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Abstract: Currently, various analytical techniques, including scanning electron microscopy, X-Ray
diffraction, microcomputed tomography, and energy dispersive X-ray spectroscopy, are available
to study the structural or elemental features of hard dental tissues. In contrast to these approaches,
Raman Microspectroscopy (RMS) has the great advantage of simultaneously providing, at the same
time and on the same sample, a morpho-chemical correlation between the microscopic information
from the visual analysis of the sample and its chemical and macromolecular composition. Hence,
RMS represents an innovative and non-invasive technique to study both inorganic and organic teeth
components in vitro. The aim of this narrative review is to shed new light on the applicative potential
of Raman Microspectroscopy in the dental field. Specific Raman markers representative of sound
and pathological hard dental tissues will be discussed, and the future diagnostic application of this
technique will be outlined. The objective and detailed information provided by this technique in
terms of the structure and chemical/macromolecular components of sound and pathological hard
dental tissues could be useful for improving knowledge of several dental pathologies. Scientific
articles regarding RMS studies of human hard dental tissues were retrieved from the principal
databases by following specific inclusion and exclusion criteria.

Keywords: Raman Microspectroscopy; Fourier Transform Infrared spectroscopy; vibrational spec-
troscopy; enamel; dentin; hard dental tissues; dental genetic anomalies; early enamel lesions; dental caries

1. Introduction

In recent years, vibrational spectroscopic techniques, such as Raman Microspec-
troscopy (RMS) and Fourier Transform Infrared (FTIR) spectroscopy, have been employed
as emerging tools for studies in the biomedical field, including those on the structural
and macromolecular composition of tissues and cells [1–3]. Both of these non-destructive
and label-free analytical techniques, based on the interaction between matter and electro-
magnetic radiation, provide relevant information on the chemical bonds, and hence the
functional groups of the macromolecules within the analyzed sample [4,5].

RMS is defined as a scattering technique; indeed, it measures the two-photon inelastic
light scattering produced when the photons from monochromatic electromagnetic radi-
ation interacting with matter are scattered from the samples with an energy higher or
lower in respect to the incident one [6–8]. It does not require extrinsic contrast-enhancing
agents and allows one to obtain reproducible and reliable results on the chemical com-
position of the sample, with minimal to no preparation [8,9]. On the other hand, FTIR
is based on the absorption of electromagnetic radiation in the IR range; hence, it is an
absorption spectroscopy [8,10]. Infrared spectroscopy can be applied in transmission mode
for samples transparent to the radiation, or in reflectance mode in the case of solid and
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non-transparent materials [10]. In this latter case, IR spectra are collected using Attenuated
Total Reflectance-Fourier transform InfraRed spectroscopy (ATR-FTIR), a contact sampling
method that exploits a crystal with a high refractive index; this technique is based on the
analysis of the ‘evanescent wave’, originating from the crystal and penetrating within
the material for a fraction of its wavelength [11,12]. Infrared and Raman techniques also
differ in the measured molecular vibrations, with the first detecting changes in the dipole
moment, and the second detecting variations in the polarizability of the molecule [13].
This difference means that Raman spectroscopy can detect the symmetric vibrations of
non-polar groups, while IR spectroscopy better measures the asymmetric vibrations of
polar groups [8].

Therefore, RMS and FTIR are completely complementary techniques; the different
physical phenomena they rely on determine differences in terms of provided information
and applicability; hence, each of them show specific advantages and disadvantages, also in
their application to biological systems [4,10]. For example, IR spectra are not affected by
fluorescence, which often influences Raman measurements [14]. On the other hand, RMS
is more suitable for the analysis of samples in aqueous solution; in fact, Raman spectra
are not altered by water, which conversely massively influences IR spectra and requires
complex subtraction procedures [2,14].

