on the surface (Fig.  2: B). Reminer-
alization of the decalcified enamel surface was evalu-
ated for all groups. Group A (bioactive sealant) showed 
a uniform smooth intact surface. White zone along the 

Table 1 Calcium (Ca) and phosphate (P) content, percent change and recovery percentage within all groups, at baseline, 
demineralization and after remineralization

F: F for ANOVA test. H: H for Kruskal Wallis test

a: Statistically significant with group III

b: Statistically significant with group II

*Statistically significant at p ≤ 0.05

Mineral content Percent change Recovery percentage
mean ± SD

Baseline
mean ± SD

Demineralization
mean ± SD

Remineralization
mean ± SD

Demineralization to 
Remineralization
mean ± SD

Ca in Gr I 35.98 ± 9.24 22.83 ± 3.22 36.18 ± 4.74a,b ↑59.37 ± 14.40a 127.2 ± 64.91a

Ca in Gr II 32.82 ± 4.21 21.10 ± 2.58 32.39 ± 2.47a ↑54.91 ± 15.85a 99.29 ± 19.51a

Ca in Gr III 29.14 ± 1.57 23.67 ± 1.34 26.62 ± 1.64 ↑12.58 ± 5.87 60.15 ± 36.51

Test of Sig. (p) F = 3.338 p = 0.051 F = 2.752
p = 0.082

F = 22.231* p < 0.001* H = 19.667* p < 0.001* H = 9.881*
p = 0.007*

P in Gr I 37.75 ± 10.40 42.81 ± 11.13 39.46 ± 3.85a ↓0.15 ± 3.27 94.41 ± 52.03

P in Gr II 41.78 ± 4.52 48.99 ± 4.92 41.36 ± 3.70a ↓14.39 ± 15.14a 937.6 ± 2553a

P in Gr III 43.68 ± 3.41 44.81 ± 3.09 47.24 ± 3.33 ↑5.65 ± 7.27 -608.6 ± 1906

Test of Sig. (p) F = 1.963
p = 0.160

F = 1.890
p = 0.171

F = 12.476*
p < 0.001*

H = 7.628
p = 0.022*

H = 6.831*
p = 0.033*

Table 2 Ca/P ratios within all groups, at baseline, demineralization 
and after remineralization

F: F for ANOVA test

a: Statistically significant with group III

*Statistically significant at p ≤ 0.05

Ca/P ration Gr I Gr II Gr III F
(p)

Baseline
Mean ± SD

1.25 ± 1.25 0.80 ± 0.20 0.67 ± 0.07 1.685
(0.204)

Demineralization
Mean ± SD

0.58 ± 0.22 0.44 ± 0.07 0.53 ± 0.06 2.864
(0.074)

Remineralization
Mean ± SD

0.94 ± 0.24a 0.79 ± 0.13a 0.57 ± 0.06 13.761*
(< 0.001*)
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sealant/tooth interface was noticed and there were some 
wide irregular granular zones at the interface represent-
ing mineral crystals (Fig. 3A-1 and A-2). Group B (fluo-
ride sealant) exhibited minor defects and irregularities 
similar to the typical enamel surface characteristics. A 
distinctive white zone was observed at sealant/tooth 
interface. Occasional shallow pits with apparent irregu-
lar granular zones were detected (Fig.  3B-1 and  B-2). 
Group C (control) showed roughness in the enamel sur-
face with multiple pits of varying depth and width. There 
were noticeable defects along the whole enamel surface 
and no detection of any white zones along the interface. 
(Fig. 3C).

