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Abstract: Teeth are unique and complex anatomical organs that can provide relevant data about a
person's health, and play an important role in forensic medicine. Teeth are exposed to food, drinks,
and the microbiota of the oral cavity; therefore, they have developed a high resistance to localized
demineralization. Nevertheless, the continuous demineralization–remineralization cycle present
in the oral environment can be influenced by stress, medication, mineralization agents, and other
factors such as individual habits, especially diet. In this study, based on attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) spectra from tooth samples of 36 patients,
several parameters were estimated: the crystallinity index (CI), the phosphate/amide I ratio, and the
carbonate/phosphate ratio. In addition, in eight representative samples (six of the root of the tooth
and two of the enamel area of the crown), additional characterization by X-ray powder diffraction
(XRPD), scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) was
conducted. From the FTIR data, it was observed that the highest CI values were found in patients who
smoked. Further, in both root and crown samples, the intensity of the absorption band corresponding
to PO4

3- increased in patients undergoing treatment with psychotherapeutic drugs. On the other
hand, the intensity of the absorption band of the amide I group decreased with medical treatment and
with the patient's biological age. Moreover, it was found that the remineralization process was more
active in enamel than in the root due to direct contact with saliva. Regarding the results obtained
from the X-ray powder diffractograms, exposure to psychotherapeutic drugs affected the definition
of the peaks corresponding to hydroxyapatite, both in the crown and root samples. Concerning SEM
results, qualitative differences in the stratification process in demineralized surfaces were observed,
and EDS analyses showed some differences in the Ca/P ratio between pathological samples and
control ones, but without clear patterns. The above techniques, in particular ATR-FTIR, showed
promise for the investigation of the effect of changes produced in the hydroxyapatite structure in
teeth and, consequently, to determine possible strategies in the diagnostic protocol.

Keywords: ATR-FTIR; EDS; remineralization; tooth; psychotherapeutic drugs; SEM; XRPD

1. Introduction

Among the different methods for evaluating the biological age of people and thus
determining their psychological maturity, and for verifying the effects of systematic patholo-
gies, the study of the development of teeth is perhaps one of the safest and most reliable
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approaches [1]. From an academic–forensic point of view, each tooth has unique char-
acteristics that are part of the basis of the person's identification [2,3]. It must be taken
into consideration that teeth age is conditioned by eating habits and by the pathologies
or anomalies that they may present. Therefore, all dental characteristics must be consid-
ered [4].

The tooth is the most mineralized tissue in the human body. In its anatomical struc-
ture, we can differentiate crown and root, and their histological components dentin and
cementum are individually or jointly used to determine the age of an individual [5], based
both on their organic and inorganic compounds. Biological apatite is the main inorganic
component [6], while noncollagenic proteins, among which amelogenin stands out, account
for most of the organic part [7,8].

Due to the action of saliva, teeth are subject to different demineralization and reminer-
alization cycles [9]. In these processes, teeth can lose minerals when they are in contact
with an acid, and those minerals can be reincorporated when the pH of the environment
surrounding the tooth in the oral cavity is restored [10,11].

Among the components of the tooth, the present paper focuses on the analysis of
enamel and cement. The enamel protects the dentin at the crown level in a similar way
as the cementum that surrounds the dentin does at the level of the anatomical root of the
tooth. Among the existing methods for their analysis, one may find clinical, radiographic,
histological, and physicochemical diagnostic approaches [12,13].

Enamel is made up of an inorganic matrix (96%, w/w); some organic components such
as proteins (90% amelogenin) [14]; and a small proportion of collagen, lipids, and water
(4%, w/w). In turn, calcium, phosphates, carbonates, magnesium, and sodium are among
the main mineral constituents of tooth enamel [7,15]. Concerning the cement of the root
zone, it contains organic components (among which type I collagen is the main constituent)
and mineral components (approximately 45%), among which calcium phosphate stands
out [16], as it gives the tooth its characteristic hardness.

Crown enamel is the material that supports most of the changes during the tooth
development process. During the early stages of the tooth, the proportion of the protein
component is greater than that of the inorganic component. However, in successive
stages, organic components are replaced by inorganic ones [7]. Regarding the inorganic
components of enamel, hydroxyapatite (Ca10(PO4)6(OH)2) is the most abundant [17], and
its incorporation into the tooth progressively increases as age advances [18,19]. Bioapatite
is also part of the composition and corresponds to hydroxyapatite carbonate, in which the
Ca/P ratio has a lower value than that of hydroxyapatite [20]. These minerals belong to the
group of bioactive and biocompatible materials available in teeth. Due to the replacement or
substitution processes of calcium and phosphate ions in biological apatite, their proportion
is different from that of the stoichiometry of hydroxyapatite [21]. Furthermore, one can find
other elements distributed in different proportions in the solid nanocrystals of the apatite
structure. Additionally, it has been reported that carbonated apatite is relatively easy to
dissolve in the presence of acids [7,22].