In the last decades, Raman and FTIR instrumentations have been significantly im-
proved by their coupling with optical microscopes that let perform the imaging analysis.
In this way, by mapping micro-areas of interest, it is possible to combine the informa-
tion derived from the morphological analysis of the sample with its punctual chemical
composition [15,16]. However, given the different physical phenomena on which the
two techniques rely, IR spectroscopy requires 5–10 µm-thick tissue sections for analysis
in transmission mode [9,17,18], while RMS can be applied to solid and thicker samples.
Moreover, since RMS is based on light scattering, it can be exploited in a confocal mode by
focusing the laser not only on the surface of the sample, but also at a specific depth [7,19].
In addition, RMS provides maps with a better spatial resolution than FTIR, allowing the
detection of biological modifications which cannot be highlighted using more traditional
techniques [19]. In fact, while FTIR shows some limitations due to the diffraction limit,
which restricts the achievable spatial resolution to 10–20 µm, the shorter wavelengths
exploited by RMS yield a diffraction-limited spatial resolution of 1 µm or less, depending
on the objective [3,15].

Vibrational techniques have also been employed in dentistry for the analysis and
chemical characterization of both dental materials and teeth components [17,20–23]. Indeed,
FTIR was used to track the polymerization kinetics of dental resin composites [24–27] and
adhesives [28,29]. Furthermore, the IR technique was exploited to determine the effects
of materials containing nanohydroxyapatite on the enamel surface [30,31], to analyze
new generation biomimetic materials mimicking the mineral organic dentin and enamel
complex [32], and to characterize implant materials, biopolymers, ceramics, and resin
nanocomposites [33–35]. Regarding RMS, its applicative potential in the dental field has
not yet been fully exploited, even if recent results suggest a promising use of this technique
for the characterization of hard dental tissues, also for diagnostic purposes [13,36]. RMS
has been demonstrated to be a successful tool for the diagnosis of oral cancer [37] and for
the study of tooth mineralized tissues, due to its sensitivity in the analysis of both mineral
and organic components, as well as for the detection of early caries by using innovative
fiber optical probes [9,38–40] and the evaluation of caries progression [19,41].

Other techniques have already been exploited for the study of dental tissues, such
as scanning electron microscopy [42–44], X-Ray diffraction [42,45], microcomputed to-
mography [46,47], and energy dispersive X-ray spectroscopy [36,48]: all these imaging
techniques can obtain high-resolution information on the morphological features and/or
the elemental composition of the samples of interest. Conversely, RMS can acquire maps,
both on the surface of the tooth or at depth, that provide a morpho-chemical correlation
between the microscopic information derived from the visual analysis of the sample and
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its chemical and macromolecular composition, at the same time and on the same sample.
In this light, RMS represents an innovative and non-invasive technique to study both
inorganic and organic teeth components in vitro [49]. Therefore, this narrative review aims
to summarize the application of Raman Microspectroscopy in the dental field. In particular,
specific Raman markers representative of sound and pathological hard dental tissues will
be discussed. The possibility of simultaneously obtained detailed and objective information
on biochemical structure and chemical composition is crucial to relate the morphological
alterations characterizing the different dental pathologies with variations in terms of the
chemical features of hard dental tissues. Moreover, the benefits and the limitations of this
technique will be outlined. Finally, this narrative review may be a useful starting point for
new research on this topic and for possible future diagnostic application in clinical practice:
from bench-top to chair-side.

2. Materials and Methods

This article represents a narrative review regarding recent applications of Raman
Microspectroscopy on sound and pathological hard dental tissues. It was performed in
accordance with the Scale for the Assessment of Narrative Review Articles [50,51]. An
electronic literature search was performed on PubMed, Scopus, and Web of Science from
January 2016 to October 2021; the scientific publications earlier than 2016 were cited only
when they were essential for advancing the discussion. A combination of the following
keywords was used: “Raman” OR “ATR-FTIR” AND “dental lesions” OR “human teeth
application” OR “tooth structure”. Related articles cited in the reference list of relevant
studies were manually searched. Articles were selected in two phases: title and abstract
screening and then full-text screening; if the content of the abstract was unclear, the
article was selected for full-text review. All scientific articles were evaluated according
to specific predetermined inclusion and exclusion criteria. The inclusion criteria were:
(1) articles published from January 2016 to October 2021, (2) dental lesions and dental
structure analyzed by Raman Microspectroscopy or ATR-FTIR spectroscopy, (3) analysis
of human teeth, (4) English language, and (5) full-text publication. The exclusion criteria
were: (1) not human teeth, (2) duplicate literature and duplicate data, (3) full-text not
accessible, and (4) not available in English. There were no disagreements during the article
selection process.