Discussion
Enamel is acellular tissue which has no self ability for 
regeneration. Extra means for remineralization are 
needed to act as mediators in enhancing remineraliza-
tion [3]. Although several materials are widely investi-
gated for their enamel remineralizing potential [4], there 
is still a disagreement about their classification as well as 
their methods of application [11]. Since remineralization 
would not occur unless adequate amounts of Ca and P 
ions are available, so an ideal remineralizing agent should 
be bioavailable in saliva to facilitate diffusion of these 
ions into the caries lesion [16]. A study measured the 
release of ions from fissure sealants containing microen-
capsulated remineralizing agents. They concluded that 
the released Ca and P ions, from these microcapsules, 
played an important role in the effective incorporation of 
fluoride onto the enamel surface during remineralization 
[17]. Various investigations on nanoparticle-enhanced 
fissure sealants focused on the sealants’ mechanical and 
chemical characteristics, as well as their antibacterial and 
remineralization properties [18].

Table 3 Pairwise comparisons between all groups regarding mineral content, percent change, recovery percentage and Ca/P ratios 
after remineralization

Tukey and Dunn’s Post-Hoc tests for pairwise comparisons for all groups

*Statistically significant at p ≤ 0.05

Mineral Content Percent change Recovery percentage Ca/P ratio

Gr I Gr II Gr I Gr II Gr I Gr II Gr I Gr II

Ca Gr II 0.036* Gr II 0.576 Gr II 0.275 Gr II 0.124

Gr III  < 0.001*  < 0.001* Gr III  < 0.001*  < 0.001* Gr III 0.002* 0.045* Gr III  < 0.001* 0.010*

P Gr II 0.480 Gr II 0.416 Gr II 0.461

Gr III  < 0.001* 0.003* Gr III 0.060 0.007* Gr III 0.071 0.011*

Fig. 2 Normal and demineralized enamel structure. Two scanning 
electron micrographs, longitudinal section (SEM-LS) of exposed 
enamel surface around the central groove (magnification x 550) 
where (A) is at baseline, showing normal intact enamel structure 
with few minute depressions while (B) is after demineralization. There 
is evidence of collapse of enamel rods and lack of orientation and 
irregularity of the HA crystals and there is evidence of micro spaces 
on the enamel surface.
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The current study was conducted to evaluate the rem-
ineralizing effect of one type of bioactive pit and fissure 
sealant through its microcapsules’ technology com-
pared to a fluoride-containing pit and fissure sealant. 
These microcapsules were actively participating in ionic 
exchange on the enamel surface which strengthens the 
structure of the surface and subsurface enamel. The 
released ions would supersaturate the oral environment 
around the enamel providing protection against dem-
ineralization during acid attacks [19]. Fluoride sealant 
was chosen as a positive control material that is already 
known for enhancing remineralization through its ability 
to release fluoride. A third group, where no material was 
applied to the occlusal surface, served as negative control 
group.

The study used an in vitro model due to its stability, low 
cost and to reduce the influence of confounding factors. 
pH cycling model was employed to mimic the oral envi-
ronment periodic changes of pH that resembles the caries 
process [14, 20]. The outermost layer of enamel which is 
approximately 30 µm is highly calcified [21]. That was the 
reason the area designated for examination was the area 
beneath the central groove. This area was chosen to over-
come the possible masking effect of the significantly high 
mineral content in the outer layer which could intervene 
with the artificial demineralization process and at the 
same time to create the artificial enamel lesion through 
subsurface demineralization. EDX is a chemical elemen-
tal microanalysis technique which was widely used in 
measuring mineral content at the ultrastructural level 
in several studies [22]. It was employed here to meas-
ure the remineralization ability of both materials on the 
demineralized enamel surface and to compare between 
the effect of both materials on the enamel surface. While 
qualitative analysis using SEM was added to observe the 
mineral deposits on the same demineralized surfaces.

