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Abstract

Teeth are characterized by a specific chemical composition and microstructure, which are also related
to their nature, permanent and deciduous, and to the sides, lingual and vestibular. Deeper knowledge
in this topic could be useful in clinical practice to develop new strategies in restorative dentistry and
in the choice of materials with the best performances. In this study, Raman MicroSpectroscopy
(RMS), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectrometry (EDS), and
Vickers MicroHardness (VMH) were exploited to: (1) characterize the microstructure and the
chemical/elemental composition of permanent and deciduous human teeth, also in terms of lingual
and vestibular sides, and (2) validate a new multidisciplinary analytical approach, for obtaining
multiple information on calcified tissues. All applied techniques evidenced differences between
permanent and deciduous teeth both in the lingual and vestibular sides. In particular, scanning
electron micrographs identified areas with an irregular appearance in the vestibular and lingual sides,
which presented also different VMH values. Moreover, RMS and EDS displayed a different
chemical/elemental composition in outer and inner enamel and dentin, in terms of Mineral/Matrix,
Crystallinity, Carbonates/phosphates, and concentrations by weight (%) of calcium, phosphorous,
carbon, magnesium, and sodium. A good linear correlation was found between RMS spectral profiles
and EDS and VMH measurements, suggesting that RMS may be considered a useful and non-

destructive diagnostic tool for obtaining multiple information on calcified tissues.


mailto:g.orilisi@pm.univpm.it
mailto:r.monterubbianesi@pm.univpm.it
mailto:v.tosco@pm.univpm.it
mailto:flavit94@gmail.com
mailto:a.putignano@staff.univpm.it
mailto:v.notarstefano@staff.univpm.it
mailto:g.p.giuliani@univpm.it
mailto:g.orsini@univpm.it
mailto:giovorsini@yahoo.com

Keywords: enamel, dentin, deciduous teeth, permanent teeth, Raman microspectroscopy, analytical

techniques

1. Introduction

Enamel and dentin are the major components of the human dental crown, produced by ameloblasts
and odontoblasts, respectively, and exhibiting different function, composition, and structure [1].
Enamel plays an essential role in protecting teeth against mechanical and chemical actions [2]. It is
the hardest and most highly mineralized tissue in the human body, with a composition up to 96-97%
by weight of inorganic matter, 2-3% of water, and only 1% of non-collagenous organic material [2,3].
Its microstructure mainly consists of carbonated and fluorinated hydroxyapatite (HA) crystals,
arranged in prisms, which run approximately perpendicular from the dentin-enamel junction towards
the tooth surface [4].

Dentin is located under the enamel layer, and is less mineralized than enamel [5]; it supports
enamel, preventing it from fracturing during occlusal loading and protecting the pulp chamber from
external dangerous stimuli [5]. Dentin mineral content is approximately 70% by weight, whereas the
organic matrix, mainly composed of cross-linked type I collagen and Amide I, is around 20% [6]. As
a result, dentin is a typical composite material formed by inorganic HA crystals and organic collagen
matrix proteins [7].

The primary dentition is substituted by the permanent one during adolescence [8]. The deciduous
crown average growth is from 6 to 14 months, whereas the permanent one is from 3 to 4 years.
Differences in terms of chemical and microstructural features between permanent and deciduous teeth
(Pe and De, respectively) play an important role in specific conditions, such as caries, susceptibility
to demineralization, abrasion and erosion processes, and etching procedures [9,10]. Although the first
study, reporting micrographs of dental enamel, goes back in the scientific literature to more than a
century, its composition and organization are still debated [11]. It has been documented that Pe and
De display a different enamel microstructure; in fact, Pe are composed of thicker and richer prisms,
while De are characterized by enamel with a lower density of prismatic crystal structures, smaller
prisms, fewer mineral substances and major organic content [12,13]. As regards dentin, both Pe and
De present a similar arrangement of the organic content; conversely, some differences were
highlighted in the mineral one [6,8], probably causing the faster caries progression, observed more in
primary than in permanent dentition [14]. Additionally, the pulp chamber of De appeared bigger than
its successor teeth and the dentin secretion and pulpar repair activity decreased with aging [8].