3. RMS and ATR-FTIR Characterization of Hard Dental Tissues

Enamel and dentin are the major components of the human dental crown, whereas
dentin and cementum are present in the human dental root. Enamel represents the most
mineralized tissue of the human body, with a composition up to 96–97% (by weight)
inorganic matter, 2–3% water, and only 1% non-collagenous organic material [52,53]. The
main component of the enamel mineral phase is crystalline bundles of hydroxyapatite
(HA) in a hexagonal shape; hydroxyapatite is a mineral form of calcium apatite with a
chemical formula Ca5(PO4)3(OH), present in teeth and bones. Enamel mineralization is
crucial since a reduction in mineral content could lead to caries susceptibility and dental
lesions. Moreover, variation in mineralization may manifest itself through the formation of
white spot lesions (WSLs), which also impact teeth aesthetics [54]. Dentin is a composite
material containing 70% mineral components, in form of mineral nanocrystallites, and 20%
protein matrix, predominantly formed by cross-linked type I collagen (90% of the whole
dentin protein fraction) [41]. Cementum is a mineralized tissue covering the entire root
surface and consists of approximately 50% inorganic matrix (HA) and 50% organic matrix
(collagen, predominantly type I, and non-collagenous proteins) and water [53,55].

In-depth knowledge of the extent and severity of dental disorders and alterations
of dental structures may provide valuable information for treatment procedures. To this
extent, several authors have investigated the chemical composition of human teeth in
terms of decay, demineralization/remineralization processes, and disease using various
analytical methods [56–59]. Among all, RMS represents an innovative technique, allowing
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the study of both inorganic and organic components. Since the spectral profile and the
peaks’ position can be influenced by composition and structure [60], thus making their
interpretation challenging, the detailed analysis of the spectral bands related to the chemical
composition of the different dental components is mandatory.

In Figure 1, the main IR and Raman bands representative of enamel, dentin, and
cementum in sound teeth are reported. Regarding enamel, the main Raman bands are
assigned to phosphates (PO4

3−, 960 cm−1), and A- (CO3
2−, 1102 cm−1) and B-type (CO3

2−,
1070 cm−1) carbonate groups in HA [61], with the latter representing the ν1 symmetric
stretching mode of CO3

2− ions replacing PO4
3− in the apatite lattice [62]. Carbonate

substitution affects HA in terms of solubility and reactivity [63]. Significant changes in the
intensities of these bands were found in carious lesions with respect to healthy enamel
and were mainly attributed to demineralization-induced alterations of enamel crystallite
morphology and/or orientation [13,64,65]. It is well known that crystallinity increases
when crystals are larger and/or more perfect, and when there is less substitution [66].
Moreover, in Raman enamel spectra, a weak band at 1660 cm−1, attributable to the amide I
band and hence to the organic matrix, can be detected. The Raman spectrum of dentin is
characterized by bands at 1660 cm−1, 1450 cm−1, and 1242 cm−1 (attributable to collagen)
and 1070 cm−1 (CO3

2−) and 960 cm−1 (PO4
3− of hydroxyapatite). Finally, cementum

shows Raman bands at 960 cm−1, and 1452 cm−1 and 1660 cm−1, the first assigned to the
mineral component and the other two to the organic matrix [13].
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Figure 1. Main Raman (R) and IR (I) peaks of enamel, dentin, and cementum, together with the
corresponding vibrational modes (ν: stretching vibration).

