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Abstract
The aim of the paper is to study phase transformations in solid tissues of the human teeth

during the development of fissure caries by Raman and fluorescencemicrospectroscopy.

The study of the areas with fissure caries confirmed the assumption of the formation of a

weak interaction between phosphate apatite enamel and organic acids (products of microor-

ganisms). The experimental results obtained with by Raman microspectroscopy showed the

formation of dicalcium phosphate dihydrate - CaHPO4-2H2O in the area of mural deminerali-

zation of carious fissure. A comparative analysis of structural and spectroscopic data for

the intact and carious enamel shows that emergence of a more soluble phase - carbonate-

substituted hydroxyapatite - is typical for the initial stage of caries. It is shown that microareas

of dental hard tissues in the carious fissure due to an emerging misorientation of apatite crys-

tals have a higher fluorescence yield than the area of the intact enamel. These areas can be

easily detected even prior to a deep demineralization (white spot stage) for the case of irre-

versibly changed organomineral complex and intensive removal of the mineral component.

Introduction
Among the objectives of the establishment of modern dentistry, the mechanisms of formation
of dental caries is one of the main research trends, in other words, preventing the development
of disease in the early stages of its emergence—is a highly topical issue.

It is well known that the first sign of the caries process is a spot, with a size and color (of
which) being substantially altered over time due to the transformations in the structure and
chemical composition of enamel. Intense ion substitutions are known to occur in the apatite
crystals comprising tooth enamel at the level of elementary cells. Proceeding of the ion substi-
tutions leads to changes in the phase composition of enamel apatite mineral complex and,
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consequently, to the violation of dynamic equilibrium in the mechanism of mineral metabo-
lism. As a result it becomes a prerequisite to the formation of dental caries [1].

While enamel apatite formation occurs in accordance with the following well-known reaction:

CaðHPO4Þ2 � 2H2O ! Ca8ðPO4Þ6 � 5H2O ! Ca10ðPO4Þ6ðOHÞ2 ð1Þ

i.e. dicalcium phosphate dihydrate (DCPD) -> ortho calcium phosphate -> hydroxyapatite,
chemical reactions that occur in tooth enamel in the process of tooth decay are much more com-
plicated. Substituted hydroxyapatite (HAP), the main mineral component of tooth enamel, can
behave quite unpredictably when dissolved. This is not only the ability of HAP to isomorphic
substitutions, but also the possibility to participate in the formation of a broad class of calcium
phosphates, the solubility of which is higher than that of HAP tooth enamel.

Hence in a number of works based on theoretical ideas it is suggested that at the early stages
of dental caries enamel demineralization under the influence of acid deposition should exert
the occurrence of dicalcium phosphate dihydrate and fluorapatite (FAP) [2, 3, 4]. The analysis
of phosphates solubility diagrams [5, 6] shows that hydroxyapatite is the most stable form of
calcium phosphate (except fluoroapatite) at pH close to neutral value. Dicalcium phosphate
dihydrate according to the diagram [5] appears to be more stable in an acidic environment out-
side of a singular point where two solid solutions are in the equilibrium (enamel and dicalcium
phosphate dihydrate). Considering these facts, according to theoretical calculations it was
shown that the probability of such phase transformations increases at low pH values (4.3–5.5).
However, such transformation chain has still not been validated experimentally by a direct re-
search of caries process development. It should be noted that during the development of the
caries process elemental composition of the affected area, i.e. the degree of substitution, varies
with the depth of penetration into enamel caries [7]. It means that dental caries is not merely a
chain of chemical reactions in the processes of dissolution of hydroxyapatite. They are likely to
experience re-precipitation according to selective dissolution of minerals. It means possible
feedbacks of HAP crystal growth processes in the affected areas of hard dental tissues. Analyz-
ing the above-stated, it can be argued that organic matter plays much more significant role of
in the process of dental caries and that requires a thorough comprehensive study, since as or-
ganic component it can act as an inhibitor of hydroxyapatite crystal growth.