Raman MicroSpectroscopy (RMS) is a non-destructive and label-free vibrational technique that
has been employed, in the last years, by an increasing number of researchers, to study mineralized

tissues, such as bones and teeth, since it is sensitive both to the mineral and to the organic components
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[11,15,16]. In dentistry, it is mainly used in the restorative field to study teeth structure, dentin-
adhesive-composite interface as well as caries progression [6,15]. Scanning Electron Microscopy
(SEM) is a microscopy-based technique, which lets obtain qualitative information on the morphology
of the samples due to its ability to create high-resolution images of hard surfaces [17,18]. SEM
represents an important tool for research in dentistry, since it is well suited for the study of the
microstructure of tooth tissue, such as enamel and dentin [19]. Moreover, Energy Dispersive X-ray
Spectrometry (EDS) is used to determine the mineral content of dental hard tissues [20,21]. The main
advantage of this system is its capability to provide an accurate elemental analysis, adding more
information to the RMS data [22]. Finally, Vickers MicroHardness (VMH) test provides information
regarding the mechanical behavior of dental enamel [16]. The knowledge of the mechanical
characteristics of dental enamel, associated to its chemistry and microstructure, could provide
valuable insights regarding the development of new oral treatments and dental reconstructions [23].
To date, few studies and with contradictory results are reported in literature on the structural
differences between vestibular and lingual surfaces of Pe and De [4,13]. Given the lack of
homogeneous results in calcified tissues field, in this study, a multidisciplinary approach, including
RMS, SEM, EDS, and VMH were exploited to characterize the microstructure and
chemical/elemental composition of enamel and dentin in Pe and De, by considering both lingual and

vestibular sides.

2. Materials and Methods

2.1 Samples collection and preparation

The study was performed on eight deciduous and eight permanent human teeth collected at the
Section of Stomatology of the Polytechnic University of Marche, Ancona, Italy. Teeth were surgically
extracted for therapeutic purposes. Deciduous teeth (De) came from 10-11 years old subjects, whereas
the permanent ones (Pe) were extracted from 50-55 years old subjects. According to the Local Ethical
Committee guidelines and the WMA - Declaration of Helsinki (2018) [24], an informed consent was
signed from all patients that aware that their hard dental tissues, as discard of the surgical procedures,
would be used for research purposes. After surgical extraction, teeth were washed in an ultrasonic
bath with distilled water for 2 minutes, in order to remove the blood and biological remains, and then
carefully examined to exclude the presence of lesions and decays, including hypoplastic defects and
cracks. Since three De and Pe exhibited one of these features, they were excluded from the study.
Thus, the selected De (N=5) and Pe (N=5) were stored in artificial saliva (Bioténe Oral Balance,
Biopharm Sas, Peschiera Borromeo, Italy), which was daily changed.

Lingual and vestibular sides of Pe (PeL-S and PeV-S, respectively) and De (DeL-S and DeV-S,
respectively) were submitted to VMH, RMS, and SEM measurements. Then, teeth were cut in the

vestibular-lingual direction, starting at the level of the occlusal fissure, to get two halves for each
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tooth; a diamond saw (Buehler Isomet 1000, USA) with copious water irrigation was used. The cut
surfaces were flattened and polished first with OptiDisc (Kerr, Bioggio, Switzerland), using the
sequence Extra-Coarse, Coarse/Medium, Fine and Extra-Fine, and then furtherly polished with a
diamond powder dispersion (particle size ranging from 6 to 1 pm) [21,25]. Specific areas
corresponding to the outer enamel (OE), inner enamel (IE), and dentin (D), taken at a distance of 700
um from the dentin-enamel junction, of vestibular and lingual sides were identified and analyzed.
More in detail, the following areas were studied: permanent lingual outer enamel (PeL-OE);
permanent lingual inner enamel (PeL-IE); permanent lingual dentin (PeL-D); permanent vestibular
outer enamel (PeV-OE); permanent vestibular inner enamel (PeV-IE); permanent vestibular dentin
(PeV-D); deciduous lingual outer enamel (DeL-OE); deciduous lingual inner enamel (DeL-IE)
deciduous lingual dentin (DeL-D); deciduous vestibular outer enamel (DeV-OE); deciduous
vestibular inner enamel (DeV-IE), and deciduous vestibular dentin (DeV-D).

The detailed methodological processing of the present study and the samples’ legend are simplified

in Fig. 1.
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Fig. 1. The methodological processing followed in the study. Analytical techniques used
on the external surfaces and internal regions of teeth: Vickers MicroHardness test
(VMH), Raman MicroSpectroscopy (RMS), Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectrometry (EDS).