By the analysis of Raman spectra, some parameters, such as the full width at half
maximum of a single band (FWHM) and band ratios obtained using the areas (A) or
the intensities (I) of the most significant bands, can be calculated and used as markers
to provide accurate diagnostic information related to diseases affecting dental tissues
(Figure 2). Among all, the main analyzed parameters are mineral/matrix (A960/A1660),
crystallinity (inversely proportional to FWHM960), P (I960), and carbonate-to-phosphate
ratio (C/P) or gradient in mineral content (GMC) (I1070/I960) [48]. The mineral/matrix
ratio (M/M) is related to the amount of the mineral component with respect to the organic
one. It is calculated as the ratio between the area of the band at 960 cm−1, which is the
most intense mineral band of HA (attributed to phosphates), and that of the amide I band
centered at 1660 cm−1, [67]. This ratio is used to describe the mineral transitions in affected
carious dentine, from the transparent zone into the normal zone [68,69]. Indeed, Liu et al.
found that the mineral component is higher within the sub-transparent zone than in normal
and transparent zones [68]. Crystallinity (C) is correlated with the degree of order within
the mineral crystals and represents a critical component of HA, since ion substitution may
introduce structural distortions. This parameter is directly proportional to the inverse
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of the full width at half maximum (FWHM) of the above-mentioned band centered at
960 cm−1, meaning that a narrow band width indicates a high mineral crystallinity and
vice versa [41]. In the studies reported by Al-Obaidi et al. and Slimani et al., the degree of C
was determined in enamel by measuring changes in the peaks ratio of the symmetric mode
of phosphate at 960 cm−1 over 950 cm−1 [61,70]. The carbonate-to-phosphate ratio (C/P),
or gradient in mineral content (GMC), calculated as the ratio between the intensities of the
bands centered at 1070 cm−1 and 960 cm−1 attributed to carbonate and phosphate groups
in HA, respectively, indicates the extent of carbonate incorporation in the HA lattice, and
curve-fitting of the carbonate band reveals whether the carbonate has replaced hydroxide
(A-type) or phosphate (B-type) in the apatite lattice. During the demineralization process,
a progressive increase of C/P occurs, due to the substitution of CO3

2− for PO4
3− in HA

(type B substitution) [71,72]. Almhöjd et al. observed different values of this ratio in sound
and carious dentine, the latter showing lower values with respect to sound dentine [69]. In
addition, the intensity of the peaks at 1246 cm−1, 1450 cm−1, and 1655 cm−1 (attributed
to amide III, CH2 groups, and amide I, respectively) are employed to evaluate structural
organization and relative amount of collagen. In more detail, the amide I/amide III
ratio (calculated as the ratio between the area of amide I and amide III bands) is related
to collagen organization, while the amide III /CH2 and amide I/CH2 ratios indicate
differences in collagen structure and quality [73,74].
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Figure 2. Raman-derived markers for the characterization of hard dental tissues (I: intensity of the
band; A: area of the band; and FWHM: full width at half maximum).

4. Morpho-Chemical Correlation between Histological and Spectral Features of Hard
Dental Tissues

Histological techniques have long been an integral part of dental research [75,76].
However, few articles in the scientific literature have reported the correlation between his-
tological analysis and spectroscopic evaluation. Hewko et al. conducted a study on dental
caries, comparing the histological appearance, optical coherence tomography, and Ra-
man spectroscopic findings, and asserted that the peaks observed by Raman spectroscopy
could confirm the histological diagnosis of early dental caries [77]. The results showed
that the joint use of these methods allows the collection of significantly more data about
pathological processes in mineralized tissues, as well as the assessment of the features of
mineralization variation [77].
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5. Raman Imaging on Sound Hard Dental Tissues

Besides evaluating the chemical composition of samples by the identification of specific
bands, RMS allows one to map specific areas within the analyzed sample by creating false
color images, defined as Raman maps, in which the intensities of individual peaks are
topographically correlated to the morphology of the mapped area. In this way, it is possible
to analyze non-homogeneous samples, such as tissues and cells, in high-resolution to
associate chemical composition with morphology [48].

Orilisi et al. obtained RMS maps on the vestibular and lingual sides of sound per-
manent teeth (Figure 3) [48]. The authors concluded that the lowest values of C were
displayed by the dentin regions, while homogenous values were found in the enamel of
both vestibular and lingual sides. Moreover, an increase in carbonate content was associ-
ated with a decrease in C; indeed, dentin showed lower values for C and M/M but had a
higher C/P value with respect to enamel.

Appl. Sci. 2021, 11, 11953 6 of 15 
 

dental caries, comparing the histological appearance, optical coherence tomography, and 

Raman spectroscopic findings, and asserted that the peaks observed by Raman 

spectroscopy could confirm the histological diagnosis of early dental caries [77]. The 

results showed that the joint use of these methods allows the collection of significantly 

more data about pathological processes in mineralized tissues, as well as the assessment 

of the features of mineralization variation [77]. 