As it was shown previously [8–11], the most convenient method to study a molecular struc-
ture, as well as fine structural properties of the different kinds of objects, including biological
ones is Raman microspectroscopy. Using this technique of nondestructive testing, researchers
can study the molecular vibrational bands of biological objects, which are specific to particular
chemical groups. Along with IR spectroscopy [8], this method allows to identify both structural
and quantitative composition of a substance. Now a new technique based on polarized Raman
spectroscopy was demonstrated for detecting early dental caries on the extracted human teeth.
Sound tooth enamel exhibited a strong Raman polarization anisotropy whereas early caries
consistently showed a lower degree of Raman polarization anisotropy. In particular, for sound
enamel, the Raman peak arising from the symmetric ν1 vibration of PO4 at 959 cm

-1 is strongly
polarized. This is in contrast to the spectra of carious lesions that displayed weaker polarization
dependence at 959 cm-1. Such difference in the degree of Raman polarization anisotropy al-
lows to make a distinction between early dental caries and sound enamel [9–11].

It should be noted that there are a lot of works dealing with the use of Raman spectroscopy
for analyzing the chemical and phase composition of the human teeth. However, no attempt
has been made for the experimental study of phase transformations during the development
of caries.
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At the same time, there is also an insistent issue of detection of the emerging caries. The
most developed technology available today is based on fluorescence spectroscopy. Using the
fluorescence of dental hard tissues, which appears due to irradiation of enamel with laser light
of 488 nm wavelength, it is possible to visualize areas of demineralization, which appear as
dark spots on the surface of the tooth. The use of light with the wavelength of 633 nm also al-
lows for a good visualization of a bacterial plaque on the tooth surface [12].

Therefore, the aim of our work was to study phase transformations in the hard tissues
of the human teeth during the development of fissure caries by Raman and fluorescence
microspectroscopy.

Materials and Methods
We investigated ten caries teeth samples (with carious fissures). Permanent masticatory
human teeth were removed of European descent patients in the age of 18–25 years. A criterion
for selection of the samples was the presence of infected fissures on the masticatory surface of
molars and premolars. Voronezh State University Ethics Committee approved this study, ap-
proval number 001.000–2012. Teeth were prepared in the following way. Initially, the teeth
were washed in flowing water, purified from plaque, and then surfaces were dried with an ab-
sorbent. Next, using a microtome, the teeth were cleaved and we got slices with the thickness of
~ 1 mm. The resulting microsections were glued to a glass plate of 2 mm thick using an acrylate
adhesive. Fig 1A presents a photograph of the typical sample to be analyzed, Fig 1B shows the
area of carious fissures in more detail. It should be noted that this Fig 1B is presented in gray-
scale, therefore the deeper the area in carious fissure the darker its image in the Fig 1B.

Raman spectra in backscattering geometry were measured at room temperature using a con-
ventional experimental setup, which includes a close-cycle He cryostat, a TRIAX550 mono-
chromator, and a liquid- nitrogen-cooled charge-coupled-device (CCD) detector (Princeton
Instruments). The laser beam was focused on the sample using a x50 microscope objective,
which allowed us to locate the laser spot on the analyzed area within 4–9 μm2 limits. Scattered
light from the sample was collected and directed to a monochromator and then detected by the
CCDmatrix (CCD-detector). To measure the Raman spectra, laser excitation power of 40 mW
on the sample surface, and acquisition times of 10–20 seconds were used. To reduce the noise,
spectrum averaging was set to 5–10. The exciting laser radiation was not polarized, scattered
light was also detected without polarization.

The penetration depth of the laser radiation, and, consequently, the effective depth of analy-
sis for Raman scattering can be determined from the ratio λ/2πk where k is an extinction coeffi-
cient. For argon laser with λ = 514.5 nm in the analysis of human tooth hard tissues this depth
is about 40–60 nm, which makes it reasonable to state that the performed analysis affected only
a thin layers of dental tissue.

Particularly, Raman spectra often show an increasing background. Background correction
was performed with the method of "rubberband correction" using Bruker optics software. A
“rubberband”method determines support points by finding the convex hull for each spectrum.
The baselines are then piecewise linear or (smoothing) splines through the support points.
Normalization of the Raman spectra was done by the same Bruker optics software.

In our work, the fluorescence spectra were obtained at room temperature on the surface of
the samples by means of a standard technique in the same installation as that one of the
Raman scattering spectra. In order to focus on the surface, x10 lens was used. Local changes in
the fluorescence intensity of the sample surface were successfully analyzed by observing the
fluorescence being excited by a 514.5 nm notch filter, which allowed us to visualize well the
lighter areas of dental hard tissues with a correspondingly higher fluorescence intensity.
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Results
Using the technique of fluorescence excitation of dental hard tissues, we investigated the areas
of teeth with enamel carious fissure. Fig 2A shows an image of the typical human tooth sample
irradiated by green laser with a wavelength of 514.5 nm. Observation of the excited fluores-
cence, as previously described, is performed with the use of 514.5 nm notch filter. The analysis
of the experimental results shows that the areas around carious fissure (dark spots) are well vi-
sualized lighter areas of dental hard tissues (marked by the arrow in the Fig 2B, with a corre-
spondingly higher fluorescence intensity. Intensity increases in carious fissures, different in
color and intensity of the radiation of the entire illuminated area intact enamel, has lateral di-
mensions comparable to the size of the fissure.

