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ABSTRACT
Objective: The purpose of this study was to evaluate the effect of different remineralizing
agents and resin infiltration on resistance to demineralization of artificial enamel lesions using a
pH cycling model.
Materials and Methods: A total of 63 anterior bovine teeth were randomly assigned to nine
groups (n=7). Artificial white spot lesions were created on the labial enamel surface using the
demineralizing solution for all groups except for sound enamel group. Different surface treatments
were then performed; G1: Artificial saliva, G2: Clinpro White Varnish™, G3: Tooth Mousse®,
G4: MI Paste Plus®, G5: Artificial saliva/ ICON®, G6: Clinpro White Varnish™/ICON®, G7:
Tooth Mousse®/ ICON®, G8: MI Paste Plus®/ ICON®, G9: sound enamel. All treated artificial
enamel lesions were subjected to pH cycling. The whole nine groups were then submitted to crosssectional microhardness using Vicker’s microhardness test, each specimen was measured at five
predetermined depths. ANOVA was used to analyze the data.
Results: Two-Way ANOVA revealed that the type of surface treatment had a significant effect.
Meanwhile, depth of measurement had no significant effect on cross-sectional microhardness of
artificial enamel lesions.
Conclusion: Remineralizing agents are effective in resisting demineralization in treated
artificial enamel lesions and their effect is not potentiated by ICON® treatment.
Clinical significance: One-month daily application of MI Paste Plus® was efficient to restore
and maintain microhardness of enamel.
KEYWORDS: Artificial enamel lesion, Fluoride varnish, Amorphous calcium phosphate,
Resin infiltrant, Cross-sectional microhardness.
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INTRODUCTION
White spot lesions (WSLs) are the earliest visual
sign of dental caries under pseudo-intact enamel,
which can be caused by the action of bacterial
organic acids that render the enamel vulnerable
to demineralization. The carious enamel appeared
with a whitish color owing to the difference of the
refractive indices of air or electrolytes contained in
the porosities of the lesion compared to the adjacent
sound enamel, that results in light scattering 1,2.
These features affect the patient’s look esthetically as well as the process of caries progression,
even in the presence of the less acid-soluble surface
zone 3. This surface zone remains relatively intact,
but maybe more porous than sound enamel due to
the remineralizing effect of calcium, phosphate, and
fluoride in saliva. Subjacent to the surface zone is
the body of the lesion which is the most demineralized part, that may have lost about 24% of its original mineral content 4.
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Meanwhile, The addition of functionalized TCP
(ƒTCP) to these remineralizing systems provides
promising remineralizing action via the synergetic
effect of calcium-phosphate and fluoride, which
is supposed to be most beneficial in a neutral pH
environment 8,9. Nevertheless fluoride may fail to
reach the depth of the lesion, especially in high
concentration 10.
CPP-ACP complex is also a well-known remineralizing agent. ACP is an ultimate modality to
reverse the demineralizing process by precipitating
on the tooth and dissolving in saliva, making calcium and phosphate ions available for remineralization. Calcium and phosphate ions remain in their
amorphous calcium phosphate (ACP) or the form
of amorphous calcium phosphate fluoride (ACPF)
in the presence of fluoride by the action of CPP. So
it maintains a high concentration of calcium and
phosphate in dental plaque, which induce subsurface remineralization and inhibit further demineralization 11. However, the harsh situation of the oral
cavity that may include the continuous change in
the oral cavity pH, may alter its efficacy 5.

If the demineralizing process is not interrupted
and reversed, WSLs might progress from demineralization to non-cavitated lesions and eventually
become cavitated2. Consequently, remineralization
of white spot lesions instead of restoring such lesions is considered one of the important aspects of
minimal intervention in modern dentistry 5. Fluoride is the basis of the non- invasive management as
well as casein phosphopeptide-amorphous calcium
phosphate-containing products. Additionally, resin
infiltration is also one of the treatment modalities,
it is considered as a micro-invasive treatment, that
eliminates the need for conventional restoration 6.