2.2 Microhardness measurements
VMH test was performed using a Remet microhardness tester HX-1000 (Remet S.A.S.,

Casalecchio di Reno, Italy). In the center of the crown of each intact Pe and De, specific enamel areas
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corresponding to PeL-S, PeV-S, DeL-S and DeV-S were selected (Fig. 1). On each area, three
indentations were performed using a pyramid-shaped diamond loaded with 50 g for 15 sec; the
distance between one indentation and another was approximately 100 um [8]. After removing the
load, the values of the indentation diagonals were evaluated by using a microscope; the area of the
sloping surface was obtained and used to determine the corresponding hardness value. For each
experimental group, 15 values were collected from the vestibular surfaces and 15 from the lingual

ones.

2.3 RMS measurements and data analysis

A Horiba Jobin-Yvon XploRA Nano Raman Microspectrometer, equipped with a 785-nm diode
laser was used as a source. All RMS measurements were acquired by using a 5% objective (Olympus,
Tokyo, Japan). The spectrometer was calibrated to the 520.7 cm™! line of silicon prior to spectral
acquisition. A 600 lines per mm grating was chosen. A 200 um confocal pinhole was used for all
measurements. The spectra were dispersed onto a 16-bit dynamic range Peltier cooled CCD detector.
RMS measurements were performed on the lingual and vestibular superficial enamel of intact teeth

and on their internal regions, focusing on outer and inner enamel and dentin.

2.3.1. Tooth external surfaces

Three RMS point/spectra were acquired on each intact tooth, close to the areas used for VMH
measurements (PeL-S, PeV-S, DeL-S, and DeV-S) (Fig. 1). The spectral range from 650 to 1800 cm ™!
was chosen and spectra were acquired for 3x10 seconds at each point. Raman spectra displayed
homogeneous profiles. Raman spectra were smoothed using 5 smoothing points, baseline-corrected
with the polynomial method (2 iterations) (OPUS 7.5 software, Bruker Optics GmbH, Ettlingen,
Germany), and then submitted to multivariate analysis. More in detail, Principal Component
Regression (PCR) was exploited to relate the modification in the Raman spectral profiles of
superficial enamel of PeL-S, PeV-S, DeL-S, and DeV-S intact teeth to microhardness values, by
following a two-step procedure: first, the exploratory analysis of Principal Component Analysis let
identify PC scores, and then these scores were used to build a regression model to link the spectral
information with VMH (OriginPro 2018b, OriginLab Corporation) [26].

2.3.2. Tooth internal regions

Raman mapping was performed on PeL-OE, PeL-IE, PeL-D, PeV-OE, PeV-IE, PeV-D and DeL-
OE, DeL-IE, DeL-D, DeV-OE, DeV-IE, DeV-D (Fig. 1). Raman maps were acquired with the same
parameters described in the previous section, on rectangular areas (241.5 um x 167 um), with a step
size of ~15 pum, for a total number of 192 spectra. On each Raman map, the following values were
calculated: the area of the band centered at 1660 cm™! (spectral range 1655-1707 cm™), representing
the Amide I band of proteins (Aies0) [27,28]; the area, intensity, and full width at half maximum of
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the band centered at 960 cm™ (spectral range 929-976 cm!), assigned to the stretching of PO4* groups
of HA (Agso, FWHMoeo, and Isso) [6,16]; the intensity of the band centered at 1070 cm™' (spectral
range 1051-1088 cm™), assigned to the stretching of COs> groups (Ii070) [6,11,29] (Labspec 6
software, Horiba Scientific). These values were employed to generate false-color images showing the
spatial distribution of the following spectral features: Mineral/Matrix (Aogso/A1es0), Crystallinity
(inversely proportional to FWHMog), and C/P (carbonates/phosphates, I1070/Ioe0) [6].

Finally, from each Raman map, spectra were extracted and submitted to preprocessing procedures,
including baseline correction (2 iterations, polynomial method), smoothing (5 points), and vector
normalization (OPUS 7.5 software). Preprocessed spectra were submitted to Principal Component
Regression (PCR), to relate the changes in Mineral/Matrix, Crystallinity, and C/P, to the
concentrations by weight (%) of Ca (calcium), P (phosphorous), O (oxygen), C (carbon), Mg
(magnesium) and Na (sodium), obtained by EDS (see paragraph 2.4) (OriginPro 2018b, OriginLab
Corporation).