It is known that the tooth interprismatic spaces are filled with biopolymers represented, be-
sides neutral glycoproteins [13], by cationic proteins with low molecular weight and a charac-
teristic spectrum of amino acids (lysine, arginine, histidine), as well as by hyaluronic acid. At
the initial stages of the caries process in the areas, adjacent to the site of demineralization, bio-
polymers and hyaluronic acid should be lost that will cause reorganization of the inorganic

Fig 1. Frontal slice of tooth: total view of the tooth (A); fissure carious canal (B). Frontal slice of the tooth where the investigated areas are indicated
(right scale in centimeters); 1–2 are the points that were used for the study.

doi:10.1371/journal.pone.0124008.g001
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matrix in the hard tissues of the teeth. This assumption is in a good agreement with the data
that we have obtained by means of IR and X-ray microdiffraction spectroscopy [8].

Initial stage of caries is characterized by increase in the number of deformation and valence
vibrations for N-C-O, N-H and C = O bounds, decrease in crystallinity index and by the ab-
sence of the preferable orientation of hydroxyapatite (HAP) crystals within the affected enamel
[8], as opposed to the intact enamel [14].

Therefore enamel microareas adjacent to carious fissure (area of deciduous demineraliza-
tion) have a higher fluorescence yield than the areas of intact enamel and can be readily de-
tected beforehand. The stage of white spot carious lesions appears when there are irreversible
changes taking place in the organo-mineral complex and there is an intense removal of the
mineral component.

Based on these results, we found it logical to conduct a detailed study of the molecular
structure of micro-organic-enamel complex, which corresponds to the initial phase of caries.
Due to the microscopic size of fissures and carious areas and the above features of the objects,
the most convenient tool for research of the components of this type is micro-Raman spectros-
copy. Micro-Raman was used to characterize dental lesions chemically in this investigation.
The study of chemical composition of tooth tissue structures is important in biomedical mate-
rials because of the sensitivity of biological systems to the local atomic order [15].

As it was noted previously in Materials and Methods section we have studied 10 typical
samples. The obtained spectra from the parts of the intact and carious enamel for all of the
samples were of the same type. (they involved similar set of Raman modes insignificantly dif-
ferent from each other). Therefore all of the spectra were averaged in a single-type spectrum.

Fig 2. Appearance of the human tooth sample: representation of the human tooth sample irradiated by green laser with a wavelength of 514.5 nm
(A); well visualized lighter areas of dental hard tissues (B).

doi:10.1371/journal.pone.0124008.g002
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Fig 3 shows Raman scattering spectra obtained from the intact enamel as well as a typical
spectrum of a microarea of carious fissure with deciduous demineralization (i.e. of the area of
intense fluorescence in Fig 2 which is marked by arrow). A note has to be made that the latter
spectrum is an average sum of the spectra obtained from different points of intense fluores-
cence. This helps to exclude the effect of the roughness of the surface on the experimental re-
sults and identify the actual differences caused by the phase transformations.

As can be seen from the experimental data, the obtained spectra include a very intense fluo-
rescence background from the samples produced by the laser diode using an excitation Raman
scattering. Background correction was performed with the use of "rubberband correction"
method [16]. Fig 4 shows the typical Raman spectra of intact and carious tooth enamel follow-
ing the "rubberband correction" and normalization.

The analysis of transformed spectra was conducted using a series of references used in the
methods where Raman and FTIR spectroscopy were involved in the examination of an intact
human tooth hard tissue, as well as the relevance phosphates participating in the formation of the
enamel and dentin [17–21]. A list of active modes and their assignments is shown in (Table 1).