On the other hand, resin infiltration (ICON®) can
infiltrate to the depth of the lesion. It involves the
use of low-viscosity, light-curing resins composed
of triethylene glycol dimethacrylate (TEGDMA)
which fills pores within the tooth and create a diffusion barrier in the body of the lesion not only the
surface, that help in stopping caries progression 12.
Meanwhile, the success of the resin infiltrant technique depends on the efficacy of this low viscosity
resin to penetrate within the depth of the white spot
lesion and not just mask the lesion surface 13,14.

Fluoride varnishes play a role in the prevention
and control of caries. These varnishes aid in
remineralization via rebuilding a new surface on
the remaining subsurface crystals and formation of
CaF2 reservoirs on the enamel substrate. Fluoride
also helps in changing the hydroxyapatite into more
acid-resistant fluorapatite 7.

Furthermore, the long-term stability of the different materials is usually related to its resistance
to being deteriorated under the continuous changes
caused by chemical and physical factors in the oral
cavity. Thus, for evaluation of any dental material,
the conditions of the oral environment should be simulated, especially concerning alterations in the pH 15.
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Accordingly, the study of the effect of resin infiltration, fluoride and CPP-ACP, as well as the effect
of their combination on decreasing the mineral loss
and demineralization upon exposure to the acidic
medium, will be valuable. The use of pH cycling
and enamel cross-sectional microhardness has been
shown to be a useful in-vitro tool to assess the protective effect of different treatment modalities 16.
MATERIALS AND METHODS
Materials
Three different remineralizing agents and lowviscosity resin infiltrant were used in this study.
A total of 56 anterior bovine teeth were randomly
divided into 8 groups (n=7/group) according to the
surface treatment performed. An additional 7 specimens of sound enamel served as a positive control.
Tooth preparation
The bovine anterior teeth were stored in thymol
after the removal of roots and incisal edges. Meanwhile, a flat reproducible surface was obtained by
using wet silicon carbide paper grits (180, 600,1000)
in an ascending manner, followed by ultrasonic
cleaning in distilled water (DW) for 5 minutes 17.
A colored nail varnish (Revlon Consumer
Products Corporation, New York, USA) was then
painted surrounding 6mm×6mm window of the
sound enamel in the middle of the buccal surface, to
be exposed to the demineralizing solution 18.
Preparation of artificial white spot lesions
The enamel specimens were immersed separately
for 4 days at pH 4.4 in a demineralizing solution
containing (2.2 mM CaCl2, 2.2 mM KH2PO4,
and 50mMacetic acid) 19. The total volume of the
solution was calculated using 2 mL/mm2 of the
exposed enamel area 20. The specimens were then
removed and rinsed with DW 3. As verified, using
this protocol produced a lesion depth of about
200–300 µm 21.
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Surface treatment of artificial white spot lesions:
According to the different treatment modalities,
specimens were randomly assigned to the following
groups.
Group 1: specimens were stored in daily renewed
artificial saliva (0.65 g/l potassium chloride, 0.058
g/l magnesium chloride, 0.165 g/l calcium chloride,
0.804 g/l dipotassium hydrogen phosphate, 0.365
g/l potassium dihydrogen phosphate, 2 g/l sodium
carboxy- methyl cellulose and distilled water) for
4 weeks 14.
Group 2 ƒTCP (Clinpro White Varnish™):
varnish was applied according to the manufacturer’s
instructions, then immersed in artificial saliva for 24
hours. Afterward, the varnish was removed using
