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Introduction

Dental enamel is the hardest and most highly mineralized tissue of 
the human body, which contains more than 95% of carbonated 
hydroxyapatite and less than 1% of organic matter. As a highly 

mineralized tissue, enamel can withstand a wide range of functional and 
non-functional loads and protect the underlying dentin from directly ex-

ABSTRACT
Background: Current diagnostic methods for enamel caries detection are unable 
to detect caries lesions (incipient caries lesion) at a very early stage. 
Objective: This study aims to determine the remineralizing effect of three fluori-
nated compounds on demineralized subsurface tooth enamel using Raman spectros-
copy characterization.
Material and Methods: In this experimental study, sixty impacted 3rd molars, 
with intact anatomical crowns recently extracted and without structural defects, were 
sectioned longitudinally in a mesio-distal direction using a diamond disc, obtaining 
two working surfaces (buccal and lingual). The 120 working surfaces obtained were 
immersed for 96 h in a demineralization solution at 37°C in order to demineralize the 
enamel surface. All samples were randomly divided into three groups (n=30 each) 
and their surfaces were treated with silver diamine fluoride (SDF), Difluoride silane 
(DSF), and acidulated phosphate fluoride (APF), and with no treatment undertaken 
in the control group (CG). The samples were immersed in alternating solutions for 
demineralization and remineralization at pH 4.4 and pH 7.0, respectively. The results 
were analyzed with Principal Component Analysis (PCA) in order to determine the 
variance. 
Results: The most important difference (91.7%) is observed in APF group be-
tween PCA1 respect to PCA2, followed by DSF (91.5%) and SDF (76.3%) respec-
tively. Therefore, a greater remineralization in the dental enamel can be observed by 
the three experimental groups.  
Conclusion: The APF and DSF have the effect of recovering the mineralization 
of dental enamel, except for the SDF. Functional groups OH- and PO4

3- were identi-
fied in all subsurface.
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posing to the harsh oral environment [1].

The Fluoride ion (F-) has great chemical ac-
tivity, and also can be combined with any ele-
ment as well as organic radicals. In nature, F- 

can be found in different minerals as fluorite, 
cryolite and apatite. In biological systems, the 
presence of fluoride during the mineralization 
process causes abnormalities in the crystal de-
velopment of inorganic phases on bones and 
teeth, modifying the chemical structure into 
fluoridated hydroxyapatite Ca10(PO4)6(OH)2

-F2 
[2, 3]. In preventive dentistry, fluoride is ap-
plied to the outer surface of the dental enamel 
to prevent the development of carious lesions. 
The use of fluoride benefits has been overstat-
ed without discussing, the differences among 
concentrations and type of vehicle (gel, var-
nish, and solution) because they are the most 
commonly used in paediatric dental practice 
[4, 5].

On the other hand, Raman spectroscopy ac-
tually offers the possibility to obtain informa-
tion on the chemical structural organization of 
enamel [6, 7]. This is a non-destructive tech-
nique used to characterize organic and inor-
ganic compounds through the identification of 
characteristic vibration modes [8, 9]. A great 
variety of biological samples has been studied 
at the Raman spectroscopy [9, 10] as in the 
case of the hydroxyapatite (HA), dentin and 
enamel [11, 12] using a focused laser beam; 
the identification of hydroxyl group in bone, 
the possible incorporation of halogens in the 
hydroxyapatite structure, has a direct implica-
tion in the physical and chemical properties in 
permeability of the dental enamel. In clinical 
dentistry, the use of fluorinated compound as a 
preventive action is a recognized practice be-
cause it can increase resistance to the caries 
process by incorporating fluoride ions into the 
molecular structure of hydroxyapatite. There 
has been reported a variety of vehicles used to 
apply the fluoride compounds as the solution 
of Silver Diamine Fluoride, Ag(NH3)2F (SDF) 
with 44.800 parts per million of F- and 38% 
of silver, with pH=13 [11-13], varnish of Di-

Fluoride Silane with 1000 parts per million of 
F-, 1% di-fluor-silane (DSF) in a polyurethane 
lacquer for Fluor-Protector [14, 15] and gel 
of acidulated phosphate fluoride (APF) with 
12.300 parts per million F- 1.23% with pH=3.5 
for Topex 60-Sultan [16]. Based on p rincipal 
component analysis (PCA) to Raman signal of 
OH- and PO4