EDX recorded the changes in Ca, P, and the Ca/P ratio, 
as indicators of mineral regaining ability of materials 
under investigation and to enhance the accuracy of the 
results baseline readings was recorded. The results dem-
onstrated that bioactive sealant could regain the mineral 
content into the artificially decalcified enamel surface. 
This could be explained by the effect of continuous ions 
flow through the microcapsules [12]. The bioactivity of 

the material might have enabled the increase in Ca and 
P concentrations and the release of fluoride within cari-
ous lesions to a higher level than that existing in normal 
oral fluids allowing for a great potential to enhance rem-
ineralization [19, 23]. This is consistent with the study 
conducted by Burbank et al. [17]. Furthermore, the avail-
ability of fluoride needed for remineralization within the 
microcapsules is another reinforcing way for inhibiting 
further demineralization and enhancing remineraliza-
tion which is in agreement with what was reported that 
the presence of fluoride in pit and fissure sealant had a 
greater effect on remineralization and on improving min-
eral content of the demineralized enamel surface [24]. 
However, it was noticed that the effect of bioactive seal-
ant on Ca mineral regain/recovery was higher than flu-
oride sealant. This could be related to the nature of the 
resin material since another study shed the light on the 
effect of matrix of resinous sealants on remineralization. 
They concluded that the matrix hindered remineraliza-
tion as it is hydrophilic making fluoride release more dif-
ficult [25].

Nevertheless, neither bioactive sealant nor fluoride 
sealant was able to totally restore the Ca/P ratio to its 
initial baseline measurements of sound HA (1.25). This 
could be justified by conducting the current study in a 
fixed environment and not as viable as the oral cavity. 
The pH cycle by itself would not be sufficient to restore 
the lost minerals and rather another process is needed 
to repair the damaged enamel. Thus, the negative con-
trol group showed a lower remineralizing capacity than 
any of the treated surfaces by either material which is in 
agreement with the findings reported by Lobo et al. [26].

Unexpectedly P ions decreased after remineralization 
with both bioactive and fluoride sealants. These findings 
were consistent with the study conducted by Salman et al. 
[27] where they used fluoride varnish and CPP-ACP var-
nish on primary teeth. They found that a great reduction 
in phosphate content in enamel occurred after reminer-
alization with the experimented materials. Their explana-
tion depended on the sample selection as their study was 
conducted on primary enamel with its different charac-
teristics than that of permanent enamel. In our study, the 
decrease in P ions could be attributed to a possible short-
coming in the experiment. The pH cycle involves that 

(See figure on next page.)
Fig. 3 Examination of groups A, B and C after pH cycle. Five scanning electron micrographs, longitudinal section (SEM-LS) of exposed enamel 
surface around the central groove after pH cycle where A‑1 is presenting Gr. A magnification (x 550). The enamel surface is smooth and uniform 
with scarce depressions. Intact enamel surface with no observable defects can be detected. The tooth/sealant interface is showing white zone 
along the enamel surface. A‑2 Gr. A magnification (x 550) is showing multiple granular zones at the interface. B‑1 is showing Gr. B magnification 
(x 550) with minor surface irregularities and areas of defective change nearly similar to normal enamel surface characteristics. Wide white zone is 
observed at tooth/sealant interface. B‑2 is Gr. B magnification (x 550) revealing occasional shallow pits with apparent irregular granular zone. C is Gr. 
C magnification (x 550) showing roughness in the enamel surface with multiple pits. These pits are of varying depth and width. There are noticeable 
defects along the whole enamel surface. No detection of any white zones along the interface.
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enamel is subjected to a series of demineralisation and 
remineralisation cycles to mimic the dynamics of mineral 
loss/regain [20, 28]. Probably, it was necessary to add a 

recharging solution during the pH cycle. Several studies 
advocated the use of such a solution to increase the pool-
ing of ions [29]. This would have facilitated their uptake 

Fig. 3 (See legend on previous page.)
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by the sealant to recharge it with ions. This in turn would 
have reflected on incorporating minerals onto the enamel 
surface [30]. It was markedly noticed that percentage 
decrease of P ions from demineralization to reminerali-
zation was significantly lower with fluoride sealant than 
with bioactive sealant. This was noticed to a lesser degree 
with bioactive sealant probably because of the increased 
availability of ions within the microcapsules allowing 
more availability of P ions to be integrated within the 
enamel surface. Nevertheless, P ions recovery percentage 
was higher with fluoride sealant more than with bioactive 
sealant although not being statistically significant.