During the demineralization process, calcium ions and phosphates from the enamel in
the crown zone are the first to be released. This is the reason why its contribution is essential
in the remineralization of teeth, as Cummins et al. [23] observed during the development
of dental caries. It must also be borne in mind that the demineralization/remineralization
phenomena are a continuous cycle, but at the same time a variable one that is repeated with
food intake and with the salivary supply of proteins and enzymes. The enamel surface
is especially rich in calcium and phosphate ions, whose contents, which exceed those of
the hydroxyapatite structure, facilitate remineralization [9]. Thus, the remineralization
capacity of the demineralized enamel surface is determined by the availability of fluoride,
calcium, and phosphate ions, as well as the nature of the salivary content [24], in such a
way that only when the collapse of the structural matrix of the protein takes place is the
process irreversible [9].
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A recent publication [25] reported an increase in eroded teeth with alcohol consump-
tion from an epidemiological point of view and, although limited in its objectives and
methodology, aroused enough interest to motivate the present study, which aimed to assess
the effects of psychotherapeutic drugs on all these processes, an issue that has not received
much attention to date.

The purpose of this work was to illustrate, through the mineral composition and
the particular characteristics of teeth from patients with different clinical histories; the
presence of processes of dental nucleation and growth of biomineralized structures; and
the influence of factors such as age, tobacco and alcohol consumption habits, and the intake
of anti-inflammatory and psychotherapeutic drugs (considering as such those chemical
substances that have a specific pharmacological effect on mental disorders). Such analysis
is of interest in professional practice because the composition of the tooth is directly related
to the hardness of the patient's teeth, their possible response to future dental treatments,
and the care that the patient must be provided to improve their health [26,27].

As the main methodology applied to the study of the inorganic components of the
tooth, Fourier-transform infrared spectroscopy (FTIR), a vibrational spectroscopy technique
able to provide unique spectra for molecules that has been used in the analysis of biological
tissues for diagnosis purposes [28,29], was selected. FTIR is based on the molecular
vibrations experienced by different groupings of atoms of a mineral nature (e.g., PO4

3−)
and the functional groups of components of organic nature (e.g., collagen amides) that
make up the tooth. The information this technique provides is based on the fact that the
intensity absorption of infrared radiation is proportional to the degree of change in the
dipole moment of the covalent bond during vibration. FTIR has been used to establish
structural differences and study the degree of substitution of bioinorganic materials [30–33].
Such materials have a great variability with respect to their chemical composition, which
fundamentally depends on the biological process that has led to their formation and, in the
case of teeth affected by various pathologies, on the patient's habits. The area or height of
the bands is considered as a measure for the quantitative analysis of the main components
present in dental samples [34].

Secondarily, in a complementary way, the information provided by X-ray powder
diffraction (XRPD) patterns was collected for selected samples. XRPD is a nondestructive
method that reveals internal lattice data of crystalline substances. For example, XRPD
patterns can provide information on the composition and crystallinity of teeth, and certain
reflections—such as (002) and (310)—can be used to evaluate the longitudinal and trans-
verse size of crystalline hydroxyapatite microcrystals. The investigation was completed
with scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
to examine the surface characteristics and elemental composition.

2. Materials and Methods
2.1. Sample Preparation

In the present study, 36 permanent molar and incisor teeth from patients aged between
21 and 78 years old were considered. Once the patients' medical records were obtained and
their oral health was evaluated, teeth were extracted from consenting patients at the Oral
Surgery Clinic of European Miguel de Cervantes University and at Dr. Diez-Arauz's clinics.
The collected teeth did not present apparent fractures in dental radiographs. Immediately
after extraction, the samples were thoroughly rinsed with distilled water, air-dried, and
stored at room temperature in plastic boxes.

The variables collected for the study were age, sex, and drug intake prescribed by a
physician (Table 1). Subsequently, teeth were classified considering the habits of the patient
(smoker/alcohol consumption) and their medical treatment (antiepileptic, schizophrenia
treatment, anti-inflammatory, and chemotherapy drugs). Within the term "psychother-
apeutic drugs", treatments with valproic acid, risperidone, lorazepam, and tramazoline
hydrochloride were considered, and within the term “anti-inflammatory”, patients who
ingested paracetamol or ibuprofen were grouped.



Minerals 2022, 12, 28 4 of 17

Table 1. Crystallinity index, and degrees of mineralization and carbonation.