2.4 SEM and EDS measurements

SEM and EDS measurements were performed using a Zeiss Supra 40 field-emission electron
microscope. Measurements were performed on the same samples previously analysed by VMH and
RMS (Fig. 1). Samples were assembled in a sample holder and metalized with vacuum precipitation
of a gold film on the dental surface [20]. The obtained micrographs were evaluated descriptively,

observing the variations in the micromorphology of enamel and dentin in the analyzed samples.

2.4.1 Tooth external surfaces
SEM micrographs of the vestibular and lingual external enamel of intact Pe and De were obtained
at magnifications of 30000 (3 zones for each tooth). SEM operated at 20 kV and at 8.5 mm working

distance.

2.4.2 Tooth internal regions

Three scanning electron micrographs were obtained at magnifications of 2000x and 8000x for
each area, as described above. SEM operated at 30 kV and at a 12 mm working distance. To calculate
the number of dentinal tubules per mm?, all the tubules contained in one photograph were counted.
Where tubules intersected the edges of the photograph, only those that intersected the top and right-
hand margins were included in the total. On each area evaluated by SEM, the EDS analysis was
carried out, using the following operating parameters: 15 mm working distance, 25 kV accelerating
voltage, and 400% magnification. On each zone, three spot measurements were performed. The
concentrations by weight (%) of Ca (Calcium), P (Phosphorous), O (Oxygen), C (Carbon), Mg

(Magnesium), and Na (Sodium) were evaluated.



2.5. Statistical analysis

Normally distributed data deriving from Raman spectra, VMH, and EDS analysis were presented
as mean * standard deviation (SD). Significant differences between tooth regions and experimental
groups were determined by means of factorial analysis of variance (one-way ANOVA), followed by
Tukey's multiple comparisons test, using the statistical software package Prism6 (Graphpad Software,
Inc. USA). One-way ANOVA compares the means of all experimental groups, in order to make
inferences about the population means. Statistical significance was set at p < 0.05. Data obtained from
VMH and EDS measurements were submitted to multivariate analysis and correlated, as reported

below, with results derived from RMS measurements (OriginPro 2018b, OriginLab Corporation).

3. Results

3.1 Analysis of the external tooth surface

By considering VMH in all the analysed groups, the lowest value was found in DeL-S (p<0.05),
while the highest ones were displayed by the vestibular sides of both Pe and De (PeV-S and DeV-S,
p<0.05) (Fig. 2A). Moreover, a statistically significant difference was observed between lingual and
vestibular sides of both Pe and De (PeL-S and PeV-S, p<0.05; DeL-S and DeV-S, p<0.05). However,
PeV-S and DeV-S showed no significant differences (p>0.05).

By the analysis of Raman spectra reported in Fig. 2B, the following peaks were highlighted: 1660
cm’! (Amide I peak of proteins), 1070 cm™ (COs* groups), and 960 cm™ (PO4*" groups of HA)
[6]. Moreover, Fig. 2C and Fig. 2D respectively display the obtained PC scores plot and the PC1 and
PC2 loadings. Complete segregation of spectra from Pe and De was obtained along PC1 (75.2% of
explained variance); the lingual and the vestibular sides of Pe were perfectly discriminated by PC2
(12.1% of explained variance); DeV-S and DeL-S appear as two close clusters, although not
completely divided by PC2. The loading spectra of PC1 and PC2 axes report how the most
discriminant spectral features are ascribable to the above described Raman peaks, together with the
peak centred at 1005 cm™' (assigned to the vibration of phenylalanine of organic matrix). Then, PC
scores were used to create a regression model able to correlate the spectral information with VMH; a

good linear correlation was found (R?= 0.953).
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Fig. 2. Analysis of the external enamel surfaces of lingual and vestibular sides of Pe and De. (A) Vickers
MicroHardness analysis (VMH) (one-way ANOVA and Tukey's multiple comparisons test; different
uppercase letters represent the statistically significant difference, p < 0.05). (B) Average Raman spectra
(dotted rectangles highlight the three peaks of interest; for better viewing, spectra are offset along the y-
axis). (C) PCA scores plot calculated for PeL-S, PeV-S, DeL-S, and DeV-S spectra, and (D) corresponding
PC1 and PC2 loading spectra.