The obtained results have shown that the spectrum includes all of the intact enamel signifi-
cant fluctuations correlated with the inorganic component of a hard dental tissue, and their fre-
quencies are in excellent agreement with the data of a series of works. The highest intensities in
the Raman scattering spectra of intact enamel modes are in the following functional groups:
PO3�

4 (n1PO
3�
4 ,n2PO

3�
4 ,n4PO

3�
4 ), OH (OH-libration) and CO2�

3 (correlated with fluctuations
B-type substituted hydroxyapatite (i.e., when the group CO3 substitutes the group PO4).

Fig 3. Raman scattering spectra collected from the intact and caries enamel.

doi:10.1371/journal.pone.0124008.g003
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It should be noted that in the Raman scattering spectrum obtained from the area of decid-
uous demineralization of enamel apatite in the carious fissure tooth tissue, there is not only the
intensity variation of the fundamental vibrations, typical of the spectrum of a healthy enamel,
but there is also the occurrence of additional active modes. A simultaneous increase in the in-
tensity of the modes localized near 775 cm-1 and 1075 cm-1 pertaining to CO2�

3 bonds can be
observed, i.e. substitution of the phosphate HAP group in the structure by carbonate ions.

Fig 4. The Raman spectra of tooth enamel after the procedure named as rubberband correction.
DCPDRaman Spectra—on top; sound and carious enamel—at the bottom.

doi:10.1371/journal.pone.0124008.g004

Phase Transformations in a Human Tooth Tissue

PLOS ONE | DOI:10.1371/journal.pone.0124008 April 22, 2015 7 / 11



There are also oscillations at 1115 cm-1 corresponding to CO2�
3 bonds of A-type, substitution

of OH-group by carbonate ions in the spectra of carious areas.
However, one of the most interesting features of Raman scattering spectra from the areas of

deciduous demineralization in the carious fissure is the presence, along with all the above-
mentioned features, of intact enamel a series of low-intensity but distinctly discernible addi-
tional vibrational modes is clearly seen, located at ~ 380 cm-1, ~ 410 cm-1, ~ 875 cm-1, ~ 987
cm-1 ~ 1050 cm-1. The analysis shows that this set of vibrations is characteristic of dicalcium
phosphate dihydrate—CaHPO4. Fig 4 shows the experimental Raman spectrum of dicalcium
phosphate dihydrate, allowing for a clear comparison of the data obtained.

All of the active vibration modes in the spectrum of intact enamel and enamel area with
an emerging caries process, as well as their assignment to specific molecular groups, are shown
in (Table 1).

Discussion
The development of caries in hard dental tissues is related to the presence of oral pathogens
and their metabolic products—organic acids, among which is the lactic acid. This acid and its
residues are directly involved at the beginning (of the process) along with a dissolved organic
matrix of enamel, and following that, together with the products of decomposition of organic
matter lead to the dissolution of a mineral component [22].

Processes of dissolution and transport of inorganic elements (calcium and phosphorus) of
enamel exposed to penetrating of acids into the hard tissue of the tooth are in a way connected
with the forces that seek to restore the balance between the concentrations of soluble calcium
and phosphorus in a plaque and in the depths of the enamel. The source of these forces is the os-
motic pressure in the considered system leading to a rapid leveling while a mutual penetration

Table 1. Active vibrationmodes in the spectrum of intact enamel and enamel area with the emerging
caries process and their assignment to specific molecular groups.

Point 1.
Enamel.

Point 2.
Caries.

Assignment Ref.

380 DCPD [17]

410 DCPD [17]

437 448 n2PO
3�
4 (HAp) [9–11], [21]

581 572 n4PO
3�
4 (HAp) [9–11], [21]

607 n4PO
3�
4 (HAp) [9–11], [21]

649 647 OH libration (HAp) [9–11], [21]

710 CaCO3 hydrated [9–11], [21]

754 766 B-type n4CO
2�
3 (HAp) [9–11], [21]

835 841 ν(O—P—O) [9–11], [21]

877 DCPD [17]

927 P-OH stretch (HAp) [9–11], [21]

960 960 n1PO
3�
4 (HAp) [9–11], [21]

986 DCPD (max.int.) [17]

1015 n3PO
3�
4 (HAp) [9–11], [21]

1043 1049 1. n3PO
3�
4 (HAp) 2. DCPD 3. ν(C—O) [17] [9–11],

[21]

1072 1072 1. B-type CO2�
3 (HAp)—PO4 substitution 2. DCPD 3.

