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Abstract

:

In the present research, nanoindentation, atomic-force microscopy and optical microscopy were used to study the mechanical and microgeometrical parameters of tooth tissues. A nanoindentation test unit equipped with Berkovich indenter was used to determine the values of the reduced Young’s modulus and indentation hardness and both nanoindentation and atomic force microscopy using a diamond probe on a silicon cantilever were used to study microgeometrical parameters of human tooth root cementum. Three areas of cementum were studied: the cervical region near the dentine–enamel junction, the second third of the tooth root, and the apex of the tooth root. The interpretation of the results was carried out using the Oliver–Pharr method. It was established, that the mechanical properties of cementum increase from the cervical region to the central part of the root, then decrease again towards the apex of the tooth root. On the contrary, the microgeometrical characteristics of cementum practically do not demonstrate any change in the same direction. A decrease in the roughness parameters in the direction from cellular cementum to dentine was observed. Additionally, a decrease in the reduced Young’s modulus and indentation hardness of dentine in the cervical area compared to dentine in the crown part of the tooth was found using nanoindentation. The investigation of the dentine–cementum junction with high resolution revealed the interspaced collagen fiber bridges and epithelial rests of Malassez, whose sizes were studied. The parameters of the topographic features of the cementum in the vicinity of the lacunae of cementocytes were also established.
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1. Introduction


The tooth root cementum is one of the three hard tissues of the human tooth. This is a calcified tissue similar to bone; however, unlike the latter, it is devoid of blood vessels [1,2]. The cement covers the dentine throughout its entire length, from the cervical zone of the tooth to its root, in some cases directly in contact with the enamel [3]. Cementum is the least durable of the hard tissues of the tooth, containing 45–50% inorganic and 50–55% organic substances (mainly collagen and glycoproteins) [4].



The inner layer of the cementum has no cells (acellular cementum), but on top of it there is a cellular cementum in which there are cells, namely cementocytes and cementoblasts. The main function of this tissue is to form the supporting apparatus of the tooth—it provides attachment to the root and cervical zone of the peripheral sections of periodontal fibers [5]. The latter, penetrating into the cementum, have the form of craters located in the center of dome-shaped structures elevated above the cementum surface. Cementum protects the root dentine from damaging effects [6,7] and caries [8] and performs reparative functions in the formation of so-called resorption lacunae and in root fractures [9,10,11]. It is cementum that makes it possible to maintain a constant total length of the tooth due to the constant deposition of tissue in the region of the root apex, thereby compensating for the abrasion of the crown as a result of enamel wear [12,13,14].



Mechanical and micro-geometrical properties of tooth hard tissues determine the strength and normal functioning of the masticatory apparatus. Their values are important in compiling models and identifying the mechanisms of the chewing process and they can also be indicators of various pathologies. In modern mathematical modeling, as well as in treatment and prosthetics, the values of strength characteristics in local areas of the teeth should be taken into account when developing biocompatible materials, as well as implants based on them. In this regard, a number of scientists have performed works on the complex characterization of the properties of sound [15,16,17] and pathologically altered tooth tissues [18,19,20,21], as well as biocompatible materials for substituting such tissues [22,23,24]; however, most of these works include results only for enamel and dentine.