SEM analysis was exploited to descriptively evaluate and compare the micromorphology of

vestibular and lingual external surfaces of Pe and De (Fig. 3). At a magnification of 30000%, PeV-S

showed a more regular pattern, with enamel-like crystal structure and perikymata, with respect to

PeL-S, in which some irregularities were detected. Furthermore, PeV-S seemed to be smoother than

DeV-S, which displayed a partial loss of the enamel surface integrity. Del.-S appeared the most

irregular with loosely packed crystals and dark areas.
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Fig. 3. Scanning electron micrographs of the external enamel surfaces of vestibular and lingual sides of
representative Pe and De. Micrographs were collected at 3000 original magnification. PeV-S showed
the smoothest surface with an enamel-like crystal structure and perikymata. DeV-S displayed a
minimal loss of enamel surface integrity (black asterisks). In PeL.-S a non-homogeneous area was
highlighted with the presence of a partial core prisms dissolution (black arrow). DeL-S showed
some areas with partial loss of perikymata (black arrow), more evident with respect to PeV-S and
DeV-S.

3.2 Analysis of tooth internal regions

Raman results were summarized in Fig. 4. False-color images, representing the spatial
distribution of Mineral/Matrix (Aoso/A1660), Crystallinity (inversely proportional to FWHMoso), and
C/P (carbonates/phosphates, T1070/Io60) spectral features, were created; different color scales were
adopted, according to minima and maxima values of the analyzed ratios within each map (Fig. 4A-
H). As regards Pe, higher Mineral/Matrix values were highlighted in PeL-IE and PeV-IE than to
outer ones (PeL-OE and PeV-OE), while, in both lingual and vestibular surfaces, lower values were
characteristic of dentin (PeL-D and PeV-D) with respect to inner enamel (PeL-1E and PeV-IE) (Fig.
4B). Regarding Crystallinity in both lingual and vestibular surfaces, homogeneous values were
distributed in PeL-OE, PeV-OE, PeL-IE and PeV-IE, while lower values were observed in PeL-D
and PeV-D with respect to PeL-IE and PeV-IE (Fig. 4C). Lower C/P values were showed in PeL-

IE and PeV-IE with respect to outer enamel (PeL-OE and PeV-OE) and dentin (PeL-D and PeV-D)
9



(Fig. 4D). As regards De, almost homogeneous Mineral/Matrix values were distributed in lingual
outer (DeL-OE) and inner (DeL-IE) enamel, while in the vestibular surface, high values were
observed in DeV-IE respect to DeV-OE; lower values were evidenced in both lingual and vestibular
dentin (DeL-D and DeV-D) respect to DeL-IE and DeV-IE (Fig. 4F). Regarding Crystallinity, in
both lingual and vestibular surfaces, almost homogeneous values were displayed in DeL.-OE, DeV-
OE, DeL-IE and DeV-IE, while lower values were observed in dentin (DeL-D and DeV-D) with
respect to inner enamel (DeL-IE and DeV-IE) (Fig. 4G). In both lingual and vestibular surfaces, low
C/P values were mainly distributed in the inner enamel (DeL-IE and DeV-IE) with respect to outer
enamel (DeL-OE and DeV-OE) and dentin (PeL-D and PeV-D) (Fig. 4H).
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Fig. 4. Raman mapping analysis of representative areas at the outer/inner enamel and inner enamel/dentin
interfaces in vestibular and lingual surfaces of Pe and De. (A,E) Photomicrographs reporting the selected
areas (red rectangles, 241.5 um X 167 um) and corresponding false-color images (241.5 um % 167 um)
showing the topographical distribution of (B,F) Mineral/Matrix (Aosso/A1s60), (C,G) Crystallinity (inversely
proportional to FWHMoe), and (D,H) C/P (carbonates/phosphates, Ii070/l960) 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
ones). Statistical analysis of the numerical variation of (I) Mineral/Matrix, (J) Crystallinity, and (K) C/P
calculated values. Data are presented as mean + SD. Different letters above box charts indicate statistically

significant differences among groups (p < 0.05; one-way ANOVA and Tukey’s multiple comparison test).
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Regarding Mineral/Matrix (Aoso/A1ss0) (Fig. 41), Pe showed significantly different values between
lingual and vestibular surfaces, with the highest values found in the inner and outer enamel of the
vestibular surface; De displayed comparable values in the vestibular and lingual surfaces, except for
the dentin region of the lingual surface, which displayed a significantly lower value. As regards
Crystallinity (inversely proportional to FWHMoeo) (Fig. 4J), statistically comparable values were
displayed by inner and outer enamel of all the analyzed samples; respect to enamel, dentin showed
significantly lower values, in particular in deciduous lingual samples. Carbonates/phosphates (C/P,
Lio70/Toe0) values (Fig. 4K) displayed the lowest values in the inner enamel of all the analyzed surfaces,
significantly higher values in outer enamel, and the highest values in dentin; interestingly, the highest
one was showed by dentin of deciduous lingual surface.