a cotton swab with acetone, washed and stored in
daily renewed artificial saliva again for 4 weeks 22.
Group 3 and 4 CPP-ACP (GC Tooth Mousse®)
and CPP-ACFP (MI Paste Plus) a paste was applied
on a blot dried enamel surface for 30 minutes
according to the manufacturer’s instructions 23. This
procedure was daily repeated for 30 days, where
all the specimens were stored in a daily renewed
artificial saliva.
Groups 5-8: Resin infiltrant was applied to
only 28 specimens, seven for each group after the
application of the previous treatment protocols
similar to that of groups (1-4). ICON® was applied
according to the manufacturer’s instructions. IconEtch was applied to the WSLs followed by Icon-Dry,
then Icon–infiltrant was applied and light-cured.
A layer of glycerine was applied and cured for 40
seconds and then, the surface was gently polished
according to the manufacturer’s instructions 24.
Following the end of the remineralization period, specimens were subjected to pH cycling for
10 days. Specimens were immersed in the previously mentioned demineralizing solution for three
hours twice/day. Meanwhile, they were immersed
in artificial saliva as a remineralizing solution for
the rest of the day. These solutions were daily
renewed 3,19.
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Cross-sectional microhardness (CSH) Testing:
All specimens were sectioned longitudinally
into two halves. The sectioned specimens were later
mounted on the self-cured acrylic resin (Acrostone,
Egypt) and polished, leaving the cross-sectioned
surface exposed for microhardness measurement 7.
Each specimen was measured by five indentations
starting at 100μm from the surface and then 50μm
step-up to 300μm in a line perpendicular to the
surface, across the sectioned enamel lesion 7,25. The
test was conducted at load 100gram for 10 seconds
using microhardness tester (INNOVATEST Micro
Vickers Hardness Tester Nova 240 with IMP-2,
Netherlands) 17.
Polarized Light Microscopy
A representative specimen from each group was
examined using a polarized light microscope (BX60,
Olympus, Japan) under a magnification power of
10×. Measurements analysis were performed using
image analysis software Image J software (Javabased image processing program) 8.
Statistical Analysis
Collected data were analyzed using IBM®
SPSS® (IBM SPSS Statistics for Windows, Version
20.0. NY: IBM Corp). Two-way ANOVA was
carried to evaluate the interaction between different
surface treatment and depth of measurement on
mean cross-sectional microhardness. One-way
ANOVA was used to evaluate the effect of surface
treatment of the artificial enamel lesions on CSH.
Also, One-way ANOVA was used to evaluate the
depth of measurement followed by Tukey’s post hoc
test for pairwise comparison (α=0.05).
RESULTS
Two-way ANOVA showed a significant effect on
the variables of surface treatment. Meanwhile, there
is no significant effect of depth of measurement.
Moreover, the interaction between variables had no
significant effect on mean CSH (p>0.000).
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One-way ANOVA followed by Tukey’s post-hoc
test (Table 1), showed that the highest value of mean
CSH was found in specimens of sound enamel and
CPP-ACFP. Moreover, there was no statistically
significant difference between CPP-ACFP (with
or without RI) and ƒTCP (with or without RI). In
addition, no significant difference in mean CSH was
recorded between specimens treated with RI.
Meanwhile, the lowest mean CSH value was
recorded by artificial saliva. Additionally, Artificial
saliva (with or without RI), CPP-ACP (with or
without RI), showed no statistically significant
difference in mean CSH.
TABLE (1): Mean and standard deviations (SD)

