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Abstract

:

In vitro and in vivo methods of Raman spectroscopy have been developed to assess the degree of mineralization of the enamel of different functional groups. This article presents comparative studies that were carried out using scanning Raman microspectroscopy with various sources of laser excitation with wavelengths of 532, 785, and 1064 nm. It is shown that the intensity of Raman scattering of enamel can be a measure of its thickness. The obtained dependence of the Raman scattering intensity on the distance from the incisal edge is in good agreement with the literature data, where two independent methods (computer tomography and electron microscopy) are used to determine the enamel thickness values. The proposed methods can be considered as potential quantitative methods for express diagnostics of the state of tooth enamel in vivo.
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1. Introduction


According to Global Disease Severity Survey 2016, at least 3.58 billion people suffered from oral diseases worldwide that year, and the most prevalent health disorder was dental caries in permanent teeth [1]. The problem of diagnostics and prevention of caries development is socially significant. Various instrumental and hardware diagnostic methods are used to solve this problem. The methods of digital diagnostics applied in hardware research are more informative. One of the most common and easily accessible methods is to conduct X-ray examinations: intraoral, extraoral, and plain radiography. However, it is necessary to consider the disadvantages of this technique: the negative effect of ionizing radiation, the impossibility to identify the initial stages of the carious process, and enamel demineralization [2]. There is another popular method that is the electric pulp test, which is used to determine the threshold of pulp sensitivity to electrical current. At the same time, the disadvantage of this method is its inability to determine the depth and the activity of the pathological process [3]. The next method is laser fluorescence diagnostics developed by KaVo (DIAGNOdent, Germany) used to identify the presence of the structural changes in the dental hard tissues of the teeth exposed to radiation with a wavelength of 655 nm and a threshold power of 1 mV. Unfortunately, DIAGNOdent does not allow us to run diagnostics on the approximal surfaces of the teeth that make it less frequently used [4]. There is also a method of quantitative light fluorescence based on fluorescence diagnostics. The device possesses a blue spectrum of radiation with a wavelength of 370 nm transmitted through a liquid-filled guide. This method is based on the fluorescence imaging of affected and intact tooth hard tissues. Nevertheless, this technique does not digitalize the level of destruction in the numeric values needed for the statistical analysis with dynamic observation [5]. The method for measuring the thickness of the enamel with ultrasonic waves based on the result of acoustic measurements is used to distinguish the difference between the intact and affected enamel. At the same time, it is difficult to carry out research using this method, and it does not determine the initial manifestation of the process [6].



The most innovative and promising method for diagnosing enamel demineralization and developing a carious process is optical spectroscopy. It is known that the development of subsurface demineralization of tooth enamel is a key factor for early diagnosis of the onset of the carious process [7]. The structural unit of tooth enamel is an enamel prism, the main component of which is represented by the crystalline compound hydroxyapatite (Ca10(PO4)6(OH)2). Vibrational spectroscopy methods (IR spectroscopy and Raman spectroscopy) are the main methods for studying the structural features and defects of crystalline mineral compounds [8], such as tooth enamel [9] and bone tissues [10]. The Raman scattering spectra of crystals exhibit high-intensity narrow-spectral phonon modes of crystal lattice oscillations, which makes it possible to study it in detail.



Raman diagnostic methods are widely used in medicine to detect various pathological processes in the body, including malignant neoplasms [11,12,13]. Laser Raman diagnostics is used in microbiology [14], medicine [15,16,17], and many other fields [18,19,20]. The spectral analysis makes it possible to determine the “fingerprint” of each molecule under investigation. Preliminary preparatory work is not required for express diagnostics, due to the possible individualization of the study in each individual case.



The method of Raman spectroscopy creates an informative database of reference values of the spectral parameters of enamel [9]. Several researchers are currently developing an algorithm for this study, mainly in vitro [9,21,22,23].



Tomasz Buchwald and Zuzanna Buchwald [22] evaluated how effective Raman spectroscopy was in determining specific changes caused by caries in the tooth enamel composition. The results of the spectroscopy of the enamel with “natural” and “artificially induced” caries were obtained, and a comparative assessment of them was made. Seven permanent molars extracted for indications were selected for the study. The molars had neither visible enamel defects nor carious lesions. The teeth were cleaned with a soft toothbrush and placed in distilled water. Then they were kept in a demineralizing solution. Thus, the authors made it possible to divide the enamel surface into demineralized and non-demineralized areas. The Renishaw inVia confocal Raman microscope with a wavelength of 514.5 nm and 785 nm was used for the study. The results proved a possible use of this spectroscopy to determine accurately the enamel demineralization even at the early stages that are not visible to the eye.