Group Age
(Years)

Sex
Crown Enamel Root Cementum

Crystallinity
Index

Mineralization
Degree

Carbonation
Degree

Crystallinity
Index

Mineralization
Degree

Carbonation
Degree

C

18 F 2.02 20.97 0.16 2.21 4.08 0.17
20 M 2.39 18.62 0.02 2.06 2.72 0.26
32 F 2.48 2.04 0.24 1.90 2.47 0.33
33 F 2.26 3.03 0.27 2.22 2.26 0.04
33 F 2.34 7.45 0.21 1.97 2.89 0.26
39 M 2.10 1.77 0.28 1.79 1.79 0.05
47 M 2.90 21.34 0.13 2.15 4.07 0.23
48 F 2.56 23.87 0.13 2.05 3.23 0.25
53 F 1.70 9.37 0.22 2.10 2.66 0.29
56 M 2.02 2.72 0.27 1.76 1.81 0.32
65 M 2.00 3.48 0.35 1.92 2.11 0.05
68 M 2.44 18.36 0.15 1.96 2.47 0.17

S

21 F 2.63 2.47 0.24 2.52 5.44 0.02
23 M 2.71 6.44 0.23 2.35 5.88 0.04
24 F 1.00 9.24 0.16 1.76 1.86 0.32
26 M 2.68 2.79 0.26 1.85 2.44 0.37
29 F 1.98 7.98 0.14 2.18 2.11 0.34
32 M 2.57 13.44 0.18 1.65 2.69 0.02
40 F 2.58 6.80 0.01 2.02 1.65 0.08
43 F 1.58 4.48 0.27 2.21 2.35 0.03
55 F 2.06 3.28 0.20 2.94 3.14 0.23
55 F 2.26 6.25 0.01 1.87 2.46 0.24
56 F 2.40 17.29 0.16 2.30 3.92 0.18
59 F 4.97 21.37 0.11 2.02 3.05 0.20
59 M 2.18 3.86 0.19 1.94 1.94 0.04
66 F 2.54 17.22 0.15 0.23 4.62 0.17
78 M 2.61 9.95 0.16 2.40 28.44 3.94

M 61 F 2.34 6.42 0.18 1.92 1.64 0.15

S-A 62 M 2.11 3.44 0.54 1.96 3.71 0.08

S-CT 32 M 2.63 27.06 0.13 2.16 4.17 0.25

S-AA 60 M 1.95 2.05 0.31 1.82 2.07 0.08

S-M

25 M 2.08 14.16 0.01 2.14 1.25 0.07
40 M 1.74 2.75 0.03 2.06 1.75 0.13
47 F 2.10 26.08 0.11 2.15 2.66 0.20
43 M 2.04 1.92 0.29 2.52 2.15 0.40

C = control; S = smoker; M = treatment with psychotherapeutic drugs; A = alcohol; CT = chemotherapy;
AA = anti-inflammatory drugs.

Finally, those individuals showing a healthy status of their oral evaluation, devoid of
any medical prescription and with healthy habits, were included in the control group.

2.2. ATR-FTIR Spectroscopy

Vibrational spectra of the samples from root cementum and enamel of all pieces were
measured in the 400–4000 cm−1 spectral range, using a Thermo Scientific (Waltham, MA,
USA) Nicolet iS50 FTIR spectrometer equipped with an inbuilt diamond attenuated total
reflection (ATR) system. Spectra were recorded at room temperature with 1 cm−1 spectral
resolution, with a total of 64 scans collected. The powder of enamel or root cementum
was extracted with a dental turbine to obtain a fine powder. The crown area studied was
taken from one side of the tooth identified by the dentin apex, both in the molars and in
the incisors.
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After comparing the vibrational spectra of the samples, eight representative samples
that showed differences in their vibrational spectra (six samples from root cementum and
two from enamel) were selected, considering the patients' medical history. In this case,
FTIR spectra were collected in transmission mode using the KBr pellet method. KBr pellets
were prepared by mixing 2 mg of root and crown powder with 200 mg of KBr in an agate
mortar and pressing the pellets in a 0.1 mm pellet die [35].

The crystallinity index was calculated from vibrational data as the ratio between the
intensities of the bands at 1030 cm−1 and 960 cm−1 [36]. The degree of mineralization was
determined considering the amount of mineral phosphate (960–1030 cm−1) and amide type
I related area (1650–1780 cm−1) [37]. The carbonation degree was estimated from the ratio
of the amount of carbonate (860–890 cm−1) with respect to the amount of mineral phosphate
(960–1030 cm−1). The conditions of patients' teeth were indicated as follows: alcohol (A),
smoker (S), treatment with psychotherapeutic drugs (M), anti-inflammatory drugs (AA),
chemotherapy (CT), and control (C). The age of each patient is shown in parentheses.