Demineralized surfaces as examined by SEM, con-
firmed severe mineral loss by the presence of gaps among 
enamel crystals and surface porosity. This was consistent 
with the results of SEM that confirmed minerals gain and 
an attained improvement in the enamel surface charac-
teristics for both bioactive sealant and fluoride sealant 
but with more acceptable results in surface uniformity 
with the bioactive pit and fissure sealant [31]. This might 
be attributed to the microcapsule semipermeable struc-
ture of bioactive sealant. The porosity of the resin mate-
rial allowed ions to move through in both directions: 
from the microcapsules to increase the concentration at 
the tooth/sealant interface, and into the microcapsules 
to fill them up with ions [19] Moreover, the presence of 
white and granular zones at the tooth/sealant interface 
were confirmed for both groups and was considered 
positive for remineralization. These zones were resultant 
from the precipitation of Ca, P and F into HA in these 
areas. These findings were in accordance with Park et al., 
[15] and Choudhary et  al. [23]. Both studies concluded 
that these zones were remineralization zones because 
there were no similar signs in the control group. Another 
study detected granular and globular zones when CPP- 
ACP was used on eroded enamel. They also regarded 
these zones as areas of remineralization [32]. However, 
several studies have shown conflicting results regarding 
the remineralization potential of the fluoride pit and fis-
sure sealants as compared to non-fluoridated ones [24, 
26]. The negative control group showed complete lack of 
any white zone along the interface. There were multiple 
irregularities detected on the surface. This was consistent 
with the observations noted by Ganesh and Tandon [33].

In summation, both materials bioactive sealant and 
fluoride sealant, compared to the control group, have the 
ability to enhance remineralization. However, although 
it was not statistically significant but bioactive sealant 
showed better results. Consequently, the null hypothesis 
was not rejected as both bioactive and fluoride sealant 
proved to have good and similar remineralizing potential 
on demineralized enamel surface, when measured by the 
EDX and when interpreted by the SEM.

Limitations
This study might be underpowered, where a conveni-
ent sample with a limited number of teeth was used. This 
was because the study was conducted during COVID-19 
outbreak that made the availability of a higher number of 
extracted teeth with the required criteria not possible. Addi-
tionally, being an in vitro experiment was another limitation 
of the study as it may not accurately reflect clinical condi-
tions and the behavior of the material in vivo may become 
different. Moreover, the study did not take into consid-
eration the use of conventional resin-based pit and fissure 
sealant as a control group which could have yielded better 
results than the negative control group that was used.

Conclusions
Within the obtained results and within the limitations 
of the study, it could be concluded that incorporating 
bioactive material into pit and fissure sealant through 
microcapsules provided better results than incorpo-
rating fluoride by enhancing the biological process of 
remineralization.

Recommendations
It is recommended that; more investigations are needed 
to explore the effect of microcapsules on the material’s 
physical properties. Nevertheless, more evaluations of 
the microstructures of regenerated subsurface enamel 
are needed to display the features of restored enamel. For 
more confirmation of the remineralizing effect of bioactive 
sealants, other re/demineralization assessment techniques 
such as microhardness or field emission scanning elec-
tron microscopy could be used in future studies. Moreo-
ver, comparing different types of bioactive fissure sealants; 
according to their mode of bioavailability, with fluori-
dated sealant and with a non-bioactive, non-fluoridated 
is recommended in further studies to evaluate the highest 
capacity of remineralization through the different min-
erals’ bioactivity. Hence, further in  vivo studies on larger 
numbers of teeth would be beneficial to verify and confirm 
the efficacy of different bioactive pit and fissure sealants.

Clinical significance

• Minimal invasive dentistry encourages the use of 
materials that would stop any caries lesion from pro-
gressing. It is even more beneficial if this material 
might regress early incipient lesions as well.

• Dealing with the child patient may be difficult at 
times. This necessitates the use of materials that 
would decrease the need in the future for operative 
procedures to restore their teeth.
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• Bioactive sealant seems like a promising material to 
be used with pediatric patients fulfilling these goals.
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