Mandra J.V. et al. [23] studied the structural characteristics of the dental hard tissues in carious and non-carious lesions, determined the spectrum of the samples through Raman radiation, and evaluated the crystallinity and the orderliness of the hydroxyapatite structure. Sixteen teeth extracted for indications were taken for the study: Four intact ones, four carious ones, four pulpless ones, and four teeth with high abrasion. The teeth were washed in running water, purified from the soft tissue residues, treated with antiseptics, and maintained in 0.9% sodium chloride solution at a temperature of 5–7 °C. Two samples of the hard tissues of enamel and dentin (size 2 mm × 2 mm × 1 mm) were made from each tooth. The experiment was carried out on the LabRam HR Raman spectrometer (HORIBA Scientific) with a wavelength of 632 nm. The results proved that the IR-Raman spectroscopy is informative to study the structural characteristics of the mineral components of dental hard tissues.



In our research, it was shown that the use of Raman spectroscopy allows real-time in vivo determination of the degree of mineralization of tooth enamel and its thickness.




2. Materials and Methods


2.1. Raman Spectroscopy


Primary studies were performed on the removed teeth using scanning Raman microspectroscopy on an Olympus BX51 (Olympus Corporation, Tokyo, Japan) microscope based on Raman spectrometers with wavelengths of 532, 785, and 1064 nm.



The spectrometer EnSpectr R532 (Enhanced Spectrometry, Inc., San Jose, CA, USA) with a wavelength of 532 nm had a spectral resolution of 4–6 cm−1 and a spectral range of 180–4000 cm−1. The spectrometer EnSpectr R785 (Enhanced Spectrometry, Inc., San Jose, CA, USA) with a wavelength of 785 nm had a spectral resolution of 6–8 cm−1 and a spectral range of 150–2700 cm−1. The spectrometer IR Raman Analyzer R1064 (Enhanced Spectrometry, Inc., San Jose, CA, USA) with a wavelength of 1064 nm had a spectral resolution of 7–9 cm−1 and a spectral range of 200–1850 cm−1. For the spectrometer EnSpectr R532the laser power was 25 mW, for the EnSpectr R785-180 mW, and for the EnSpectr R1064-250 mW. The beam diameter for each of the above-mentioned spectrometers was 3 mkm.



A motorized XY scanning stage 8MTF (Standa Ltd., Vilnius, Lithuania) with a travel range of 75 × 75 mm was used for Raman mapping and scanning.



In our research of demineralization degree in various teeth functional groups in vivo, we use the hardware and software PHOTON-BIO 532 (PHOTON-BIO, Inc., Domodedovo, Russia) complex. It is a fiber device to diagnose caries on intact teeth even in hard-to-reach places with a digital response in online mode. This fiber Raman spectrometer with a laser radiation wavelength of 532 nm, a spectral resolution of 8 cm−1, and a spectral range of 200–4000 cm−1 has a medical registration certificate № RZN 2020/10719 dated 11 June 2020. The laser radiation power was 20 mW, the diameter of the exciting fiber was 200 mkm, and the angular aperture was 0.22 rad.



The fiber instrument had two cores with a diameter of 200 microns each (one channel for laser excitation, and the second for signal collection).



To ensure a sterile contact between the fiber instrument and the patient, a protective sterile optical cap PHOTON-BIO D (PHOTON-BIO, Inc., Domodedovo, Russia) was placed on the fiber instrument. The optical cap has a medical registration certificate № RZN 2021/13513 dated 20 February 2021.




2.2. Samples of Removed Teeth


The extracted teeth were cleaned of soft tissue and placed in distilled water in a closed container. The study was carried out within 1–2 days after the removal.



To reduce the measurement error, the extracted teeth were placed in a plaster retainer, and each was assigned an ordinal number.



For the convenience of assessing the mineralization of anatomical and topographic zones, each tooth was divided into three sectors: The cutting edge (junction of vestibular and occlusal surfaces), the equator, and the cervical region.




2.3. Patient Groups


At the clinical stage of the study, Raman diagnostics of enamel in the area of the vestibular surface of the upper jaw teeth (incisors, canines, premolars, and molars) was performed in vivo in 32 patients aged 20 to 25 years in an equal gender ratio.



The following inclusion criteria were applied: Men and women from 20 to 25 years of age; non-inclusion criteria: The presence of filling material and prosthodontic structures, carious and non-carious lesions on the investigated surface, as well as decompensated chronic diseases and pregnancy.



The standard oral hygiene procedure was performed before the Raman spectroscopy in vivo.