2.3. X-ray Diffraction Analysis

X-ray powder diffraction patterns were recorded on a Bruker (Billerica, MA, USA)
D8 Advance X-ray diffractometer with a Cu Kα anode (λ = 0.1542 nm) operating at 40 kV
and 30 mA. The diffraction patterns were collected at 25 ◦C and over an angular range
of 5◦ to 70◦. The obtained pattern was matched to stoichiometric hydroxyapatite (HAP)
(JCPDS, card number 00-901-3627) from the Powder Diffraction File-2 (PDF-2) database of
the International Centre for Diffraction Data (ICDD).

The degree of crystallinity was analyzed using the peak intensities in the 2θ = 20◦–70◦

range, according to the procedure described by Behroozibakhsh et al. [38].

2.4. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

Scanning electron microscopy observations were carried out with a field-emission
ESEM (model QUANTA 200 FEG; FEI Co., Hillsboro, OR, USA). The selected samples were
analyzed in low-vacuum conditions, using a secondary electron (LFD) detector. Micro-
graphs of the enamel and root were obtained at 400×, 2000×, and 4000× magnification.
EDS data was collected with an EDAX Genesis module coupled to the ESEM.

2.5. Statistical Analysis

Because of the small sample size, Friedman's nonparametric test was used for finding
differences between treatments.

3. Results
3.1. ATR-FTIR Analysis

The information from the crown enamel and root cementum samples of the 36 teeth
analyzed by ATR-FTIR is shown in Table 1.

The degree of crystallinity of the crown enamel increased with the patient's age, both
in the control group and in patients under psychotherapeutic treatment (Table 1). When the
tobacco variable was considered, the crystallinity was found to be related to the amount of
nicotine inhaled, so that in the groups in which tobacco was considered, the values were
high even at young ages. Another was the case for the dental root cementum area, in which
the crystallinity decreased with the age of the patient. The difference with the enamel of
the crown is related to the function it performs in the oral cavity.

The relationship between the area of the ν1,ν3 phosphate vibration (959–1030 cm−1)
and that of the amide I vibration (1650–1780 cm−1) was directly related to the mineral
content. The degree of mineralization of the samples, as shown in Table 1, was higher in
crown enamel samples than in root cementum samples. No specific pattern attributable to
external factors differentiating these groups was observed.

In order to compare the mechanical properties of the collected teeth, considering the
external agents to which they had been exposed, their calculated mineralization degree
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values versus their crystallinity values were represented in a dispersion diagram (Figure 1).
Three groups were considered: control group, including teeth belonging to healthy patients
(C); smokers (S); and the one including patients subjected to medical treatment and/or hav-
ing habits that favored pH alterations, such as taking psychotherapeutic, anti-inflammatory,
or chemotherapy drugs, or alcohol (T). After fitting to a linear model using regression
analysis, Figure 1 shows the value of the coefficient of determination (R2) of the fitted
regression lines of each group, corresponding to the percentage of variation in the degree
of mineralization of the teeth of each group by remineralization processes favored by the
presence of factors external to the odontogenesis process. Weak correlations were found in
the crown enamel for all groups, and a moderate correlation was only found for T group in
the root cementum.
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Figure 1. Plots of mineralization degree versus crystallinity index degree for crown enamel and root
cementum samples divided into three groups: control (C); smokers (S); and under medical treatment
(T) and/or with habits that favored pH changes.

3.2. ATR-FTIR Analysis of Selected Samples

After examination of the vibrational spectra, eight representative samples from each
patient group were selected. Their spectra are shown in Figure 2. Two samples cor-
responded to crown enamel, in order to investigate the possible effect of tobacco and
drugs (#SM(40)c), while taking a sample from a healthy patient (#C(33)c) as reference for
comparison purposes. The remaining six samples, which were from the root cementum
zone, were chosen to study the possible effect of the chemical changes caused by tobacco,
drugs, and alcohol on teeth. The absorption bands attributable to inorganic phosphate
(PO43–), at 560, 959, and 1030 cm−1, were associated with bone apatite (ν1,ν3PO43–) [39]
and hydroxyapatite crystallinity (ν4PO43–), respectively [40].

Fourier-transform infrared spectroscopic analysis of maturing, poorly crystalline HAP
formed from the conversion of amorphous calcium phosphate at constant pH or variable pH
showed only subtle changes in the ν1,ν3 phosphate absorption region (Figure 3). The greater
changes were found in smokers treated with psychotherapeutic drugs, followed by patients
treated with psychotherapeutic drugs consuming both alcohol and tobacco; whereas the
smallest differences were found in smokers that did not consume psychotherapeutic drugs
or alcohol.
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patients): (a) spectra of root cementum samples; (b) spectra of crown enamel samples. The ranges cor-
responded to the ν2(CO3