The hardness of cementum was first measured by Hodge and Mckay [25] using the Brinell hardness test. Precision studies of the mechanical characteristics of cementum are associated with the pioneering work of Poolthong [26], who assessed the hardness and Young’s modulus of two regions of the tooth: the middle third of the root and the apex region, using the nanoindentation method (Vickers indenter). Ho et al. [27] studied the mechanical properties, chemical composition and microstructure of cementum at the junction with enamel. In their other work [28], the authors investigated the mechanism of attachment of the periodontal ligament to the cementum of the tooth. In [29] Ho et al. have conducted an extensive comparisons of the physical properties of rat and human cementum, root dentine and their interface, including the dentine–cementum junction. A detailed methodology, as well as comparison of several histological and immunohistochemical stains for imaging the cementum by light microscopy, was made by Foster [30]. Jang et al. [31], using the methods of mathematical statistics, found a correlation between the increase in Knoop hardness of cementum, obtained on a microhardness tester, and the age of patients, which indicated an ongoing process of mineralization of this tissue with age. Chutimanutskul et al. [32] experimentally showed the closeness of the mechanical properties of the cementum of the left and right maxillary premolars. Malek et al. [33] proposed a technique for mapping mechanical properties over the surface of the tooth root using two indenters, Berkovich and spherical one, and then investigated [34] the effect of drying on the mechanical properties of cementum. Further studies by this group delved into the evaluation of the chemical composition of cementum [35] and the mechanical properties of pathologically altered cementum [36,37]. A review of the mechanical properties of the individual cells of cementum was made by Radermacher et al. [38]. Hinrichs et al. [39] found some new aspects of the microstructure of acellular cementum using scanning electron microscopy. Arefnia et al. [40] traced surface changes induced on enamel and cementum by different scaling and polishing techniques in vitro.



In the present work, the mechanical characteristics (reduced Young’s modulus, indentation hardness) obtained using the nanoindentation method with a Berkovich indenter installed, the average roughness and the maximum roughness height of three regions on the prepared section of the tooth root cementum were studied. For each region, images of the surface microrelief were obtained using an atomic force microscope (AFM). A study was made of the parameters of the topographic features of the cementum in the vicinity of the lacunae of cementocytes. Given that the functioning of the cementum is closely related to the dentine of the tooth root, a number of changes in the dentine near its border with the cementum, compared with the dentine of the crown part of the tooth, have been established. Particularly novel aspects of the research are: the simultaneous investigation of the mechanical properties of cementum alongside the parameters of its roughness; the study of the specific features of this tissue (such as cementocyte lacunas); comparison of the microgeometrical properties of dentine in the coronal part of the tooth with the vicinity of the junction with cementum; and AFM investigation of the anatomical parts of dentine–cementum junction with high resolution.




2. Materials and Methods


We used tooth №16 extracted from a patient (female) for orthodontic reasons as a sample. The local Independent Ethics Committee of Rostov State Medical University approved the study (protocol code 13/22, date of approval: 8 September 2022). The patient provided informed consent. After removal, the sample was kept in 1% NaClO solution for 10 min. The specimen was then placed in a sterile container filled with Hanks’ Balanced Salt Solution (HBSS) containing thymol to prevent demineralization of the tooth tissues. The ratio of thymol to HBSS was 1:1000. The container was stored in a pharmaceutical refrigerator at a temperature of 4 °C.



Before examining the properties of the tooth tissues, the sample preparation was carried out. First, the sample was placed in a hollow ABS plastic (acrylonitrile butadiene styrene) cylinder. Then the cylinder was filled with universal epoxy adhesive (Baza Klass, Staraya Stanitsa, Rostov Region, Russia); the ratio of hardener (polyethylene polyamine) to epoxy resin was 1:3. To prevent leakage of epoxy glue from under the cylinder, its base was smeared with a high-temperature sealant-gasket Red RTV Silicone Gasket Maker (Doctor Chemical Corporation, Longwan, Wenzhou, China).



After the adhesive was cured for 24 h, the sample was placed in an Isomet 4000 linear precision cutting machine (Buehler, Lake Bluff, IL, USA). The sample was fixed with a holder for cylindrical samples with a diameter of 25.4 mm. Cutting was performed with a Buehler MetAbrase abrasive wheel with cutting fluid (10% solution of Buehler Cool 2 Cutting Fluid in running water) without foaming on the wheel. Before cutting the sample, the abrasive disk was straightened on a special bar. Cutting parameters were as follows: blade rotation speed 2500 rpm, 1 mm/min. Two cuts were made in such a way that the second cut formed a slice of the tooth (Figure 1—the sample was moved relative to the disk using the micrometer built into the machine). The pulp chamber was cleared of soft tissue remnants.