5. Raman Imaging on Sound Hard Dental Tissues 

Besides evaluating the chemical composition of samples by the identification of 

specific bands, RMS allows one to map specific areas within the analyzed sample by 

creating false color images, defined as Raman maps, in which the intensities of individual 

peaks are topographically correlated to the morphology of the mapped area. In this way, 

it is possible to analyze non-homogeneous samples, such as tissues and cells, in high-

resolution to associate chemical composition with morphology [48]. 

Orilisi et al. obtained RMS maps on the vestibular and lingual sides of sound 

permanent teeth (Figure 3) [48]. The authors concluded that the lowest values of C were 

displayed by the dentin regions, while homogenous values were found in the enamel of 

both vestibular and lingual sides. Moreover, an increase in carbonate content was 

associated with a decrease in C; indeed, dentin showed lower values for C and M/M but 

had a higher C/P value with respect to enamel. 

 

Figure 3. Raman mapping analysis of representative areas at the inner enamel/dentin interfaces in 

vestibular and lingual sites of permanent teeth. Photomicrographs reporting the selected areas (red 

rectangles, 241.5 mm × 167 mm) and corresponding false-color images (241.5 mm × 167 mm) 

showing the topographical distribution of mineral/matrix (A960/A1660), crystallinity (inversely 

proportional to FWHM960), and C/P (carbonates/phosphates, I1070/I960) spectral features. 

Different color scales (C.S.) were used for a better interpretation of the data: exact values are 

reported below each map (black/blue color corresponds to the lowest values, green intermediate, 

and red/dark red to the highest values) [48]. 

M
in

e
ra

l/
M

a
tr

ix
(A

9
6

0
/A

1
6

6
0
)

C
ry

st
a
lli

n
ity

(1
/F

W
H

M
9

6
0
)

C
/P

(I
1

0
7

0
/I

9
6

0
)

Lingual site Vestibular site

Figure 3. Raman mapping analysis of representative areas at the inner enamel/dentin interfaces in
vestibular and lingual sites of permanent teeth. Photomicrographs reporting the selected areas (red
rectangles, 241.5 mm × 167 mm) and corresponding false-color images (241.5 mm × 167 mm) showing
the topographical distribution of mineral/matrix (A960/A1660), crystallinity (inversely proportional
to FWHM960), and C/P (carbonates/phosphates, I1070/I960) spectral features. Different color scales
(C.S.) were used for a better interpretation of the data: exact values are reported below each map
(black/blue color corresponds to the lowest values, green intermediate, and red/dark red to the
highest values) [48].

Similar results emerged in the study of Slimani et al., in which the authors collected
Raman maps of the dentin–enamel junction (DEJ) of healthy enamel [70]; they found a
transition zone with a thickness of ca. 50 µm, in which evident variation in terms of mineral
and organic components was observed. In general, enamel is characterized by high values
of C, due to the presence of well-arranged HA, while dentin is characterized by the lowest
values. Furthermore, C slowly decreased from the enamel border to half of the transition
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zone and then dropped down in dentin; the signals related to phosphates followed the
same pattern but with a large decrease from the halfway point. An opposite trend was
shown by the collagen crosslink signal, which increased considerably from the enamel
border to dentin, varying over 10 µm inside the transition zone. The signals related to the
organic component also increased from the enamel border to dentin, reaching the highest
value of 10 µm close to the end of the transition zone [70].

The mineral composition is not homogeneous within sound enamel tissue; however,
more crystallinity (greater mineral crystal size) and greater mineral crystal perfection are
observed towards the tooth surface, whereas the mineral apatites are less crystalline and
have more carbonate imperfection in the crystal lattice near the enamel–dentin junction [78].
Moreover, enamel has less substituted lattice compared to dentin, indicating the presence
of mineral crystals with greater stoichiometric perfection in enamel when compared to
dentin [78].