2−) region (850–890 cm−1), ν3(CO3
2−) region (1350–1450 cm−1), ν3(PO4

3−)
region (959–1230 cm−1), ν4(PO4) region (550–650 cm−1) and the amide I region (1650–1780 cm−1).
The conditions of patients are indicated as follows: alcohol (A); smoker (S); treatment with psy-
chotherapeutic drugs (M); anti-inflammatory drugs (AA); control (C). The age of each patient is
shown in parentheses.
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The infrared spectroscopic analysis of characteristic vibrational bands associated with
carbonate substitution pointed to a significant increase in the carbonation degree in smok-
ers (in comparison with control patients) when comparing enamel with root cementum
(Figure 4).
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Figure 4. Area of carbonate by FTIR spectra. Quantification of carbonate type ν2 (850–890 cm−1), ν3

(a1350–1450 cm−1), and “carbonate type ν3+amide” (1450–1600 cm−1). The samples of crown enamel
are labeled as "c", and those of root cementum as "r". The conditions of patients' teeth are indicated
as follows: alcohol (A); smoker (S); treatment with psychotherapeutic drugs (M); anti-inflammatory
drugs (AA); control (C). The age of each patient is shown in parentheses.

This difference in value was lower for the enamel at the crown level than for the root
cementum. However, an individual with alcohol and smoking habits showed values with
a high degree of carbonation, which also occurred for an individual with smoking habits
and under psychotherapeutic drug treatment.

Regarding tobacco consumption, it was possible to observe that type A carbonate was
more altered in younger patients. Likewise, Figure 4 shows that the proportion of type
B apatite was higher than that of type A in the patient who was being medicated with
psychotherapeutic drugs (#SM(40)c), which showed that there was a turnover in his/her
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oral cavity faster than in any other situation. In this same patient, #SM(40)c, the carbonate
type A content was relatively high.

Likewise, the peaks corresponding to amide II (-CO-NH-) and amide I (-CO-NH2)
groups of peptide bonds can be observed in Figure 2, as previously described by Ramakr-
ishnaiah et al. [27]. The amide band I was representative of the secondary structure of
proteins. In the spectra, a similar profile was observed for all the analyzed samples, except
for those from an elderly patient (#SA(62)r) and from a patient subjected to valproic acid
ingestion (#SM(25)r).

3.3. Crystallographic Conservation of Enamel and Cementum

To assess and compare the crystalline structures of the six samples from root cementum
and two from enamel, XRPD characterization was used. Figure 5 shows the X-ray powder
diffraction patterns of the same eight samples previously analyzed by FTIR. The main
phases in the hydroxyapatite's X-ray powder diffraction pattern [41] are indicated in
Figure 4 on the diffractogram of the most crystalline sample, #C(33)c.

The interpretation of the diffractograms showed similarities among the control sam-
ples, #C(33)c and #C(56)r, for enamel and root, respectively. The diffractogram of the
sample of crown enamel taken as a control (#C(33)c) showed its strongest peaks at 2θ
= 31.8◦, 32.3◦, and 33.0◦, corresponding to hydroxyapatite crystal (002), (102), and (210)
reflection planes, respectively.

The crystallinity degree was determined for all the samples in the 20–70◦ range,
in agreement with Behroozibakhsh et al. [38], finding crystallinity index values in the
73.5–85.4% range, with the lowest value for #SM(25)r and the highest value for #C(33)c.

Albeit less well defined, the peaks associated with HAP appeared in the diffraction
patterns of all samples, regardless of the different clinical records. Nonetheless, in the
#S(59)r sample, two peaks at 2θ = 34.8◦ and 35.7◦ also were observed. The former was
suggestive of the presence of an unusual form of calcium phosphate called whitlockite. In
periodontal dentistry, whitlockite phosphate is one of the inorganic components of dental
calculi and salivary stones. In relation to the peak at 2θ = 35.7◦, it was tentatively ascribed
to Al2O3 or, preferably, to a poly-methyl methacrylate-based dental restorative [42].

3.4. Surface Morphology and Ca/P Ratios

Figure 6 shows the micrographs of the selected crown enamel and root cementum sam-
ples, representative of each group of patients under study. Clear differences were observed
between the surfaces of the two regions of the tooth under study. At low magnification
(400×), the presence of aprismatic enamel and perikymata could be observed, suggesting
that the physiological structure was preserved. The areas adjacent to plough furrows (those
obtained during the filing process to release the previously analyzed dust) indicated the
arrangement pattern of HAP crystallites [43].
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Figure 5. (a) Dffractograms of enamel from crown (“c”) and tooth root cementum (“r”). The conditions
of patients’ teeth are indicated as follows: alcohol (A); smoker (S); treatment with psychotherapeutic
drugs (M); anti-inflammatory drugs (AA); control (C). The age of the patient is shown in parentheses.
(b) Comparison of the X-ray powder diffraction patterns of the #C(33)c sample and hydroxyapatite.
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Figure 6. Scanning electron micrographs of a representative crown enamel (“c”) and root cementum
(“r”) samples at increasing magnifications (from left to right). The conditions of patients' teeth
are indicated as follows: alcohol (A); smoker (S); treatment with psychotherapeutic drugs (M);
anti-inflammatory drugs (AA); control (C). The age of the patient is shown in parentheses.