Next, the sample was ground and polished on a MetaServ 250 grinding and polishing machine (Buehler, Shanghai, China) with a Vector LC 250 semi-automatic nozzle. Abrasive discs and paper were glued onto a Buehler MagnoPad magnetic disc installed in the machine. The loading on the sample at each stage of grinding and polishing was 10 N, the disk rotation speed was 200 rpm. The following stages of grinding and polishing were carried out:




	(1)

	
grinding using a Buehler CarbiMet abrasive disc based on SiC, grit P320 in the presence of distilled water for 1 min;




	(2)

	
similar to the previous step, but P400 grit, grinding time 2 min;




	(3)

	
grinding using Dexter abrasive paper (Shandong Boss Abrasives Manufacturing Co., Jinan, Shandong, China) based on SiC, grit P600, in the presence of distilled water for 1 min;




	(4)

	
similar to the previous step, but grit P1000, grinding time 30 s;




	(5)

	
polishing using an Buehler UltraPad lint-free dense cloth disc; a MetaDi oil-based single-crystal Buehler diamond suspension, particle diameter 6 µm, was applied to the disc in the presence of Buehler MetaDi Fluid lubricant. The polishing time was ~2 min;




	(6)

	
similar to the previous stage, but with particle diameter 1 µm;




	(7)

	
polishing using a disk made of a porous, chemically resistant synthetic fabric Buehler ChemoMet; a sol-gel suspension of Buehler MasterPrep based on Al particles with a diameter of 0.05 μm was applied to the disk in the presence of MetaDi Fluid lubricant. The polishing time was 2 min.









After sample preparation, the sample was placed in physiological saline, in which it was also stored between subsequent experiments in a pharmaceutical refrigerator at a temperature of 4–6 °C.



The indentation hardness H and the reduced modulus of elasticity E were measured on a 750 Ubi nanoindentation test device (Hysitron, Bruker, Eden Prairie, MN, USA). In all experiments, a Berkovich diamond indenter with a tip radius of 200 nm was used, along with a load P = 1000 µN. Load profile was as follows: 10 s loading/10 s unloading time. The area of the contact zone between the indenter tip and the sample was calibrated on a standard calibration sample of fused silica. All measurements were made in air.



Using AFM Dimension FastScan (Bruker, Eden Prairie, MN, USA), images of the relief of the surface of tooth tissues were obtained. When performing a scan, the device worked in the PeakForce Tapping QNM (Quantitative NanoMechanics) mode. In this mode, there is a constant control of the force with which the probe acts on the sample, while the depth of deformation of the sample was very small. The surface relief was studied using a diamond probe on a D300 silicon cantilever (TipsNano, Zelenograd, Moscow, Russia) with a tip radius of 45 nm and cantilever stiffness of 55.10 N/m, with image resolution 256 × 256 pixels. The speed of the probe movement along the surface was 1.99 µm/s. The rigidity of the console was specifically qualified using the microscope software options.




3. Results


Three measurement sites were selected for the study of cementum on the following areas of the tooth root: the cervical region near the dentine–enamel junction, the second third of the tooth root and the apex of the tooth root (marked with an X in Figure 2). On each section, 10 measurements were carried out with the same loading parameters on an area of 80 μm × 80 µm, then the results were averaged. The analysis of the experimental results was carried out according to the Oliver–Pharr method [41]. In addition, for each section, the average roughness Ra was obtained in a field of 80 μm × 80 μm in the mode of using the indenter as an AFM probe. The measurement results are listed in Table 1.



The indentation force-displacement curves for each of the sites are shown in Figure 3. For the measurement site 2 (cementum in the second third of the tooth root), near the junction of dentine and cementum, images were obtained in the 750 Ubi device in the scanning mode with a diamond probe, as well as an image from an optical microscope (Figure 4).



