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Abstract

:

The creation of buffer (hybrid) layers that provide improved adhesion to two heterogeneous materials is a promising and high-priority research area in the field of dental materials science. In our work, using FTIR and Raman microspectroscopy at the submicron level in a system of dental composites/intact dental enamel, we assessed the molecular features of formation and chemically visualized the hybrid interface formed on the basis of a nature-like adhesive, polydopamine (PDA). It is shown that a homogeneous bioinspired PDA–hybrid interface with an increased content of O-Ca-O bonds can be created using traditional methods of dental tissue pretreatment (diamond micro drilling, acid etching), as well as the subsequent alkalinization procedure and the developed synthesis technology. The development of the proposed technology for accelerated deposition of PDA–hybrid layers, as well as the creation of self-assembled biomimetic nanocomposites with antibacterial properties, may in the future find clinical application for minimally invasive dental restoration procedures.
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1. Introduction


A modern biomimetic strategy for dental hard tissue restoration requires the use of materials that meet the following requirements in terms of their physico-chemical and morphological characteristics, as well as their hierarchical structure [1,2,3,4]. Such materials should possess the maximum affinity to the natural dental tissue in phase and molecular composition, and at the same time be able to form a stable bond with the organomineral matrix of the teeth at the interface [1,5]. As a result of the biomimetic therapeutic approach it is possible to achieve not only maximum preservation of the intact enamel/dentin layer, but also to increase the lifetime of the restored area, as well as to ensure greater preservation of the tooth as a whole [3,4]. Therefore, a trend in modern dental material science is the development of a new class of hybrid biomaterials for hard tissue restoration with the above-mentioned properties [6,7,8]. To date, attempts have already been made to “regenerate” dental hard tissues, such as enamel, using synthesized mineral agents or specialized substances related to biogenic hard tissues [1,3,9,10]. However, the significant difference in the functional properties of modern restorative materials with respect to those of natural enamel/dentin, as well as the low chemical tropism of biocomposites to natural dental tissue, is a significant problem. Therefore, the durability of restorations is still an open question [1,11].



It has been repeatedly shown that the quality and durability of a completed dental restoration is determined by the stability of the formed biocomposite/dental tissue bond [12], as well as the state of the interface, which in turn depends on its pretreatment technology [4,13,14]. Therefore, in order to increase the level of bonding of dissimilar materials in dental restorations, it is necessary to maximize the bonding of the materials used [5,15]. In modern commercial bonding systems, cohesion occurs through the formation of a hybrid transition layer and adhesion of the adhesive components to the array of micropores formed as a result of etching of the natural tissue [12,16]. However, commonly available commercial restorative systems, for all their versatility and convenience, still do not provide sufficient and durable adhesion to enamel [11,17].



In our opinion, the optimal strategy for dental tissue restoration within the framework of the mentioned biomimetic approach is the formation of a hybrid bioinspired layer that can simultaneously bind actively not only to the morphological basis of dental tissue (calcium hydroxyapatite and enamel matrix proteins, which play a vital and fundamental role in enamel functioning), but also to the restorative material. As a result, improved integration of the synthetic systems with dental hard tissues can be achieved.



One such approach is the use of a nature-like adhesive, polydopamine (PDA), whose films are perfectly formed at interphase interfaces of different types (solid–liquid, liquid–liquid, water–air) [18,19,20]. PDA has been repeatedly shown to be an interesting and promising biomimetic material for the synthesis of multilayer films, stable bioinspired encapsulated nanoparticle nanocomposites, PDA-decorated proteins, etc. [18]. Due to the large number of heterogeneous chemical bonds and the flat structure of the molecule, polydopamine forms strong bonds with the surface of almost all known materials during polymerization [21,22]. The high adhesion values of PDA and the exceptional mechanical properties of the composites formed on its basis mean there are a wide range of applications of such a bioinspired adhesive. Among them, dental applications (technologies) are among the most in-demand ones [23,24].



The main problem arising at the stage of construction of bioinspired nanocomposites and related to the layered structure of PDA is the need for chemical visualization and differentiation of the organic-mineral molecular groups included in the latter at the submicron level, as well as the analysis of the emerging chemical bonds between the components. For this purpose, it is advisable to use IR and Raman imaging techniques and subsequent multispectral analysis, which allow the classification of the identified features using molecular spectroscopy signatures [25,26,27,28,29,30]. Moreover, the combination of microscopy using high-numerical-aperture optics with an FTIR spectrometer allows an optimal signal-to-noise ratio for point spectra to be achieved. At the same time, the FTIR reflection mode useful for studies of molecular changes in the region of interest (chemical imaging) with high spatial and spectral resolution [25,26,31].



It should be noted that many works are devoted to the peculiarities of the formation of thin PDA films. At the same time, in our opinion, insufficient attention has been paid to the issue of creating a PDA dental hybrid interface, the interaction between polydopamine and natural hard dental tissue, and the functionalization of the bond formed at the stage of restoration. The available data are illustrative rather than exhaustive, and require additional research.



Therefore, the aim of our work was to investigate the formation of a polydopamine-based hybrid interface between dental enamel and dental composites using high-resolution FTIR and Raman microspectroscopy at the submicron level.