Concerning the surface elemental composition results, Ca and P contents (Table 2)
could be used to gain insight into the mineralization degree. According to Tzaphlidou
et al. [44], their ratio may offer higher reliability for the diagnosis of bone disorders due to its
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specificity. The #SA(62)r and S(59)r samples showed the lowest Ca/P ratios ('1.7), followed
by sample #SM(25)r (Ca/P ratio = 1.97). These values were substantially lower than those
found for the control samples (Ca/P ratio ' 2.4 for #C(33)c and #C(56)r), in excellent
correspondence with what was expected for single-phased apatitic calcium phosphate,
Ca10−x(PO4)6−x(HPO4)x(OH)2−x [45]. The high Ca/P ratios ('3.1) in samples #SM(40)c
and #SAA(60)r were unusual for teeth, and could have been the result of the presence of
bone fat, lipids, or marrow, which have been reported to account for a 5–10% increase in
the Ca/P ratio [44].

Table 2. Calcium and phosphorus contents of the eight selected crown enamel and root samples from
EDS analyses. The reported values (expressed in %) were obtained at a 4000×magnification.

Sample #C(33)c #S-M(40)c #C(56)r #S-AA(60)r #S(29)r #S(59)r #S-M(25)r #S-A(62)r

Ca 37.24 50.7 32.96 42.68 37.18 25.61 25.5 27.48
P 15.59 15.8 13.97 13.9 15.54 15.35 12.93 16.2

Ca/P 2.39 3.21 2.36 3.07 2.39 1.67 1.97 1.70

4. Discussion

Drug use may affect the oral cavity, depending on the type and dose of the substance
consumed, the time and frequency of use, and the individual characteristics of the user. The
enamel and cementum of the teeth are considered highly mineralized tissues in the human
body [46], hydroxyapatite being the main inorganic component of the teeth (although
other mineral species are incorporated throughout the life of the tooth) [6]. Along with
genetics, external factors such as medical treatments, coupled with nutrition during the
tooth development period, can influence the chemical content of the crown enamel [47].

On the other hand, saliva plays an active role in maintaining the balance of electrolytes
in the oral cavity. Its composition is affected by multiple factors, such as alcohol intake,
drug use, or physical activity. Likewise, saliva is responsible for forming a film on the hard
and soft parts of the oral cavity, thus protecting and maintaining moisture [48]. Teeth are
subjected to mineralization/remineralization processes throughout their life, a continuous
but variable cycle that repeats itself with food intake and is unique for each person [10].

In this study, we compared the changes in inorganic components of teeth from patients
with different clinical records by spectroscopic techniques. The effect of different external
factors in the process of remineralization of the tooth was investigated. Therefore, samples
corresponding to the crown enamel and root cementum areas with different exposure to
these oral fluids were analyzed. The external factors for the oral cavity considered were
age, habits, and diseases, giving rise to six different groups plus a control group consisting
of patients with healthy habits. Table 1 summarizes the chemical structure of crown enamel
and root cementum, as determined by ATR-FITR spectroscopy, of 36 dental samples to
evaluate the deleterious effect of the mentioned external factors.

When the values obtained for the crystallinity index, together with the degree of
mineralization and carbonation (parameters involved in the quality of the mineral of the
teeth and that often evolve concomitantly), were analyzed, it was observed that they were
not equivalent, and corresponded to different entities. No apparent relationship was found
with the patients' age or sex.

In order to gain insight into the remineralization process in acidic environments
generated by factors external to the tooth, eight samples were selected while considering
their infrared vibrational profile, two from the crown part (#C(33)c and #SM(40)c) and six
from the root (#C(56)r, #SM(25)r, #SAA(60)r, #AS(62)r, #S(29)r, and #S(59)r). The spectral
changes observed (Figure 2) in those eight samples was attributed to alterations induced
by the demineralization of the morphology and/or orientation of the microcrystals of the
analyzed samples. In a previous study by Shellis et al. [22], the authors reported that the
enamel dissolution in acidic environments occurred due to the interaction of hydrogen ions
with hydroxyapatite crystals. Thus, while the enamel interacted with saliva and the oral
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film, the cementum in the root did so with the internal maxillary artery, being able to favor
their repair by allowing ionic exchange with them.