SEM analyses were summarized in Fig. 5. At 2000x magnification, PeV-IE showed a more regular
surface compared to PeL-IE and DeV-IE, in which a partial loss of enamel-like crystal structure and
perikymata was observed, especially in micrographs at high magnification (8000x). The tubule
density in dentin appeared higher in PeV-D with respect to the PeL-D one (19600 tubules/mm?, 7400
tubules/mm?, respectively). Thus, the lingual surface contained more intertubular dentin matrix.
Moreover, the tubules orientation was different: in the lingual side, tubules appeared more diagonally
with respect to the pulp chamber, compared to the vestibular one, in which they seem to be more
parallel (Fig. 5A). DeV-IE and DeL-IE appeared irregular, with a wavy architecture, as it was
especially noticeable at high magnification (8000x). Moreover, DeV-IE presented more stripes,
visible at 2000x magnification. Furthermore, the tubule density was slightly higher in DeV-D with
respect to DeL-D (6200 tubules/mm?, 4800 tubules/mm?, respectively), while the orientation was
similar in both areas (Fig. 5B). Finally, comparing Pe with De, PeV-D displayed the highest number
of tubules, followed by PeL-D, DeV-D, and DeL-D.



Fig. 5. Scanning electron micrographs of inner enamel and dentin of (A) Pe and (B) De collected at 2000%

(upper micrographs of each colored case) and 8000x (lower micrographs of each colored case) original
magnifications. (A) PeL-IE presented a more irregular surface with a partial loss of the enamel-like structure
(black arrows), respect to PeV-IE, which displayed the most regular surface; PeL-D showed a lower number
of dentinal tubules with respect to PeV-D. (B) DeL-IE displayed a partial loss of perikymata (black
asterisks), more pronounced in DeV-IE, which presented at 2000 magnification more stripes. The dentinal
tubule density was slightly higher in DeV-D with respect to DeL-D.

The EDS investigation of Ca, P, O, C, Mg and Na were reported in Fig. 6 as mean (wt%) £+ SD.

As regards Ca and P, lower values were observed in dentin regions, with respect to enamel ones
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(p<0.05). No statistically significant changes (p>0.05) were observed in the amount of O in all the
analyzed areas, except for DeV-OE which displayed the highest one (p<0.05). Higher values of C
and Mg were found in dentin of both Pe and De with respect to enamel (p<0.05); moreover, C
displayed a higher amount in PeL-D and PeV-D than DeL-D and DeV-D (p<0.05); PeV-OE showed
a major content of C respect to PeL-OE, PeL-IE, PeV-IE (p<0.05); DeV-OE and DeL-OE displayed
higher C values respect to DeV-IE and DeL-IE (p<0.05). As regards Na, the highest values were
presented by PeL-IE, PeL-D, PeV-D, DeL-D, DeV-IE, and DeV-D (p<0.05), while the lowest was
shown in DeV-OE (p<0.05).

(2]
Y

o
(o]

NN D

Fig. 6. EDS analysis of internal regions of lingual and vestibular sides of Pe and De. Mean element
analysis by EDS spot measurements: calcium (Ca); phosphorous (P); oxygen (O); carbon (C); magnesium
(Mg), and sodium (Na). Data are presented as mean (wt%) = SD; different uppercase letters indicate
statistically significant differences among groups (p < 0.05; Chi square test).

PCR was performed to correlate the modifications in the Raman spectral profiles of Pe and De
(reported respectively in Fig. 7A and 7B) to EDS results. First, PCA was employed as an unsupervised
multivariate approach to analyze Raman spectra of all teeth internal regions. Fig. 7C and 7D display
the obtained PC scores plot and the PC1 and PC2 loadings, respectively. Complete segregation of
spectra from dentin and enamel regions was obtained along PC1 (62.8% of explained variance); PC2
(15.6% of explained variance) completely discriminates enamel of Pe and De. No separation was
found according to vestibular and lingual surfaces. The loading spectra of PC1 and PC2 axes report
how the most discriminant spectral features are ascribable to the following Raman peaks: 1660 cm™!