2. Results and Discussion


The conditions for the polymerization of dopamine play a crucial role in the rate of deposition of PDA coatings [22,32,33]. Often, the speeding up of the polymerization process results in the formation of large agglomerates and PDA globules on the surface of a substrate [32]. Therefore, in order to provide an exaggerated formation of the uniform PDA coatings, we employed a technique proposed in [34]. To confirm that the employed technology proved to be a reliable approach to the fast creation of PDA coatings with sufficient thickness and uniformity on the surface of different materials (including dental tissue) under the same conditions (see Section 3.1), PDA was deposited on the silicon plate. Such an approach allowed us to control not only the quality of deposition, but also the roughness and uniformity of the deposited PDA films, since unlike the silicon plate, the surface of dental enamel has its own well-developed micro-morphology, which is formed due to the pre-treatment procedures.



Figure 1b represents an AFM image of thet micro-area on the surface of a PDA film deposited on the silicon plate. The results of AFM demonstrate that the PDA film is formed by the uniform distribution of a set of nanoparticles. The surface of the obtained film is characterized by a roughness of ~2.5 nm and a mean-square roughness is of ~4 nm, while the difference in height is ~30 nm; this correlates well with the results of [34]. This work was used as the basis for the elaboration of technology for exaggerated PDA deposition. At the same time, spontaneous agglomeration of nanoparticles can be seen in the AFM image (see Figure 1b), which may be due to the double deposition of the film on the substrate surface. The data obtained in our work confirm the idea that in the case of the technique employed for the accelerated deposition of the film, the thickness of the PDA coating increases linearly with the time of deposition [34]. Under the chosen technological conditions used in our work, the thickness of the PDA film was about 300 nm.



A typical light-field optical image of the denture/dental composite interface area is shown in Figure 1c. The area of the dental composite, the hybrid layer, and the natural enamel are clearly visible in contrast. It should be noted that the optical images of the interface show macro-relief, namely micron inhomogeneities in the area of the interface (Figure 1c). The formation of this macro-relief is due to the nature of cavity preparation in the dental tissue using a microturbine tip with a diamond bur, as well as the subsequent acid etching and leaching of the cavity walls (see preparation technique). The visualized micro-relief is typical of the selected preparation conditions [35,36].



It should be noted, however, that the optical images clearly do not show a formed PDA hybrid layer, which is due to both the homogeneous deposition of the PDA film on the surface of the preconditioned cavity and its thickness.



Raman spectra were collected to clarify the local phase and molecular composition at various points in the vicinity of the interface (see Figure 2). The spectra were obtained from the following areas: P1—enamel, P2—hybrid interface, and P3—dental composite. Note that using Raman microspectroscopy, the signal was collected from an area of ~1 μ2. At least ten single-type spectra were obtained in each of the three zones for all samples studied. The Raman modes in the spectra of the same-type areas did not differ in position and had slight differences in intensity and width at half of the band (FWHM). Therefore, the sample-averaged Raman spectra from the three interface regions are shown in Figure 2.



Analysis of the experimental Raman spectra from the region of healthy enamel (Figure 1, point P1) showed that the main intense maxima correspond to vibrations of phosphate and carbonate groups in the carbonate-substituted calcium hydroxyapatite (Figure 2, P1 spectrum), which is the basis of the mineral component of enamel [37,38,39,40,41,42]. The maxima attributed to phosphates are associated with four groups of υ1 to υ4 bands in the spectrum (Figure 2 P1 spectrum). The most intense of these, υ1 PO43−, is located in the region of 930–990 cm−1 [37,38,40,41,42,43]. In contrast to carbonate-substituted hydroxyapatite [42,44], this oscillation in the spectrum of healthy natural enamel is shifted to the low-frequency region and localized around 959 cm−1 (see inset to Figure 2), which correlates with the known works [42,45,46,47,48,49,50]. It should be noted that an accurate position of this mode in the spectrum depends on orientation of hydroxyapatite crystals relative to the direction of the primary laser irradiation and its polarization [42,48]. In a number of works, it was shown that PO43− symmetric stretching mode can be localized in the range of 958 cm−1 [38], 959 cm−1 [42,45,48,49,50], and 960 cm−1 [39,51,52], while in case of fluorosis, it is located at about 962 cm−1 [53,54]. In our work, we investigated the slices of dental enamel cut in parallel to the occlusion surface of the tooth crown from its middle part (see section Design of the study, Figure 1a). Taking into account the use of micro-Raman spectroscopy technique and bearing in mind that scanning was performed orthogonally to the planes of enamel slices, the position of the main maximum of PO43− in this work was ~959 cm−1, which thus corresponds to the known data [42,45,46,47,48,49,50].



The υ3 PO43− band in the Raman spectra of healthy enamel consists of several overlapping modes localized in the range 1020 cm−1 to 1045 cm−1. It should be noted that the position and relative intensities of the υ3 PO43− band components are typical of the spectrum of natural enamel apatite [42,45]. A similar pattern can be observed for the υ2 and υ4 PO43− bands. These bands are formed by two and four overlapping peaks in the region of ∼420 cm−1 to 440 cm−1 and ~575 cm−1 to 615 cm−1, respectively, which agrees with the available literature data [37,38,40,41,42,43].