The role of calcium and phosphate ions is relevant to keeping the tooth healthy and
favoring the occurrence of different remineralizations in the tooth structure. Our findings
in phosphate groups of hydroxyapatite (Figure 2) showed changes in the intensity of the
band at 1030 cm−1, attributable to small changes that occurred in the chemical composition
of the crown samples in relation to those of the root cementum of the teeth. The band
assigned to the ν4 PO4

3- vibration was shown to be useful in the analysis of the crystallinity
of apatite, while the ν3 and ν1 modes of phosphate (959–1230 cm−1) turned out to be the
best markers to detect the structural changes experienced. That situation appeared to be
exemplified (Figure 3) when the enamel of the smoker patient treated with antipsychotic
medication (#SM(40)c) was compared with that of #C(33)c control tooth, the proportion
of vibrational modes ν1,ν3 PO4

3− being the majority with respect to ν4 PO4
3− (absorption

independent of the organic matrix of the sample). Regarding root cementum, the alteration
by external factors was potentially lower, because it is protected (by connective tissues)
from these variations (mainly, pH). However, in our casuistry, we found an effect entirely
prone to favoring structural change in hydroxyapatite crystals, such as psychotherapeutic
medication. Therefore, the active process of remineralization was superior in those patients
who were under this medical prescription. As it can be observed in Figure 3, the analysis
of the vibrational modes corresponding to ν1,ν3 PO4

3− in the analyzed root cementum
samples suggested that the ingestion of psychotherapeutic medication (#SM(25)r) was the
most influential external factor. According to Penel et al. [49], the domain corresponding to
the phosphate ν3 mode was the most affected by carbonate substitution.

The carbonate ions incorporated into the apatite network are easily detectable by
FTIR, as revealed by Rey et al. [50]. In Figure 2, one may observe the vibrational modes
between 1400 cm−1 and 1600 cm−1 and that of the ν3 CO3

2− domain (carbonate type A),
superimposed on the protein absorption bands; and that of the ν3 CO3

2− mode, with
absorption at 872 cm−1 (carbonate type B), superimposed on that of ν3 PO4

3−, in agreement
with the findings of Leventouri et al. [51].

As shown in Figure 4, the intensity of the absorption band attributable to type B
carbonate was the most susceptible to variation due to external agents. When the intensities
of the carbonate bands were compared, it was observed that the carbonate type B bands
were lower in the root cementum than in the enamel of the crown. Its content was more
affected in teeth that were subjected to medical treatments received (case in which the
fluids present in the oral cavity played an important role in damping pH variations and
in the replacement of inorganic ions, minimizing any alteration). As it was verified in the
six patients considered in comparison with the control patients, the presence of type ν3
carbonate decreased with psychotherapeutic medication, tobacco, and alcohol. However, in
the root cementum sample #SA(62)r, corresponding to a tooth from an older adult smoker
with a habit of drinking alcohol, the presence of ν3 CO3

2− was higher than that in the other
analyzed samples (Figure 4). This finding can be explained by the concurrence, in this
particular case, of multiple external factors, determining a higher degree of carbonation
of the enamel as compared to that of the remaining samples analyzed (Table 1), an effect
resulting from the severe distortions in the structure of dental hydroxyapatite. Likewise,
in the #SM(40)c sample, the proportion of type A carbonate was higher than that of type
B, a fact that can be explained based on the composition of saliva as a biological fluid that
bathes the oral cavity and that contains electrolytes such as sodium, potassium, chloride,
and bicarbonate ions that can be exchanged.

The presence of proteins/enzymes (amide groups) (Figure 4) was relatively high in
the root of the teeth of young smokers (#S(29)r) and smokers under treatment with anti-
inflammatory medication (#SAA(60)r). As stated by Malhotra et al. [52], tobacco reduces
blood flow to the connective tissue that is part of the gums, depriving them of oxygen and
nutrients, leaving them vulnerable to bacterial infections. For this reason, the differences in
content in amide groups of the root of the teeth of the aforementioned patients compared
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to those of the control patient were higher than in the samples of root cementum, which,
despite being a hard tissue, is the one that is most in contact with the connective tissue. The
decrease in the amide I group amount related to the protein denaturation was previously
described by Kong and Yu [53].

When we compared the content of carbonate type ν2 in sample #SM(40)c (Figure 4)
with that of phosphate ν1,ν3 (Figure 3), it was possible to observe an increase in the deposits
of young minerals of biological apatite in the crown with respect to the control patient
#C(33)c, at the same time that there was a higher proportion of carbonates replacing OH-

ions in the apatite structure [54]. This was due to the fact that the tooth exposed to an acidic
medium had a more hydrated coverage, with a greater susceptibility to ionic exchange
with salivary fluids and with a higher proportion of carbonate B. In this regard, several
authors have shown that the acid concentration affected the dissolution rate of the crown
enamel, especially in the 2.45–3.2 pH range [22], and that the ingestion of acidic drinks or
with the ability to maintain a low pH favored the erosion of teeth [55].