3- carried out, 
PCA is mainly a classification (non-paramet-

ric statistical) method of spectral data, aiming 
to reduce the data dimensions of highly com-
plex systems to the smaller number subset for 
determine the most important spectra infor-
mation. This method generated a new set of 
orthogonal variables, called principal com-
ponents (PCs). The first principal component 
(PC1) is a single axis in space and the second 
principal component (PC2) is another axis in 
space, perpendicular to the first. The full set of 
PCs is as large as the original set of variables. 
It is common place for the sum of the vari-
ances of the first few PCs to exceed 80% of the 
total variance of the original data [17].

Material and Methods

Specimens and Preparation of Sam-
ple Group

In this experimental study, sixty molars stud-
ied here were obtained from patients attend-
ing the eight outlying clinics of the faculty of 
Higher Education Iztacala in the University 
National Autonomous of Mexico (UNAM) 
and who had been collected for maxillofa-
cial surgery by clinical professors at the clin-
ics. The use of these molars in this study was 
approved by the faculty’s Ethics Committee 
(EC/FESI/062019/1307) and was conducted 
in accordance with the Helsinki Declaration of 
the World Medical Association. All the third 
molars were obtained over a period of three 
months. Informed consent was obtained from 
patients undergoing dental surgery procedures, 
all of whom were between 17 and 22-year-old. 

Periodontal debris was removed prior to the 
tooth sectioned with the molars then stored 
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in deionized water until the experimental 
tests were performed. In accordance with 
ten Cate [18, 19], soft tissues were removed 
from radicular surface and a dental cleaning 
was made with a prophylactic paste free for 
fluoride (QOM™ Mexico). Then, they were 
longitudinally sectioned with a diamond disc 
(Brassler™ diamond) under constant irriga-
tion, after which the 64 working surfaces ob-
tained were filled with pink wax in the internal 
area of the tooth (the pulp chamber and the 
root canals) in order to obtain a smooth sur-
face. After which a working area was created 
by covering the root and crown with acid-
resistant varnish (Revlon™ different colors, 
New York, U.S.), leaving a 3×6 mm area at 
the center of the lingual or buccal surface of 
the crown [20].

Demineralized Lesion (initial le-
sion)

Ten Cate JM et al., designed a pH cycling 
model to study mineral loss and gain in artifi-
cial enamel lesions, generating a model which 
is the best reproduction in vivo conditions. As 
the work surfaces were healthy, initial lesions 
were made with demineralizing solution, after 
which 120 work surfaces (buccal and lingual 
faces) were immersed in a demineralizing so-
lution (2.2 mM CaCl2, 2.2 mM NaH2PO4, and 
0.05 M acetic acid) for 96 h at 37°C [14], 
while the pH was adjusted using a solution 
buffer, to 4.4 with 1M KOH [14]. Once the 
96 h had elapsed, all demineralized surfaces 
were randomised and experimental groups 
were formed to receive the indicated treat-
ment: group I- SDF (n=30) (SDF-Saforide™), 
group II- DSF (n=30) (DSF-Fluor Protec-
tor™), group III- APF (n=30) (APF-Sultan-
Health™), and group IV- Control Group (CG) 
(n=30), which received no treatment. 

The following treatment process was ap-
plied:

1. The surfaces of the tooth were removed 
from demineralizing solution.

2. All work surfaces were rinsed with deion-

ized water.
3. The fluoride compounds were placed on 

each surface using their respective brush.
4. The fluorinated compound was left on the 

work surfaces for 60 s, with the time taken on 
a stopwatch, in accordance with the manufac-
turer’s instructions.

5. Once the time had elapsed, the sample 
was placed in there mineralizing solution in 
order to continue the pH cycling.

The pH cycling sequence is given as follows:
a) 21 h in remineralizing solution (1.5 mM 

CaCl2, 0.9 mM NaH2PO4 and 0.15 mM KCl) 
with the pH adjusted, with a buffer solution, to 
7.0 with a 1M KOH solution.

b) 3 h in demineralizing solution (2.2 mM of 
Ca, 2.2 mM of P, and 5.0 mM of CH3COOH) 
with a pH of 4.4.