(Amide I peak of proteins), 1070 cm™ (COs* groups), 1005 cm™ (phenylalanine of the organic
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matrix), and 960 cm™ (PO4>" groups of HA) [6]. Then, PC scores were used to create a regression
model able to correlate the spectral information with EDS values (wt% of calcium, phosphorous,
oxygen, carbon, magnesium, and sodium). Very good linear correlations were found for phosphorous
(R?=0.944) and oxygen (R*=0.810); satisfactory linear correlations were observed also for calcium
(R?=0.543) and magnesium (R?=0.522); finally, R? values lower than 0.35 were displayed by carbon
(R2=0.335) and sodium (R?>=0.260).
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Fig. 7. Analysis of internal regions of lingual and vestibular surfaces of Pe and De. Average Raman
spectra of (A) Pe and (B) De. In A and B dotted rectangles highlight the three peaks of interest; for
better viewing, spectra are offset along the y-axis. (C) PCA scores plot and (D) corresponding PC1
and PC2 loading spectra.

4. Discussion

In the present study, for the first time, to the best of authors’ knowledge, a multidisciplinary
approach, combining Raman MicroSpectroscopy, Scanning Electron Microscopy, Energy Dispersive
X-ray Spectrometry, and Vickers microHardness test, was exploited to define the chemical/elemental
composition and microstructure of vestibular and lingual sides in Pe and De [4,13].

The analysis was first focused on the external enamel surface. It has been reported by the scientific
literature that permanent enamel is richly formed by enamel prisms [13], while deciduous one is
characterized by a lower prismatic density, with also smaller prisms, lower mineral substances, and

major organic content [30,31]. However, these previous studies did not distinguish between lingual
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and vestibular sides. In the present research, Pe were characterized by some irregularities in the
enamel microstructure, more pronounced in the lingual side with respect to the vestibular one,
associated with lower VMH values, probably ascribable to the mechanical and acid deterioration
occurring during human life, which promotes dental demineralization [32,33].

As regards De, both surfaces showed a microstructure with a partial loss of typical perikymata.
Interestingly, differences in RMS profiles were displayed between Pe and De; in particular, PeL and
PeV exhibited different RMS spectral populations, while no difference was highlighted between DeL
and DeV, probably due to their lower lifetime, which is not sufficient to alter their chemical
composition.

To better investigate these differences, the analysis of the internal regions, of both lingual and
vestibular sides, was exploited. The chemical composition was evaluated by the following specific
RMS parameters: Mineral/Matrix, Crystallinity, and C/P, whose distribution was highlighted by
means of false-color images.

The Mineral/Matrix ratio was higher in Pe than in De, with the highest values showed by inner
and outer enamel of permanent vestibular side and the lowest by dentin of deciduous one. According
to EDS spot measurements, the amount of P, representative of the mineral component, was similar in
the outer and inner enamel of lingual and vestibular sides of Pe and De, except for DeV-OE, which
presented a lower value. The different mean concentration of P in Pe and De is reported in literature
[6,7,34]. According to Cuy et al., P decreases from outer to inner enamel, while Na and Mg increase
towards the dentin-enamel junction [23]. Noteworthy, these authors considered the inner enamel as
the region close to the dentin-enamel junction, while, for the present study, the inner enamel was
referred to as the central area between outer enamel and dentin-enamel junction. Thus, these
differences may be due to several factors, such as the area of the tooth in which data were collected.

Moreover, the irregular enamel area, displayed in particular in De, respect to Pe, probably
promotes the ions and molecules diffusion, playing a crucial role in the dynamics of the caries process
and susceptibility, as well as during teeth restorations [35]. It is indeed well-known that due to the
lower mineralization of deciduous enamel compared to the permanent one, processes of erosion and
decay happen mostly and more rapidly in De respect to Pe [36].