3. Results


3.1. Scanning Raman Microscopy


At the first stage of the work on extracted molars, using scanning Raman microscopy with a wavelength of exciting laser radiation of 1064 nm, the dependences of the change in the intensity of the main Raman peak of 960 cm−1 (the line of symmetric valence oscillation PO43− [23]) on the border between the cutting edge of the tooth and the cervical region were studied. The obtained dependence of the Raman scattering intensity on the distance from the incisal edge (Figure 1) is in good agreement with the literature data [24], where two independent methods (computer tomography (Table 1) and electron microscopy (Table 2)) were used to determine the enamel thickness values of different teeth in different areas (cutting edge, equator, cervical region) on a large sample of patients.



In Figure 1, the Y-axis shows the Raman scattering intensity averaged over 50 measurements at various points of the molar enamel, minus the background intensity of the Raman scattering of the tooth dentin. This curve can be used for further quantitative analysis of the enamel thickness. In total, 10 molars were involved in the study, and all of them had a similar type of linear-decreasing dependence.




3.2. Choosing the Optimal Raman System


As a result of comparing the data obtained on spectrometers with different wavelengths of laser emitters (Figure 2), it was found that the use of an exciting laser wavelength of 532 nm (despite the photoluminescence signal) is optimal, due to the highest sensitivity of the optical response detection (the peak intensity of 960 cm−1 was 14 thousand counts per second for a spectrometer with a wavelength of 532 nm, 2 thousand counts per second for a spectrometer with a wavelength of 785 nm, 2 thousand counts per second for a spectrometer with a wavelength of 1064 nm).




3.3. Raman Fiber Spectroscopy In Vitro


During the Raman fiber spectroscopy with a laser radiation wavelength of 532 nm on the removed teeth, the average values and standard deviation of the intensity of the hydroxyapatite line of 960 cm−1 were obtained for various groups of teeth and their measurement areas. A total of 10 incisors, 10 canines, 10 molars, and 10 premolars were examined (Table 3). The exposure time for recording the spectra was 2 s with 20 averaging. The power of the laser radiation was 25 mW.




3.4. Raman Fiber Spectroscopy In Vivo


At the second stage of the research, a fiber Raman spectrometer with a laser radiation wavelength of 532 nm was used on patients. The results of the studies conducted at the clinical stage of the study (64 incisors, 64 canines, 64 molars, and 64 premolars were examined) are consistent (Table 4) with the data obtained at the first experimental stage of work on removed teeth. The exposure time for recording the spectra was 2 s with 20 averaging. The power of the laser radiation was 25 mW.



The difference in the optical response from the surface of the teeth in vivo (Table 4) and in vitro (Table 3) under the same conditions of signal registration is probably because, despite the standard oral hygiene procedure carried out by patients, microbial plaque remains on the surface of the teeth [25], which effectively absorbs and scatters visible high-frequency laser radiation. In addition, it is also necessary to consider that the presence of fluid circulation in the dentine tubules of vital teeth may cause differences in the obtained indicators during Raman diagnostics on vital and removed teeth.



The dependences of the intensity of the 960 cm−1 hydroxyapatite peak on the area on the surface of the teeth have the same appearance when conducting experiments under different conditions (at different wavelengths of exciting radiation on a Raman microscope, using in vitro and in vivo fiber spectrometers).





4. Conclusions


The studies conducted in the experimental stage of work on the removed teeth are consistent with the data obtained at the clinical stage of the study. It is established that the maximum intensity of Raman scattering corresponds to the region of the equator at the incisors, and to the cutting edge region of the canines, premolars, and molars. Thus, we have observed correlations between changes in the enamel thickness (according to [24]) and the intensity of Raman scattering. The intensity of Raman scattering of enamel can be considered a measure of its thickness, and therefore, the use of Raman spectrometry determines the degree of mineralization of tooth enamel in real-time.



It should be noted that in contrast to the surface probing by laser radiation of the visible range of the body soft tissues (the penetration depth of laser radiation with a wavelength of 532 nm in the tissues is about 500 mkm [26]), in the case of interaction of laser radiation with hard tissues of the teeth, the penetration depth is about 1 cm for a wavelength of 780 nm [27], and has approximately the same value for laser radiation with a wavelength of 532 nm [28].



Hence, in our opinion, this method of express-diagnostics is promising for the differential diagnosis of teeth predisposition to caries. The implementation of the developed research method will increase the effectiveness of not only the diagnosis, but also the prevention of the dental hard tissues diseases development. It is established that the Raman scattering provides an opportunity to determine not only the static value of the dental tissues mineralization degree, but also to study the effect of remineralization in dynamics. Currently, there is no cheap and accurate method within global clinical practice for determining the thickness, degree of mineralization, and degree of crystallinity of tooth enamel in vivo. The degree of crystallinity/amorphousness can be determined by the half-width of the Raman lines of hydroxyapatite [29], which will be done in our subsequent works.