6. RMS Characterization of Dental Lesions

Hard dental tissues can be subjected to different factors that influence the normal
chemical phenotype. Amelogenesis (AI) and dentinogenesis (DI) imperfectae represent
a heterogeneous group of genetic conditions characterized by defects in the formation of
enamel and dentin, respectively, in teeth of both dentitions [79,80]. On the other hand,
enamel and dentin mineralization can be affected, after their eruption, by different extrinsic
factors, such as poor oral hygiene, alcohol and acidic beverage consumption, high intake
of dietary carbohydrates, and dental trauma, all leading to early demineralization [81].
Moreover, if these lesions are not stopped or reversed through non-invasive treatments,
they can evolve from early enamel lesions to dental caries, affecting both the enamel
and dentin.

The relation between the main spectral features and the most frequent diseases of
hard dental tissues is shown in Figure 4 and described in the paragraphs below.
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pathologies (WSLs: white spot lesions; D: dentin; DC: dental caries; AI: amelogenesis imperfecta;
DI: dentinogenesis imperfecta).

6.1. RMS Study of Amelogenesis and Dentinogenesis Imperfectae

The evaluation of enamel and dentin mineralization could be useful for the study of
dental genetic anomalies, such as AI and DI [82]. Wright et al. reported increased levels
of protein in AI enamel, even up to 30% in some types, with respect to sound enamel;
however, no significant differences were found in the carbonate content between AI and
sound enamel [83]. Moreover, in the study of Bērzin, š et al., the authors suggested that a
severely degraded AI tooth appeared to still include a small tier of highly ordered HA [84].



Appl. Sci. 2021, 11, 11953 8 of 15

In another study, C/P was found to be significantly higher in AI teeth compared to sound
teeth [85].

In the case of DI, dentin possesses higher peak intensities of phosphate and amide
III bands than normal dentin [86]. However, no significant differences were observed in
the peak intensities of carbonate between DI and normal dentin. Additionally, C/P or
GMC (carbonate-to-phosphate ratio or gradient in mineral content) was used to measure
differences in relative composition, and a significant increment of GMC was found in DI-II
dentin compared to normal dentin. Moreover, the ratio of amide I to amide III, relating
to the organization of collagen, resulted in increased DGI-II dentin compared to normal
dentin [86].

6.2. RMS Characterization of Early Enamel Lesions

The early detection of enamel lesions, as well as variations in the composition/structure
of both enamel and dentin, represent important issues in modern dentistry. In this light,
RMS is a valuable tool to detect carious lesions at an early stage of formation, since it
allows for the collection of high-resolution maps and is highly sensitive to small changes in
enamel composition [61].

The first clinically visible stage of carious disease is characterized by enamel deminer-
alization without cavitation, known as white spot lesions (WSLs). However, in the absence
of effective treatment, cavitation may occur, thereby increasing the necessity of invasive
restorative treatments [87]. WSLs appear as milky white opaque spots on dental enamel.
The translucency of enamel is an optical phenomenon that depends on the size of the
intercrystalline spaces. In early stages, active caries require air drying to be visible, as the
dissolution process of crystals at the outer enamel surface begins. Further enlargement of
intercrystalline spaces results in a white patch that is visible without dryness. The effect of
dehydration on enamel translucency is a result of the replacement of water content around
enamel prisms with air. In a heterogeneous system, such as enamel prisms surrounded
by a fluid medium, scattering occurs due to differences in the refractive indices (RI) of
the two involved components. As the RI of enamel is approximately 1.65, while that of
water is 1.33 and that of air is 1.00, a greater difference among RI values produces a greater
scattering at the enamel/air interface [88]. Ko et al. and Kinoshita et al. successfully
provided Raman spectral imaging characterization for early caries [38,89]. Indeed, the
high spatial resolution (300 nm) makes it an excellent tool for analyzing human enamel
components, enabling the detection of WSLs at an early stage of development [21]. In order
to define the levels of enamel demineralization after exposure to acid environments, some
authors have analyzed the width of the bands related to phosphate vibrations (such as the
band centered at 960 cm−1) [90].