On the contrary, the dissolution of hydroxyapatite in dentin can take place at any
pH [22]. This is a consequence of the existence, in the enamel crystal lattice, of intercrys-
talline spaces that constitute possible diffusion routes [56], a feature entirely consistent
with the low crystallinity index observed for sample #SM(40)c (Table 1). It was evident that
some psychotherapeutic drugs negatively affected calcium balance, in the same way that
excessive consumption of tobacco altered its retention, both being important considerations
when trying to maintain the good mineralization of the tooth.

Therefore, the subsequent remineralization process, taking place either on the surface
or inside the partially demineralized enamel, will occur with precipitation of calcium,
phosphate and other ions. These ions present in oral fluids can come from the dissolution
of mineralized tissue, originating from an external source as long as the pH is neutral.
Another case is the root cementum of the tooth, a thin layer with properties similar to those
of bone that covers the root of the tooth and that is surrounded by the periodontal ligament,
which is less exposed to these remineralization phenomena.

Regarding the analysis of the crystallinity of the samples in Figure 2, in view of the
degree of definition of the peaks in the diffractograms (Figure 5), the crystallinity index
values were in the 73.5–85.4% range, in such a way that the highest crystallinity was
observed in a control sample (#C(33)c), and the sample from a patient undergoing medical
treatment #SM(25)r was the least crystalline. A high index obtained by XRPD was related
to the size of the crystal in the sample and the degree of order within the crystals. On the
other hand, the CI obtained from FTIR (Table 1) was related to the degree of geometric
deformation of the molecular bonds within them. Thus, in sample #C(33)c, crystals would
be less deformed, whereas the external factors considered in our study would have favored
diagenetic changes as a consequence of recrystallization processes, leading to the presence
of smaller crystals, such as those observed in teeth exposed to alcohol intake (#AS(62)r)
and/or smoking habits (#S(29)r, #S(59)r), as well as to psychotherapeutic drugs (#SM(40)c,
#SAA(60)r). The sensitivity of the XRPD technique was demonstrated in our analysis by
detecting the presence in sample #S(59)r of an unusual form of calcium phosphate called
whitlockite, a component associated with dental calculi and salivary stones. It is also
worth noting that our observations were aligned with the results obtained by Reyes-Gasga
et al. [57], who already warned that the information obtained from the CIs of teeth by FTIR
was in some cases contradictory to that obtained by powder diffractograms.

In our analysis, the relationship between age and the crystallinity index had less
influence than those external factors that favored an ion exchange process with hydrox-
yapatite crystals. However, in patients treated with psychotherapeutic drugs, and due to
the total oral absorption of this type of drug, the root cementum samples showed a greater
affectation than those of crown enamel.

SEM analysis allowed us to obtain information on the morphology of the enamel
and root cementum. The micrographs in Figure 6 did not reveal any obvious effect of
drug ingestion, which suggested that the remineralization process developed rapidly and
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homogeneously from its initial form, due to the rapid flow of Ca and PO4 ions occupying
the space formed as water and mineral salts were lost.

Regarding the EDS results, it has been stated that the Ca/P ratio changes as a function
of the mineralization degree, in such a way that it may be used as an indicator of the
remineralization degree. Nonetheless, in the present study, no clear patterns associated
with smoking, medication, or age were observed using this technique (in fact, it is worth
noting that sample #S(29)r, from a young smoker, showed a Ca/P ratio similar to those of
control samples).

5. Conclusions

ATR-FTIR spectroscopy allowed us to quantify the concentration of the phosphate
group in hydroxyapatite, as well as to identify its crystallinity characteristics, in order
to determine the degree of mineralization of the crown enamel and root cementum in a
casuistry determined by various external factors. The intensity of the absorption band cor-
responding to inorganic phosphate was found to increase in patients undergoing treatment
with psychotherapeutic drugs and, in enamel, the remineralization process was found to
be more active than in the root cementum due to direct contact with saliva. As regards the
analysis of other functional groups, the results showed that the intensity of the absorption
band of the amide group decreased both with the treatment with psychoactive substances
and with the biological age of the patient. Further, with respect to the carbonate group, it
was evidenced that in the area of the tooth that was in contact with vascularized tissue, such
as the root, type A carbonate was the one that underwent the greatest alterations, especially
in the teeth of patients undergoing analgesic and psychotherapeutic drug treatments, even
higher than that observed with the ingestion of alcohol in elderly patients. With regard
to the CI values, although CI data obtained by FTIR was not directly comparable with
CI data obtained by XRPD and vice versa, it was noticed that the highest CI values were
found in smoking patients. SEM and EDS data were not elucidative in terms of differen-
tiating between the different groups of patients. From a comparison among the various
techniques used, it was concluded that ATR-FTIR holds promise in dentistry research areas
as a fast, reliable, and cost-effective way to study the effect of changes produced in the
hydroxyapatite structure in teeth and, consequently, to determine possible strategies in the
diagnostic protocol.
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