Therefore, this study is extremely promising and contributes to developing high-tech production of adapted software and hardware Raman spectrometers for diagnosing the condition of tooth enamel.



In addition, the authors of this study are working on the creation of an instrument in which there are three optical modules in one spectrometer (the Raman scattering module with a laser wavelength of 532 nm, the photoluminescence module with a laser wavelength of 405 nm, and the white light reflection module). Each type of optical signal has a diagnostic value for the diagnosis of the oral cavity. For example, the high-intensity photoluminescence of porphyrins when the oral mucosa is excited by laser radiation with a wavelength of 405 nm is an indicator of its high bacterial contamination, and the presence of inflammatory and precancerous processes [30]. The white light reflection spectrum is informative in detecting hypoxia [31] in the gum tissues, which can be useful for diagnosing developing periodontitis. The ensemble of these three methods, incorporated in a single device, is a promising tool for multifactorial diagnosis of the state of the oral cavity.
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Figure 1. Graph of the Raman scattering intensity dependence on the spatial point on the surface of the molar enamel This dependence was obtained by averaging 50 Raman line scans (on 1 molar) with a scan step of 1.5 mm. The laser excitation wavelength is 1064 nm, the exposure time is 4 s, and the number of frames for recording a single spectrum is 10. 
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Figure 2. Raman scattering spectra of tooth enamel when excited by laser sources with wavelengths: (A)-532 nm (exposure time-1 s), (B)-785 nm (exposure time-2 s), (C)-1064 nm (exposure time-4 s). 






Figure 2. Raman scattering spectra of tooth enamel when excited by laser sources with wavelengths: (A)-532 nm (exposure time-1 s), (B)-785 nm (exposure time-2 s), (C)-1064 nm (exposure time-4 s).



[image: Biophysica 01 00020 g002]







[image: Table] 





Table 1. Enamel thickness in the cervical region, equator, and the cutting edge. Multispiral computed tomography (MSCT) method [24].
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Tooth Type

	
Cervical Region, Thickness, mm

	
Equator, Thickness, mm

	
Cutting Edge, Thickness, mm






	
Upper jaw




	
Incisor 1

	
0.27 ± 0.01

	
0.84 ± 0.05

	
0.97 ± 0.06




	
Incisor 2

	
0.32 ± 0.01

	
0.92 ± 0.06

	
1.04 ± 0.06




	
Canine

	
0.28 ± 0.01

	
0.79 ± 0.05

	
0.89 ± 0.05




	
Premolar 1

	
0.31 ± 0.01

	
1.01 ± 0.06

	
1.33 ± 0.08




	
Premolar 2

	
0.36 ± 0.02

	
1.11 ± 0.07

	
1.56 ± 0.09




	
Molar 1

	
0.38 ± 0.02

	
1.25 ± 0.08

	
1.76 ± 0.11




	
Molar 2

	
0.39 ± 0.02

	
1.31 ± 0.08

	
1.89 ± 0.11




	
Lower jaw




	
Incisor 1

	
0.17 ± 0.01

	
0.73 ± 0.04

	
0.89 ± 0.05




	
Incisor 2

	
0.23 ± 0.01

	
0.83 ± 0.05

	
0.98 ± 0.06




	
Canine

	
0.19 ± 0.01

	
0.78 ± 0.05

	
0.84 ± 0.05




	
Premolar 1

	
0.21 ± 0.01

	
0.98 ± 0.06

	
1.41 ± 0.08




	
Premolar 2

	
0.23 ± 0.01

	
1.02 ± 0.06

	
1.58 ± 0.09




	
Molar 1

	
0.24 ± 0.01

	
1.17 ± 0.07

	
1.68 ± 0.10




	
Molar 2

	
0.30 ± 0.02

	
1.21 ± 0.07

	
1.72 ± 0.10
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Table 2. Enamel thickness in the cervical region, equator, and the cutting edge. Scanning electron microscopy (SEM) method [24].
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Tooth Type