In a recent study, chemical mapping of dental enamel was carried out over cross
sections of specimens with natural and artificial WSLs [61]. The authors observed a severe
decrease in the intensity of the PO4

3− peak in the area corresponding to the body of the
lesion, with respect to sound enamel. A similar trend was shown by C, which abruptly
decreases in the lesion zone, while it starts to gradually increase in the intermediate zone,
reaching its maximum value in sound enamel beyond the subsurface lesion. These findings
are related to some alteration in crystal size and shape and, consequently, to reduced apatite
perfection of the enamel prism. Finally, false color images derived from the CO3

2−/PO4
3−

ratio, used to analyze changes in enamel inorganic components in each zone of the lesion,
revealed an increase in the ratio in the lesion, in comparison to sound enamel. Hence, it can
be stated that in WSLs, enamel becomes less compact due to the increase of inter-prismatic
voids, and less mineralized due to the decrease in mineral density and the increase in the
organic matrix content [61].

6.3. RMS Characterization of Dental Caries

Dental caries is one of the most prevalent chronic diseases worldwide, affecting people
throughout their lifetime [91]. It is an irreversible microbial disease that affects the calcified
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structures of the tooth. Despite several preventive measures aiming to reduce the incidence
of this pathology, such as careful dental hygiene and the addition of fluorine to drinking
water, the occurrence of caries is still one of the most common diseases experienced by
most individuals [92]. It is known that the organic component can act as an inhibitor of
hydroxyapatite crystals’ growth during the processes of formation and development of
caries, causing organic and inorganic biochemical alterations [68,93]. Therefore, a detailed
analysis of these biochemical changes is mandatory to assess the best approach to help
with remineralization of compromised dental tissue [94,95].

Current clinical diagnostic methods for dental caries detection are based on visual and
radiographic examination; hence, they are unable to detect very early-stage lesions [96]. In
this light, there is a need to develop new methods able to identify the presence of enamel
caries before it is detectable with routine assays. RMS may provide this by characterizing
the biochemical composition of healthy and carious enamel and dentine [97]. An in vitro
study reported that polarized RMS showed a sensitivity of 97% and a specificity of 100%
for the detection of caries [38]. Moreover, another recent study concluded that RMS can be
used as a non-contact analytical technology for in vitro studies to discriminate with high
resolution the zones of carious dentin tissues by using the amide I/phosphate v1 band
ratio, calculated as the ratio between the areas of the bands at 1655 cm−1 and 960 cm−1,
related to amide I of proteins and ν1 of phosphates, respectively [98].

In a previous study, the polarized Raman spectra of enamel, obtained after excitation
with the 785 nm laser beam, was used to calculate the depolarization ratio and polarization
anisotropy for distinguishing early carious processes. In sound enamel, apatite crystals are
ordered in one direction, perpendicular to the enamel surface; in the presence of caries, this
ordered arrangement is altered and the structure appears more disordered with enamel
crystals that are not parallel to each other. In sound enamel, the depolarization ratio is
low and the polarization anisotropy is high; conversely, the first increases and the latter
decreases due to disordered carious enamel structure [99]. In the study of Buchwald et al.,
the authors highlighted some differences in the intensity, position, and FWHM of the ν1
band of phosphates at 960 cm−1 between sound and carious enamel. The simultaneous
decreases of the value of the band intensity and FWHM were associated with a lower
amount of apatite crystals in carious enamel [99]. It is important to check how these
band parameters are affected by early demineralization of sound enamel under controlled
conditions in order to define RMS as a reliable diagnostic tool in dentistry. Buchwald et al.
observed that the values of the band position increase with enamel demineralization, and
this shift to higher wavenumbers was attributed to changes in the vibrational energy of
apatite crystals in demineralized enamel. These spectral modifications were also associated
with a decrease in the amount of enamel phosphate and a reduction of the order of the
structure [99].

Das Gupta et al. reported RMS chemical maps of enamel and dentin caries infiltra-
tion [78]. The enamel lesions appeared to be less mineralized due to more substituted
carbonate in the crystal lattice compared to the sound enamel. When the lesion extends
into the dentin, tissues have less mineral content than the sound dentin; however, many
mineral apatites of caries are more crystalline and hence have less substituted carbonate
in the lattice. Moreover, carious lesions have higher C than the dentin but lower C than
enamel, and higher carbonate substitution in the lattice than enamel and dentin, which
indicates the presence of crystals with less stoichiometric perfection in the caries lesion. In
carious enamel, together with a decrease in the intensity of Raman peaks, differences in
terms of band positions were also observed [99].