for the effect of surface treatment on
mean cross-sectional microhardness of
artificial enamel lesions regardless of the
depth of measurement.

Surface treatment

Mean ± SD

Artificial Saliva

183.87 ± 41.96

CPP-ACP /RI

187.01 ± 40.84 ce

CPP-ACP

193.22 ± 58.54 cde

Artificial Saliva / RI

203.52 ± 40.23 cde

CPP-ACFP / RI

215.27 ± 57.52 bcde

ƒTCP / RI

220.24 ± 35.61bcd

ƒTCP

225.71 ± 51.24 bd

CPP-ACFP

247.57 ± 42.98 ab

Sound enamel

266.10 ± 40.08 a

p-value
e

<0.001*

Different letter indicates statistical significant difference
at p ≤0.05.

Although, the interaction between surface treatment and depth of measurement on mean CSH showed
no statistical significance. Artificial saliva, CPP-ACP
and CPP-ACP /RI recorded the lowest mean CSH values at 100µm, 150µm and up-to 250µm for CPP-ACP /
RI compared to sound enamel. Furthermore, at 200µm
artificial saliva (with or without RI) showed statistically significant low mean CSH compared to sound
enamel, as shown in (Table 2).
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ns

0.240

*=Significant, ns=Non-significant
Different lower-case letter within each horizontal row indicates significant difference. (p ≤ 0.05).
Different upper-case letter within each vertical column indicates significant difference. (0 ≥0.05)

300 µm

Aa

Aa

Aa

193.9±83.4
203.5±35.3
187.6±49.6

Aa

Aa

219.7±41.2
199.3±41.3

Aa

Aa

199.5±62.9
229.3±38.9

Aa

Aa

231.0±44.7
258.4±53.9

0.026*
250 µm

Aab

Ab

Aab

185.8±57.6
181.6±46.6

186.6±35.1

Aab

Aab

216.5±55.4
207.3±37.7

Aab

Aab

226.8±37
229.3±22

Aab

Aa

259.2±38.2
230.9±53.6

0.006*
Aab
Ab

200 µm

Ab

Ab

Aab

196.2±59
189.9±45.2

177±43.2

Aab

Aab

214.3±64.1
193.3±34.7

Aab

Aab

237.07±64.1
227.1±31.4

Aab

Aa

273.5±32.1
245.5±30.1

0.002*
Aab

227.8±44.1
215.7±37.1
214.6±64.1
211.1±48.7

150 µm

Ab

Ab

Ab

200.7±52.6
182.1±40.6
180.1±42.3

Aab
Ab

Ab

Ab

177.8±42.8
187.9±48.7

100 µm

Depth

CPP-ACP
CPP-ACP
/ RI
Artificial
saliva

Surface

189.2±52.1

Aab

206.6±47
206.6±47

Aab

CPP-ACFP
/ RI
Artificial
Saliva / RI

Aab

Aab

237.3±48.7
199.6±45.2

Aab

ƒTCP
ƒTCP / RI

Aab

Aa

280.2±34.3
254.9±30.8

0.004*
285.5±35.7
248.5±47.7

Aa

Sound
Enamel
CPP-ACFP

p-value

DISCUSSION

of artificial enamel lesions.

TABLE (2): Mean and standard deviations (SD) for effect of surface treatment at each depth of measurement on mean cross-sectional microhardness
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The present study was carried out to compare
the efficacy of different regimens on resistance to
demineralization of artificial enamel lesions, in
terms of change in cross-sectional microhardness.
For the purpose of this study, bovine teeth were
used as they showed close structure to human
enamel 26. Furthermore, pH cycling was used to
simulate the caries process, that facilitates testing
the efficacy and dose-response of different treatment
modalities 10.
In this study, sound enamel specimens recorded
high CSH value. Meanwhile, microhardness
decreased significantly for the specimens of
the artificial saliva group, due to the limited
availability of calcium, phosphorous and fluoride
ions 27. However, saliva could exert an important
remineralization effect over time as stated by
Oliviera et al.and Shah 19,28.
Moreover, CPP-ACP showed no significant
difference from the artificial saliva group, which
is supported by other studies 29,30. Mostly CPPACP imparts sub-surface remineralization with
subsequent resistance to demineralization 31. Yet,
this may have been altered by the lack of a true
pellicle that creates the optimal state of supersaturation 3.
CPP-ACFP recorded higher CSH compared to
CPP-ACP. It was stated that the addition of fluoride
increases the remineralizing effect of enamel lesions
compared to CPP-ACP as reported by El Habashy 32.
Thus increasing their resistance to demineralization.
This may be attributed to the known mechanism of
deposition of neutral ions (HF0 and CaHPO40) at the
tooth surface, that may diffuse deeply into the lesion
especially at low pH 28.
However, there is no significant difference
between CPP-ACFP and ƒTCP group. This may be
substantiated by the adsorption of calcium fluoride
by ƒTCP on the enamel surface without the formation
of the premature calcium and fluoride reaction.
Ultimately the formation of hydroxyfluorapatite
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Fig. (1) Polarized light photomicrograph of longitudinal ground
section (10×) of demineralized enamel showing a
broad, positively birefringent dark body of the lesion.