Figure 5 shows the topography of the cementum, the dentine–cementum junction, and dentine in the vicinity of measurement site 1 (cervical area near the dentine–enamel junction). Image processing was performed using NanoScope Analysis (Bruker, Eden Prairie, MN, USA) software. The main substance of the cementum is formed by the structural units of collagen fibers/collagen fibrils and gluing matrix. The matrix contains a carbohydrate-protein complex. Collagen fibers in this case have a different origin—one group is directly produced in the cementum, the other is woven from the periodontal ligament (Sharpey’s fibers) [42,43]. Dentine in the figure is located to the right of the border, cementum to the left. To analyze the results of the study, the average surface roughness Ra for acellular cementum, cellular cementum, dentine–cementum junction and dentine near this interface was measured.



Due to the large number of irregularities on the surface of the sample, the measurement of roughness in one direction is not representative enough. Thus, the average roughness Ra and the maximum roughness height Rt were measured in two directions, along the dentine–cementum junction and perpendicular to it. Five profiles were built for each of the directions (each profile was an average of another 10 pixels around it). After that, the mean values (from 10 profiles) with standard deviations were calculated and the results are listed in Table 2. The thickness of the acellular cementum layer was ~23.0 μm. The profile of the dentine–cementum junction is shown in Figure 6.



As additional measurements, a study of the mechanical characteristics of the dentine in the tooth crown (additional areas 1 and 2, Figure 7) and the dentine of the cervical region near the dentine–enamel junction (in area 1) was made. The results are listed in Table 3, and they are generally within the range of values from the literature [44,45,46].



Figure 8 shows the surface of the cellular cementum from Figure 5 on a smaller scan field (compared to Figure 5). White arrows indicate depressions empty after the apoptosis of cementocytes lacunae. Figure 9 shows the profile of the topmost gap in Figure 8a (marked with a dotted oval). It can be seen that the bottom of the lacuna is convex without irregularities, which indicates that there are no cementocyte residues left on its bottom. The depth of the lacuna is ~0.20 µm.



Figure 10 shows the leftmost lacuna from Figure 8b (marked by a dotted oval); the bottom of the lacuna has an uneven relief, which indicates that cell detritus has accumulated on it (a granular mass formed by necrotic tissue [6]). The depth of the lacuna is ~0.10 µm.



A similar nature of the profiles was also observed for other lacunae, marked with arrows in Figure 8. In this regard, in the future it seems promising to develop protocols for the preparation of dental root cementum for micromechanical testing, which allows preservation of the cellular structure of the tissue to a greater extent.




4. Discussion


In the present work, the properties of the tooth root cementum were investigated by applying a load along the dentine–cementum interface. At the same time, the quantitative values of the mechanical properties in each of the areas obtained in this work are close to those values in [30], where the properties were studied by applying a load along the normal to the dentine–cementum junction and with part of the large set of values obtained in [25]. Let us also note the closeness of the values of the Young’s modulus of the root cementum with the values obtained by Ho et al. [29]. The difference in mechanical properties between Section 2 and Section 3 is similar to that from [21]. (However, the quantitative values differ, presumably due to the use of different types of indenters and the methodology for analyzing the results). On the whole, the nature of the difference in properties of the type “growth from Section 1 to Section 2, then decrease to Section 3” is also characteristic of the observations [30], from which it can be assumed that such a behavior of the mechanical properties of cementum is inherent, not only in its surface, but also throughout the volume. Attention is drawn to the microgeometrical characteristics, which, in contrast to the mechanical properties, practically do not change, amounting to 151.3 ± 3 nm. It is well established that some factors can affect the roughness of cementum, such as acidic beverages [47] or polishing techniques applied by the dental clinician [48]. In this regard, the latter observation provides a basis for further ex vivo studies of either cementum alteration under certain conditions or efficacy of dental treatments on recovery of the natural roughness parameters. Besides, the closeness in the roughness of different anatomical parts of root cementum may lead to simplification of the cementum–periodontal ligament interface mathematical models [49,50].



A monotonous decrease in Ra in the direction from the cellular cementum to the dentine by 38.5% was observed. A decrease in Rt, with the difference that this value for the acellular cementum is higher than that for the cellular cementum by 11.74%, was also demonstrated. This phenomenon is also visible visually in Figure 5, where acellular cementum forms a ridge along the dentine–cementum junction.