The fluorinated compound application of 
(DSF, SDF or APF) was of 60-second. Between 
the application of the demineralizing and rem-
ineralizing solutions, the working surface was 
rinsed with deionized water. The composition 
of the demineralizing solution was 2.2 mM of 
Ca, 2.2mM of P, and 5.0 mM of CH3COOH 
[21], with a pH of 4.4, while the composition 
of the remineralizing solution was 1.5 mM of 
CaCl2, 0.9 mM of NaH2PO4 and 0.15 mM of 
KCl, with the pH adjusted with a buffer solu-
tion to 7.0 with a 1M KOH solution. The solu-
tions were prepared every third day. After 5, 
10 and 15 days, the pH cycling solutions [22] 
(those used for both remineralization and de-
mineralization) were removed from the work-
ing surfaces to enable the Vickers microhard-
ness tests. Before the microhardness test was 
performed, the surfaces were immersed in de-
ionized water at 37°C [23].

However, to date, these three fluorinated 
compounds have not been compared in the lit-
erature i.e. on subsurface human dental enam-
el at different depths with different vehicles: 
gel, solution and varnish, all of them used cur-
rently in pediatric dentistry. In this work, the 
effect of three different fluoride compounds 
(gel, vanish, and solution) on the surface of 
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dental enamel at cycling pH conditions was 
study by Raman spectroscopy. Functional hy-
droxyl (OH-) and phosphate (PO4

3-) groups 
were identified. Tetrahedral (PO4

3-) group is 
representative of the mineral phase (carbon-
ated hydroxyapatite) in teeth when the remin-
eralization is carried out. Raman spectroscopy 
as a non-destructive technique allowed us to 
analyze samples before and after applying the 
fluorinated compounds being a very suitable.

Cycling pH
The sequence of pH cycling was daily re-

peated, and 10 samples of each experimental 
groups were removed at 5, 10 and 15 days and 
among the different depths (50, 100 y 150 mi-
crons). After this, samples were longitudinally 
sectioned at vestibular-lingual orientation and 
mounted in acrylic resin.

Statistical Analysis 
10 spectra were taken from each group, 

including CG, DSF, SDF and APF. Each ac-
quired spectrum was normalized to the highest 
peak. All spectra were processed by carrying 
baseline correction, smoothing, and normal-
ization to remove noise, fluorescence, and 
shot noise from cosmic rays, through a filter 
based on the baseline correction with asym-
metric least squares smoothing algorithm. Af-
ter the initial processing, the spectrum mean 
of each group was calculated. The mean spec-
tra were analyzed to obtain general molecu-
lar information for each data group [24-26]. 
Once the spectra were processed, PCA was 
implemented, where the main information is 
described by the first principal components. 
PCA through its score plot allows all samples 
(which appear as individual points on the plot) 
to be assessed for similarities and differences 
using the principal component scores associ-
ated with the samples, in this case, principal 
component 1 (PCA1) and principal compo-
nent 2 (PCA2). The “closeness” of PC scores 
of two samples indicates the behavior of the 
different fluorinated compounds which are 

similar and vice versa [27]. The obtained Ra-
man spectra (N=490) were analyzed using the 
MATLAB™ R2010 software in order to deter-
mine the variance of PCA [24].

Results

Raman spectroscopy
All spectra were collected at a Nicolet, Al-

mega-XR ™ Raman System with Nd:YVO4 
laser beam at 532 nm in the 400 to 4000 cm-1 

range [28]. Raman spectra were obtained 
at 50, 100 and 150 microns from the dental 
enamel subsurface to the enamel-dentine junc-
tion, and 10 spectra were generated for each 
deep in Figure 1.

The mean Raman spectrum for dental enam-
el and hydroxyapatite, in these spectra the 
characteristic vibration of phosphate ions was 
observed Figure 2 shows. Oxygen shifts with 
phosphorus at the same time (PO4

3-), peak at 
970 cm-1, and the group OH- associated with 
the peak of 3621 cm-1. It was also observed 
that the intensity of the band at 970 cm-1 asso-
ciated with the frequency of vibration of PO4

3- 
group, increases as the OH- group increases 
[29].