	
Cervical Region, Thickness, mm

	
Equator, Thickness, mm

	
Cutting Edge, Thickness, mm






	
Upper jaw




	
Incisor 1

	
0.19 ± 0.02

	
0.73 ± 0.04

	
0.90 ± 0.05




	
Incisor 2

	
0.23 ± 0.02

	
0.89 ± 0.05

	
0.97 ± 0.06




	
Canine

	
0.20 ± 0.02

	
0.76 ± 0.05

	
0.80 ± 0.05




	
Premolar 1

	
0.22 ± 0.02

	
0.98 ± 0.06

	
1.20 ± 0.07




	
Premolar 2

	
0.27 ± 0.03

	
1.05 ± 0.06

	
1.30 ± 0.08




	
Molar 1

	
0.30 ± 0.03

	
1.20 ± 0.07

	
1.88 ± 0.11




	
Molar 2

	
0.34 ± 0.03

	
1.27 ± 0.08

	
1.93 ± 0.12




	
Lower jaw




	
Incisor 1

	
0.15 ± 0.02

	
0.67 ± 0.04

	
0.80 ± 0.05




	
Incisor 2

	
0.20 ± 0.02

	
0.80 ± 0.05

	
0.91 ± 0.05




	
Canine

	
0.17 ± 0.02

	
0.70 ± 0.04

	
0.78 ± 0.05




	
Premolar 1

	
0.19 ± 0.02

	
0.92 ± 0.06

	
1.20 ± 0.07




	
Premolar 2

	
0.21 ± 0.02

	
0.97 ± 0.06

	
1.20 ± 0.07




	
Molar 1

	
0.24 ± 0.02

	
1.11 ± 0.07

	
1.70 ± 0.10




	
Molar 2

	
0.29 ± 0.03

	
1.15 ± 0.07

	
1.77 ± 0.11











[image: Table] 





Table 3. The intensity of Raman scattering on different removed teeth, depending on the measurement point.
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Research Area

	
Intensity of Raman Scattering, a.u.






	
Incisors (N = 10)




	
Cervical region

	
807 ± 24




	
Equator

	
927 ± 19




	
Cutting edge

	
879 ± 21




	
Canines (N = 10)




	
Cervical region

	
738 ± 22




	
Equator

	
1102 ± 24




	
Cutting edge

	
1312 ± 28




	
Premolars (N = 10)




	
Cervical region

	
713 ± 25




	
Equator

	
1021 ± 23




	
Cutting edge

	
1117 ± 26




	
Molars (N = 10)




	
Cervical region

	
679 ± 20




	
Equator

	
931 ± 29




	
Cutting edge

	
993 ± 31
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Table 4. The intensity of Raman scattering on different teeth of patients depending on the measurement point.






Table 4. The intensity of Raman scattering on different teeth of patients depending on the measurement point.





	
Research Area

	
Intensity of Raman Scattering, a.u.






	
Incisors (N = 64)




	
Cervical region

	
153 ± 27




	
Equator

	
157 ± 23




	
Cutting edge

	
140 ± 22




	
Canines (N = 64)




	
Cervical region

	
145 ± 24




	
Equator

	
157 ± 28




	
Cutting edge

	
167 ± 29




	
Premolars (N = 64)




	
Cervical region

	
140 ± 11




	
Equator

	
150 ± 14




	
Cutting edge

	
165 ± 15




	
Molars (N = 64)




	
Cervical region

	
147 ± 32




	
Equator

	
160 ± 21




	
Cutting edge

	
178 ± 22

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
35,000 -
30,000 -
25,000 -
20,000 -
15,000 -

10,000 A

Intensity, a.u.

5000 -

0

960 cmi’ A

L

laser 532 nm

4000 -

3000

2000

Intensity, a.u.

— 1 + T = I =* [ ¢ T Tt T T T T 1
400 600 800 1000 1200 1400 1600 1800
u -1
Raman shift, cm

960 cm’
\ B

laser 785 nm

g

8000 -

6000 -

4000 A

Intensity, a.u.

2000 A

1 ' ' : ' ' ' T |
400 600 800 1000 1200 1400 1600 1800
- '1
Raman shift, cm

960 cm’”

AN

laser 1064 nm

P

! | ! | ! | ! | ! | ! | ! | ! |
400 600 800 1000 1200 1400 1600 1800
. -1
Raman shift, cm





nav.xhtml


  biophysica-01-00020


  
    		
      biophysica-01-00020
    


  




  





media/file0.png





media/file2.png
Raman intensity, a.u.

7000 -

60004 *
95000 - ™%
4000 - o
3000 - 9
2000 - e
1000 - o
4 - - = .
N cutting - ‘ cervical ®|. -
edge region
I R PR S TR B VR U NN B R Y B L e

01234586 7 891011121314
Distance from the cutting edge, mm





media/file3.jpg
i ==
S

Raman shift cm"

[Taser 1084 v






media/file1.jpg
Raman intensity, a.u.

70004
6000
5000
4000
3000

2000 .

1000 .

cutting cervical ®
1 edg reglon

012345678 9101121314
Distance from the cutting edge, mm

equator | |