Another interesting effect was noted for the dentine. Thus, by conducting atomic force microscopy on the tooth crown dentine (an additional area, marked with a circular marker in Figure 2), we obtained the following values for the microgeometrical characteristics: Ra = 37.0 ± 17 nm, and Rt = 210, 8 ± 101.3 nm (similar to the previous measurements: 5 vertical and 5 horizontal profiles, excluding the dentinal tubule, Figure 7). These values are, respectively, 24.8% and 6.4% lower than the values for dentine in the vicinity of the junction with the cementum. Presumably, the relief of dentine becomes more developed as it approaches the cementum.



The dentine–cementum junction is represented as a discernible layer 10–15 µm thick that attaches bulk cementum to root dentine. Structurally, the junction can be considered as a region of interspaced collagen fiber bridges (cfb on Figure 5) formed during development after the breakdown of Hertwig’s epithelial root sheath [51,52,53]. The pore-like structures found between bulk cementum and dentine (marked with * on Figure 5 and Figure 6) are presumably the remnants of Hertwig’s epithelial root sheath after its breakdown, also known as the epithelial rests of Malassez [51,52,53]. Their measured diameter was 2.71 ± 0.42 µm. Tomes granular layer (marked tgl on Figure 5 and also shown in Figure 6) [54] appears to be more structurally sound after the sample preparation, which speaks of its higher mechanical properties compared to the structureless layer (marked sll in Figure 5 and also shown in Figure 6). This fact leads to formation of another ridge by the Tomes granular layer although not so pronounced as the one formed by acellular cementum. Understanding the micro- and nanostructure of the epithelial rests of Malassez in further works (presumably with scanning electron microscopy) is crucial due to their participation in the development of radicular cysts [55,56].



From the theoretical studies of Shaw et al. [57], it is known that the stresses distributed across cementum (root surface) are much higher than the stresses distributed across the comparable regions of dentine emerging as a result of such forces as rotation, tipping (labial–lingual, mesial–distal) and extrusive/intrusive loads. However, the model [57] did not take into account the dentine–cementum junction, which from the results of the current research is represented as a separate region with a rather complex structure. Thus, for the construction of further models, taking account the junction of the finite thickness (namely 9.95 µm measured by the white segment near the dcj notation in Figure 5—the thickness was uniform in the observed area) and its mechanical properties would be beneficial for more accurate calculation of stress distribution across the tooth root.



At the same time, there is a decrease in the reduced Young’s modulus by 5.8% and indentation hardness by 29.4% in the cervical region compared to the coronal part, which is presumably due to the proximity of the dentine–cementum junction and a change in the dentine microstructure for a more optimal formation of the junction from the point of view of tooth structure.




5. Conclusions


In the present work, the mechanical and microgeometrical properties of the tooth root cementum were studied on a longitudinal cross-section of a human molar. Analysis of the obtained experimental data allowed us to draw the following conclusions:




	–

	
mechanical properties increase from the cervical region to the central part of the root, then decrease again towards the apex of the tooth root;




	–

	
microgeometrical characteristics, in contrast to mechanical properties, practically do not change from the cervical region to the apex of the tooth root, amounting to 151.3 ± 3 nm;




	–

	
monotonic decrease in Ra in the direction from cellular cementum to dentine was 38.5%;




	–

	
a decrease in Rt in the direction from cellular cementum to dentine was observed, except that this value for acellular cementum is higher than that for the cellular cementum by 11.74%; acellular cementum forms a ridge along the dentine–cementum junction;




	–

	
a decrease in the reduced Young’s modulus of dentine by 5.8% and indentation hardness by 29.4% in the cervical area compared to the crown part of the tooth was found;




	–

	
Ra and Rt of the coronal dentine, respectively, are 24.8% and 6.4% lower than the values of the properties of dentine in the vicinity of the junction with cementum—this change is associated with a change in the microstructure of dentine near its junction with cementum;




	–

	
AFM investigation of the dentine–cementum junction with high resolution revealed the interspaced collagen fiber bridges and epithelial rests of Malassez, their measured diameter was 2.71 ± 0.42 µm and the thickness of the junction was 9.95 µm;




	–

	
Tomes granular layer demonstrated higher resistance against the sample preparation procedures compared to the structureless layer of dentine;




	–

	
the development of the relief of cementocyte lacunae is characterized by the presence or absence of cellular detritus in them.