Fig. (2): Polarized light photomicrograph of longitudinal ground section (10×) showing a) demineralized enamel stored in artificial
saliva, b) demineralized enamel treated with Tooth Mousse®. Both having a subsurface area with less mineralized enamel
represented by a faint dark color (positive birefringence), followed by a bright color area (negative birefringence) indicating
mineralized enamel.

Fig. (3): Polarized light photomicrograph of longitudinal ground section (10×) showing a) demineralized enamel stored in artificial
saliva and treated with ICON®, b) demineralized enamel treated with Tooth Mousse®. and ICON®. Both displayed a
homogenous layer of less porous enamel area filled with a resin that has the same refractive index as that of the normal
enamel (negative birefringence). Also, it was noticed a layer of a more porous less mineralized enamel represented by a
faint dark color (positive birefringent).
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or fluorapatite renders the enamel more resistant
to demineralization 22,33. On the other hand, this
result is inconsistent with Elkassas 27. due to the
application of CPP-ACFP for a longer time in our
study, as recommended by Souza et al 34.
A lack of additional benefit was noted when
resin infiltrant (ICON®) was added to CPP-ACFP
or ƒTCP groups. This is in disagreement with
Abdelmoniem 35, who stated that ICON® combined
with CPP-ACFP showed higher mineral content
than CPP-ACFP, CPP-ACP and ICON® separately.
Nevertheless, all groups treated with ICON®
recorded no significant difference, this was in
agreement with Bergdoll et al 36, who reported
no significant difference in lesion progression of
ICON® and ICON® with MI Paste Plus®. However,
as supported by other studies resin infiltration could
hamper the progression of enamel lesions and
increase the mechanical resistance of demineralized
enamel 3,37.
Based on penetration depth, our study revealed
no significant difference in the CSH values between
the different treatments at different depths. These
results are congruent with Yassaei 29, who recorded
no statistical significance of artificial saliva group
and MI Paste Plus® at different depths. It may
be attributed to the wide range of hardness, tooth
variability and different mineral content of bovine
enamel surfaces. This would give rise to dissimilar
susceptibility of developing WSLs with different
pore sizes and subsequent remineralization38, as
seen in Figure (1). On the contrary, El-zankalouny
et al.14, recorded higher penetration depth and
microhardness of resin infiltration when compared
to CPP-ACP. This may be explained by the short
application period of CPP-ACP compared to our
study.
It is worth noting that the CSH of CPP-ACP and
artificial saliva reflected a reduction of lesion depth.
However, they recorded lowered hardness than
sound enamel at definite depths as demonstrated
in figure (2). This is in agreement with Shah 19,
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who recorded the preventive role of CPP-ACP
and artificial saliva in lesion formation and lesion
progression.
The present study showed that at specific depths
resin infiltrated groups recorded no significant
difference compared to other treatments or sound
enamel. This may be attributed to the higher
penetration coefficient of the resin 12. Moreover,
in agreement with Perdigão39, filling the porosities
with resin reinforces the unsupported enamel that
renders the enamel more mechanically strong and
resistant to acid dissolution.
Furthermore, the fluoride resin group did not
produce statistically significant differences when
compared to a fluoride-free resin. This is probably
due to the resin penetration into the porous residual
mineral zone, resulting in the embedding of the
residual minerals by the resin 24. However, this
result is inconsistent with Schmidlin et al 40.
On the contrary, at specific depths CPP-ACP /RI
and artificial saliva /RI groups recorded significantly
lower CSH than sound enamel, as shown in figure
(3). This may be attributed to the partial dissolution
of the remaining mineral in the body of the lesion.
Besides, resin shrinkage during light-curing and
the flexibility of TEGDMA may have resulted in
leakage, reduction of ICON® hardness and acid
resistance 3,41.
Consequently, enamel can present with zones
that are demineralized and unfilled with poor
mechanical properties. Meanwhile, other zones can
be high in mineral content or filled by resin, being
mechanically more resistant. Such non-conformity
could explain the variation in hardness values found
in our study 18.
CONCLUSION
Under the limitations of this study, it was
concluded that all remineralizing agents are effective
in resisting demineralization in treated artificial
enamel lesions and their effect is not potentiated by
ICON®treatment.
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