The experimental group treated with DSF 
shows the characteristic vibrations bands 
of the functional groups (PO4

3- and OH-) in 
samples obtaining at different days in differ-
ent depths has been illustrated in Figure 3. It 
should be noted that on 15th day of treatment, 
the peak due to the PO4

3- (970 cm-1) shows a 
greater expression.

Representative Raman spectra of the experi-
mental group APF are shown in Figure 4. Both 
PO4

3- (970 cm-1) and OH- (3621 cm-1) groups 
are observed at different treatment days and 
different depths.

In the experimental group treated with SDF 
(Figure 5), the characteristic signals of the 
functional groups were observed at the differ-
ent days of treatment. However, the most rep-
resentative peak was observed after 5 days, at 
50 microns of deep.
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With regard to the control group, i.e. the 
group not being treated, the OH- group is not 
observed at 5th and 15th days of treatment. At 
10 days it is observed lightly to the symmet-
ric stretching vibration P-O of phosphate ions, 
nevertheless, the peaks corresponding to the 
PO4

3- (970 cm-1) group are not observed at 5 
and 15 days after ph cycling, has been illus-
trated in Figure 6, since the peaks correspond-
ing to the functional groups are not observed, 

we can conclude that there is demineralization 
of dental enamel.

Results PCA
In the present study, the spectra of DSF, APF, 

SDF were analyzed by PCA, in the weights 
of the main components of the experimental 
group DSF, they are concentrated near the axes 
PCA1 y PCA2. Likewise, the group treated 
with DSF had a PCA1 of 91.5% vs PCA2 of 

Figure 1: Scanning Electron Microscope (SEM) micrograph of the tooth enamel subsurface, 
showing the different depths (50, 100 and 150 microns) and the location (occlusal, medium and 
cervical) where Raman spectroscopy was used to detect the different functional groups.

Figure 2: The Raman spectra of dental enamel and hydroxyapatite (HA) reference where a char-
acteristic vibration mode of PO4

3- at 970 cm-1 and OH- at 3621 cm-1 are observed.
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8.16%. Moreover, the DSF compound is clos-
er to the dental enamel and therefore produces 
greater topical remineralization since a greater 
concentration of the DSF points is very close 
to the points of the dental enamel and those of 
the control group are more dispersed as seen 
in Figure 7A.

The group treated with APF had a PCA1 
of 91.67% vs. PCA2 of 7.95%, as well as the 
DSF group. the APF compound is closer to the 
dental enamel and therefore produces a greater 

topical remineralization since it is possible to 
observe a concentration of the APF points near 
the points of the dental enamel although there 
is a slight dispersion in them and those of the 
control group are more dispersed as seen in 
Figure 7B.

The group treated with SDF had a PCA1 of 
76.34% vs PCA2 of 19.25%, in all its observa-
tions presented a behavior different from the 
control group, therefore the SDF compound 
has greater dispersion on the dental enamel 

Figure 3: Representative spectra of the ex-
perimental group treated with Difluoride si-
lane (DSF) at 5th, 10th and 15th days and at 50, 
100 and 150 microns deep (dentin enamel 
junction) were observed and the peaks due 
to PO4

3- (970 cm-1) and the OH- (3621 cm-1)
groups. The greater distance from the dental 
surface, the greater the intensity of the PO4

3- 
group.

Figure 4: Representative Raman spectra of 
the experimental group treated with acidu-
lated phosphate fluoride (APF) at 5th, 10th 
and 15th days and at 50, 100 and 150 mi-
crons deep (dentin enamel junction) were 
observed; the representative peaks of the 
functional group PO4

3- (970 cm-1) and the OH- 
group (3621 cm-1) were observed as well.
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and therefore the topical remineralization 
could be minor since in Figure 7C a lower 
concentration of SDF points can be observed 
near the points of the dental enamel.

Discussion
Raman spectroscopy is a technique used for 

the analysis of the molecular composition of 
dental enamel. It is an effective technique to 
analyze the inorganic surface tissue since it is 
possible to obtain information about the min-
erals (functional groups) present through the 

vibrational spectra. In the present study it was 
found that the PCA has a better discrimination 
between the experimental and control groups 
since according to the results, it was found that 
for the DSF group it had a discrimination of 
91.5%, APF 91.67% and SDF 76.34%.