The results of this work can provide important assistance to researchers and engineers involved in the design of dental implants, as well as practicing dental clinicians, to assess the dynamics of changes in the properties of cementum during pathological changes in this tissue.
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Figure 1. The process of forming a slice of a sample on a linear precision cutting machine. 
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Figure 2. Areas where the mechanical and microgeometrical properties were measured; rc–root canal. The scheme is made according to the photograph of the sample. 
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Figure 3. Force-displacement curves for cementum measurement sites: (a) cervical region near the dentin–enamel border; (b) the second third of the tooth root; (c) apex of the root of the tooth. 
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Figure 4. Surface of the cementum in the measurement site 2: (a) photograph from an optical microscope; the position of the first indent in the series is indicated by the point of intersection of the crosshair; (b) in the mode of scanning with a diamond probe; acc—acellular cementum; cc—cellular cementum; dcj—dentine-cementum junction; d—dentine. 
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Figure 5. Cementum relief in the measurement site 1 obtained using AFM; acc—acellular cementum; cc—cellular cementum; dcj—dentine-cementum junction; d—dentine; cfb—collagen fiber bridges; tgl—Tomes granular layer; sll—structureless layer; *—presumably, the epithelial rests of Malassez. 
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Figure 6. Profile of the dentine–cementum junction; *—presumably, epithelial rest of Malassez. 
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Figure 7. Dentine of the tooth crown, obtained by AFM; dt—dentinal tubule. 
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Figure 8. Cellular cementum at the measurement site 1. Empty lacunae of cementocytes are indicated by white arrows. Dotted ovals indicate the silhouettes of lacunae for which the surface profiles were constructed: (a) overview; (b) magnified high-resolution image. 
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Figure 9. Profile of an empty cementocyte lacuna. 
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Figure 10. Profile of an empty cementocyte lacuna filled with cellular detritus. 
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Table 1. The results of the study of mechanical properties and average roughness of three areas of the human tooth using nanoindentation.
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	Tooth Area
	Reduced Young’s Modulus E, GPa
	Indentation Hardness H, GPa
	Average Roughness Ra, nm





	
	1.

	
Cervical region near the dentine-enamel junction






	3.38 ± 0.3
	0.16 ± 0.02
	149



	
	2.

	
The second third of the tooth root






	4.24 ± 0.7
	0.21 ± 0.05
	150



	
	3.

	
Apex of the tooth root






	3.8 ± 0.6
	0.20 ± 0.05
	155
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Table 2. AFM derived microgeometrical properties of tooth tissues.
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	Tooth Area
	Average Ra by 10 Profiles, nm
	Standard Deviation, nm
	Average Rt by 10 Profiles, nm
	Standard Deviation, nm





	Cellular cementum
	80.0
	33.4
	344.2
	148.6



	Acellular cementum
	69.6
	18.5
	390.0
	178.8



	Dentine-cementum junction
	60.6
	14.5
	298.6
	115.0



	Dentine in the vicinity of dentine-cementum junction
	49.2
	16.5
	225.3
	92.8
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Table 3. Nanoindentation derived mechanical properties of dentine.
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	Tooth

Area
	Young’s Modulus E, GPa
	Indentation Hardness

H, GPa





	Crown dentine

(additional area 1)
	24.6 ± 2.4
	0.9 ± 0.1



	Crown dentine

(additional area 2)
	23.8 ± 3.0
	0.8 ± 0.2



	Dentine in the vicinity of dentine-enamel junction (site 1)
	22.8
	0.6
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