Crystallinity is correlated to the degree of order within the crystals and represents a critical
component of HA, since ions’ substitution may introduce structure distortions. According to our
findings, the lowest values of crystallinity were displayed by dentin regions, while homogenous
values were found in the inner and the outer enamel regions of both vestibular and lingual sides, in
Pe and De. By comparing crystallinity with the C/P ratio, the increase in carbonate content was
associated with a decrease in crystallinity, in agreement with Xu et al [37]. In fact, carbonate is a
significant substituent in the crystal structure of biological HA [23,38], occupying the position either
of the hydroxyl (OH-) groups (type A carbonated HA) or of the phosphate (PO4>") groups (type B

carbonated HA) [39]. A previous study reported that, although carbonate ions can cause a distortion
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of the apatite crystal lattice in both positions, it is less tightly bound in type A, contributing to greater
solubility of enamel [39]. In our study, the C/P ratio was higher in outer enamel with respect to inner
one and in the lingual side respect to the vestibular one, both in Pe and De; as regards dentin, the C/P
ratio was lower in Pe than De and no differences were found between the lingual and the vestibular
sides. These findings could be explained by considering the position of the carbonate in the HA crystal
[29]. Since outer enamel of Pe and De showed higher values of C/P than the corresponding inner
ones, the substitution of carbonate in HA crystal could probably be the effect of the acidic
environment of the oral cavity. Since the outer enamel of Pe contains high amounts of B-type
carbonate, the outer tooth surface is less soluble and more resistant to the attack from acids produced
by dental plaque microorganisms that lead to dental decay [40]. Conversely, De contain a low rate of
B-type carbonate, and hence they are more susceptible to the caries process [39]. In this light, as it is
noticeable in RMS maps, the lower crystallinity and higher carbonate substitution in deciduous dentin
might contribute to their lower hardness and might be partly compensated by higher collagen cross-
linking of the matrix content [6]. The present results are also associated with a lower tubule density
and higher intertubular dentin in De respect to Pe. Therefore, these findings could have relevant
clinical implications, since the different chemical/elemental composition and morphological surfaces
of De and Pe can influence the dental acidic demineralization process [41], the timing of the etching
phase and the adhesive procedures [42]. Indeed, a mild self-etching adhesive system with a low acidic
power [43,44], without a pre-etching phase, might be sufficient to promote adhesion to enamel and
dentin of De. Furthermore, this simplified adhesive system could be the right choice also because it
can be applied in a single clinical step, thus requiring less chair-time, which is certainly relevant in
managing the behavior of pediatric patients [45]. On the contrary, a traditional etching phase could
cause a deeper decalcification of the intertubular De dentin since its low mineral content, provoking
a thicker hybrid layer and lower adhesive bond strength [45].

The statistical correlation found in the present study, between RMS spectral features and both
VMH measurements and EDS data, offers an innovative tool for the analysis of human teeth. In fact,
unlike SEM [46] and VMH [23] techniques, RMS represents a non-destructive procedure that allows
collecting on the same sample, without fixing procedures, reliable and objective chemical and
structural information, simplifying data acquisition and reducing times of analysis [47]. Recently, the
use of RMS for biomedical applications, including dentistry, has significantly increased given the
advantages in instrumentation and the development of fiber optic probes [23,29,37,47-49]. In this
light, RMS could be proposed as an innovative method to diagnose early dental caries and other
developmental defects affecting enamel and dentin [29], and to identify the degree of mineralization
of teeth in order to choose the best adhesive and resin-based composite materials to be used for dental
restorations. Although clinicians usually treat in the same way Pe and De, the remarkable chemical
and structural differences highlighted in this study could lead to changes in preventive and restorative

protocols. In fact, a deeper knowledge of teeth composition is mandatory to develop new bonding
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strategies, mainly today, when minimally invasive adhesive dentistry is the final goal of dental
practitioners [50]. The reduced number of analysed samples could be considered as a limitation of
this study. However, further studies will be conducted to increase the knowledge on the structural and
molecular features of Pe and De, regarding both the lingual and vestibular sides. The correlations
found in this research add new and extremely useful information to the scientific literature related to
operative dentistry, which could represent a relevant advance in the knowledge of the analytical
approaches necessary to study the microstructure and the chemical/elemental composition of different

calcified tissues, leading to other potential applications in clinics.

5. Conclusions

To date, very limited work has been done to compare the features of calcified tissues in human
teeth, and no report has been focused on the differences between the vestibular and the lingual sides.
This is the first study that describes, by means of a multidisciplinary approach based on different
analytical techniques, the microstructure of enamel and dentin in Pe and De, evaluating both the
vestibular and lingual sides. The information obtained on microhardness and chemical/elemental
structure among the analyzed tooth samples, sheds new light on novel approaches in choosing dental
materials with the best performance in clinical practice. Moreover, the consistency and reliability of
the results obtained by RMS, with respect to all the other exploited analytical techniques, lead the
way to the application of this vibrational technique as a diagnostic tool to identify anomalies or other

diseases in calcified dental tissues.
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