CaCO3 hydrated
[17] [9–11],
[21]

1117 A-type CO2�
3 (HAp)—OH substitution [17]
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of solvent molecules through a selectively permeable membrane, which acts as a barrier to the
fabric surface of the tooth (dental biofilm) between the oral fluid, rich in trace elements and
hard tissue of the tooth. At the initial stage of the caries process solvent molecules (and their
acid residues) actively penetrate through biobarrier deep into the enamel under the influence of
osmotic forces.

When the acid comes in contact with calcium phosphates, the defining parameters now are
the acid strength and its concentration. This are just the factors that determine the degree of
conversion of hydroxyapatite crystals; i.e. acidic (CaHPO4) or very acidic (Ca2(HPO4)2) calci-
um phosphates are formed. Since all organic acids are weaker than phosphoric one, decompo-
sition process of the tooth enamel does not occur until quite acidic calcium phosphate is
formed instead of hydroxyapatite. Since many organic acids are involved in the process of for-
mation of dental caries, it can be assumed that an acid anion influences the type of the formed
compound including calcium. In this case, on the surface of dissolving hydroxyapatite there
will be crystallized calcium salts of these acids, or soluble complex compounds are formed [23]
and in this case it is possible the formation of acidic calcium phosphates without hydroxyapa-
tite dissolution.

In general, the reaction between the acid and calcium hydroxyapatite, which is the basis of
the tooth enamel, is as follows.

Ca10ðPO4Þ6ðOHÞ2 þ 8HAn ¼ 6CaHPO4 þ 4CaðAnÞ2 þ 2H2O ð2Þ

where An represents acid anion. Accordingly, substituting An for lactic acid CH3CH(OH)COO
we can obtain the final chemical reaction.

Thus for lactic acid we obtain the following reaction:

Ca10ðPO4Þ6ðOHÞ2 þ 8CH3CHðOHÞCOOH ! 6CaHPO4 þ 4CaðCH3CHðOHÞCOOÞ2 þ 2H2O ð3Þ

As a result, we see the formation of DCPD (brushite), which agrees well with the idea of devel-
oping caries, put forward in a series of works [2, 3, 4], as well as with our experimental data.

It should be noted that we observed the formation of CO2�
3 bonds of A-type in apatite enam-

el, which is the result of OH-group substitution by carbonate-ion through incipient caries pro-
cess. This is consistent both with the ultimate reaction of dissolution of hydroxyapatite to form
dicalcium phosphate dihydrate, and with the results that we obtained using the methods of
X-ray microdiffraction [14]. According to the data obtained in the area of carious fissure, there
is a considerable decrease in crystallite size compared to the area of the intact enamel, which is
quite typical of the formation of carbonate-substituted apatite [3, 24–25]

However, apart from the processes of apatite enamel dissolution and the formation of less
stable calcium phosphate, the influence of acids on the formation of hydroxyapatite enamel
leads to the occurrence of hydrated layer which has been shown in several studies [26, 27]. A
partial dissolution of enamel apatite in the reaction with an acid can mean the loss of just OH-
groups [28], and since the concentration of acids that affect tooth enamel is not constant over
time, while hydroxyapatite is most likely to represent the final phase, the short-term restoration
of the structure to form a carbonate-substituted hydroxyapatite of A-type substitution is likely
at the beginning of the caries process as well.

Conclusions
The research of fluorescence properties of dental hard tissues, including areas affected to caries,
confirms the assumptions on the changes taking place both in mineral and organic compo-
nents in the areas of enamel where caries takes place.
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The comparative analysis of structural and spectroscopic data for the intact and carious
enamel shows that in the area of deciduous demineralization of carious fissure the phase com-
position of the mineral component changes substantially. The identified change in the redistri-
bution of vibration modes of PO3�

4 and CO2�
3 groups in the intact enamel and appearance of A-

type substitution of OH-groups by carbonate-ion in the area of carious process agrees well with
the assumption that more soluble phase—carbonate-substituted hydroxyapatite occurs.

The mechanisms of weak phosphate formation due to interaction between apatite enamel
and some organic acids (products of microorganisms vial acrivity) concerned in the work are
confirmed experimentally. The results obtained by means of Raman microspectroscopy indi-
cate at the formation of DCPD—CaHPO4 in the area of carious fissure.

In our opinion, studying the role of organic matter in the process of protecting HAP crystals
during dissolution of the dental hard tissues and / or facilitating the redeposition of hydroxyap-
atite crystals in the process of restoration of tooth enamel is a very promising task to be ad-
dressed for the future research.
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