Moreover, it was observed that the three 
fluorinated compounds (DSF, APF and SDF) 
produce the greatest remineralization on the 
enamel surface. Also, the remineralization of 
the enamel surface will depend on the bio-
availability of the fluoride ions on the surface 
of the tooth [30]. In addition, fluoride reduces 
demineralization and increases the reminer-
alization of the surface of the tooth enamel 
[30-32]. Several investigations have shown 
the effect that remineralizers have on dental 
enamel [33, 34]. Yu OY et al., reported that the 
application of DSF decreased the demineral-
ization of caries lesions and also inhibited the 
growth of the biofilm [35]. Likewise Jardim JJ 
et al., found that three or more applications of 
APF improve hardening and there is a higher 
concentration of fluoride in the dental enamel 
[36]. 

PCA analysis for Raman spectroscopy has 
the potential to be a non-invasive real-time tool 
for the early detection and monitoring evolu-
tion of dental. It requires no sample prepara-
tion and provides objective, specific, and fast 
results, reducing subjectivity to human error 
[24] for that reason in this investigation, Ra-
man spectroscopy and principal component 
analysis were used.

González-Solis et al., [24] demonstrated 
that Raman spectroscopy and analysis of the 
principal components can be used to discrimi-
nate in experiments with human molars (tooth 
enamel), healthy tooth with healthy enamel, 
severe dental fluorosis, hard samples with 
high sensitivity and specificity. In this study, 
only the effect of three different fluorinated 
compounds with Raman spectroscopy at dif-
ferent depths of 50, 100 and 150 microns was 
observed on 0th, 5th, 10th and 15th days of treat-
ment and also all the variables was discrimi-

Figure 5: Representative spectra of the ex-
perimental group treated with Silver Di-
amine Fluoride (SDF) at 5th 10th and 15th 
days and at 50, 100 and 150 microns deep 
(dentin enamel junction) were observed and 
the peaks of the PO4

3- (970 cm-1) and the OH- 
(3621 cm-1) groups.
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nated because significant statistical differenc-
es were observed. In addition, it will always 
be better to apply any fluoride compound on 
the surfaces of tooth enamel, that is, varnishes, 
pastes, solutions, etc. not to apply something 
on the tooth enamel.

Shahabi et al., [37] carried out an in vitro 
Raman spectroscopic study of the carbonate 
anion concentration in tooth enamel after the 

application of in-office and home whitening 
agents. In this research, the effect on dental 
enamel was only evaluated with three fluori-
nated compounds and it was carried out be-
cause to date in the literature these fluorinated 
compounds have not been compared with the 
methodology presented here (different depths, 
different days, in the three different thirds 
enamel), in addition these fluorinated com-

Figure 6: Representative spectra of the experimental group treated with Silver Diamine Fluoride 
(SDF) at 5th, 10th and 15th days and at 50, 100 and 150 microns deep (dentin enamel junction). 
The peaks due to PO4

3- (970 cm-1) and the OH-1 (3621 cm-1) groups are observed.

Figure 7: A) Dispersion of the group treated with Difluoride silane (DSF) where the distribution 
of observations was 91.7% when compared with the control group. B) Dispersion of the group 
treated with acidulated phosphate fluoride (APF) where the distribution of observations was 
(91.67%) when compared with the control group. C) Dispersion of the group treated with SDF 
where the distribution of observations was (76.3%) when compared with the control group.
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pounds are the most used in pediatric dentistry. 
A limitation of the present study is directed 

to the remineralizing effect of fluoride since 
concentrations of fluoride are used in the same 
state.

Conclusion
The APF and DSF have the effect of recov-

ering the mineralization of dental enamel, ex-
cept for the SDF. Functional groups OH- and 
PO4

3- were identified in all subsurface.
The results of the present study showed that 

Raman spectroscopy and Principal Compo-
nent Analysis (PCA) can be used to discrimi-
nate between healthy enamel, demineralized 
enamel and enamel remineralization with 
different fluoride solutions. The Raman-PCA 
technique can be an excellent non-invasive 
method to demonstrate qualitatively the early 
detection and monitoring of incipient lesions 
due to caries. In addition, the effect of the 
remineralization of the dental enamel can be 
observed.
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