During the demineralization process in dentin, the band at 960 cm−1 becomes pro-
gressively lower, while the bands related to the organic component (amide I and amide III
bands) did not show any change due to the acidic environment, thus proving that there
is a progressive decrease in the fraction of the mineral phase with respect to that of the
collagenous matrix [100]. Interestingly, the remineralization process appeared to increase
the relative intensity of the PO4

3− bands only when dentin samples were treated in acidic
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solutions for less than 12 h. As the pH of the demineralizing environment was decreased to
a value of 2, the Raman intensity of the phosphate bands was further reduced, and samples
lost the ability to recover any mineralization after just 6 h of acidic treatment. During
demineralization, a non-linear correlation was found between the M/M band ratio and C:
M/M decreases with the square power of FWHM960 [100]. The decrease in M/M at a rate
faster than the linear rate let hypothesize that the main rate-controlling phenomenon for
structural recovery during remineralization is the deposition of new mineral crystals [100].

7. Further and Newest Advances in RMS Applications

Indeed, RMS is a rapidly emerging technique with medical applications in the early
diagnosis of various types of pathologies, providing a unique “fingerprint” that enables
the identification of characteristic chemical bonds [101].

To date, its use in dentistry has been focused on in vitro evaluations, but new in-
novative applications are being developed to exploit RMS in vivo. The most important
difficulty in using Raman in vivo is the dimension of the instrument and the cost; however,
Raman spectrometers have recently been miniaturized to pocket portable devices and can
be converted to remote control by optical fibers. Hence, the availability of solid correlations
with well-established spectroscopic techniques makes the Raman approach a quantitative
tool for dental diagnostics that fits the preventive management of oral care required in
modern dentistry [86]. The early identification of individuals with overall low mineral-
ization of the enamel may be a valuable screening tool for determining a group with a
much higher than average risk of caries, allowing intervention before the progression of
decay. Indeed, optical probes could be used in time-lapse on the same patient, measuring
the analyzed parameters, such as M/M, C, and C/P, with a single measurement lasting
a second. Such vibrational outputs could be also automatically converted into scores for
clinical interpretation in a time-lapse fashion for individual patients [100].

With the development of advanced intraoral probes for clinical practice, the quality
and quantity of bone could be analyzed, helping clinicians in predicting the prognosis
and success rate of implant osseointegration. Fine intraoral probes could also be used to
study the composition and other critical features of the newly formed bone adjacent to the
implant (osseointegrated bone), thus providing information on bone maturation, implant
stability, and the bone-implant interface [13].

Another potential application concerns the staging of osteonecrosis, which poses a
challenging clinical situation since it is difficult to identify at an early stage [13,102]. Indeed,
RMS analysis may reveal over-mineralization and ultrastructural modifications of the
apatitic mineral in bone affected by osteonecrosis [102].

Thanks to the sensitivity of these new Raman-based fiber optical probe technologies,
early interception of both genetic dental anomalies and enamel and dentin lesions can be
achieved [9,38,39]. Moreover, many studies have demonstrated the use of RMS to distin-
guish between normal, pre-malignant, and malignant forms of oral mucosa [37,103,104].

8. Conclusions

A narrative review regarding the application of Raman Microspectroscopy in the study
of human hard dental tissues has been afforded. The decision to provide a narrative review
could be considered as a limitation of the present work. However, it was made because the
scientific literature is still scarce on this topic, since RMS represents an innovative analytical
technique in dentistry. Thanks to light scattering, it is possible to perform chemical and
structural imaging analyses of thick and solid samples, otherwise difficult to investigate,
at a high spatial resolution level and in a confocal mode. Moreover, by the correlation
between the morphology of the analyzed tissue with its chemical composition, it is possible
to evaluate even miniscule changes in the macromolecular profile attributable to specific
lesions or pathologies. Finally, the development of Raman devices mounting optical fibers
could lead to the clinical translation of this vibrational technique to study dental lesions at
an early stage when they are not visually detectable.
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