The presence of carbonates in the composition of healthy enamel, and in particular the inclusion of CO32− in the crystal lattice of apatite, is reflected in Raman spectra as an active vibrational mode υ1 CO32−. It should be noted that in various calcium apatites, two variants of carbonate anion substitution of functional groups in lattice are possible. In B-type carbonated apatites, CO32− ion substitutes phosphate PO43− (typical for biogenic apatites [35,37,39,41,55,56]), which leads to the appearance of Raman spectra with maxima in the 1068–1071 cm−1 range. It should be also noted that the intensity of this mode varies in its dependence on the local features of dental tissue [39,55], just as the PO43− symmetric stretching mode depends on the orientation of the apatite nanocrystals in tooth enamel [42]. Therefore, the CO32− mode in the range of 1068 cm−1 is overlapped with the υ3 PO43− band localized near 1075 cm−1. In second variant (A-type substitution) incorporation of carbonate anion CO32− in the lattice of apatite occurs instead of the OH group that is typical of natural enamel [37,39,40], and leads to the appearance of a wide band in the 1010–1100 cm−1 region of the Raman spectrum. Analysis of this region in the intact P1 enamel spectrum demonstrates the presence of a low-intensity vibration with a maximum near 1103 cm−1, meaning a low content of A-type substitution, and at the same time, a more intensive CO32− mode in the range of 1068 cm−1 indicates at a predominant B-type carbonate substitution in the enamel apatite [37,38,40,41,42,43].



Examination of the spectrum from the hybrid interface region (see Figure 1c, point P2) and comparison with the P1 spectrum from the healthy enamel region revealed several features. These are related both to the rearrangement of the intensities of the maxima associated with the phosphate groups, and to the appearance of oscillations in the 1200–1650 cm−1 range in the P2 spectrum. Thus, in the spectrum of P2 from the region of the hybrid interface, as well as in the spectrum of natural P1 enamel (Figure 2), the most intense υ1–υ4 vibrations of phosphate groups are present. However, as can be seen from the inset to Figure 2 in the spectrum of P2 for υ1 PO43− mode, a significant (~10 cm−1) low-frequency shift is fixed in relation to its position in the spectrum of healthy enamel P1, as well as increasing FWHM. The change of the band profile in the region of 930–990 cm−1 in the Raman spectrum of P2 is due to the changes in the phase composition in the near-surface area, which take place as a result of enamel etching in 38% phosphoric acid and treatment in 0.016% solution of calcium hydroxide. The most probable calcium orthophosphates, which appear as a result of the performed pretreatment, prove to be the phases of amorphous calcium phosphate (ACP), dicalcium phosphate dihydrate (DCPD), octocalcium phosphate (OCP), and β-tricalcium phosphate (β-TCP) [57,58]. In non-equilibrium conditions, these phases can appear in mineralized tissue in different ratios. Therefore, at low concentration of these phases, their vibrational bands are overlapped, as in Raman spectra [57]. So, the observed asymmetrical spectral band in the range of 930–990 cm−1 is a result of the overlapping of bands characteristic of each of the assumed phases; the appearance of additional active maxima around 954 cm−1 is associated with ACP and OCP [57], around 949 cm−1 and 970 cm−1 is associated with β-tricalcium phosphate (β-TCP) [58,59], and around 986 cm−1 is associated with dicalcium phosphate dihydrate (DCPD) [57]. Similar changes (frequency shift and spectral profile change) are observed in the P2 spectrum for the maxima associated with PO43− phosphate groups and localized in the regions 1020–1045 cm−1, 420–440 cm−1, and ~575–615 cm−1.



In addition to the features noted, the Raman spectra from the P2 region contain additional broad vibrational bands localized in the range 1200–1650 cm−1, characteristic of carbonaceous materials whose frequencies and spectral profiles coincide with those usually observed in PDA-based materials [19,22,60].



In addition, C-H in-plane deformation near 1190 cm−1, C-C and C-N stretching in pyrrole, and C-OH stretching in the phenolic group near 1242 cm−1 (see inset to Figure 2), which are attributed to eumelanin and carbon materials having similar PDA-like supermolecular highly ordered superstructures, are observed at a low level, but are discernible [19,61].



This fact confirms the formation of a PDA layer on the surface of pre-treated enamel as a result of the synthesis procedure performed.



Analysis of the spectrum from the dental composite area confirms that in the P3 spectrum from the dental composite area in the range of 1200–1650 cm−1, no vibrations which are associated with PDA and are active in the P2 spectrum are observed. In the P3 Raman spectrum, the modes that can be attributed to the molecular groups of the materials included in the Synergy D6 flow dental material are active: 1110 cm−1 C-O-C (Phenyl), 1293 cm−1—CH-OH, 1430–1490 cm−1—CH2/CH3, 1600–1650 cm−1—aromatic and aliphatic C=C [62].



2.1. FTIR-Microspectroscopy


Chemical Mapping


A 60 × 60 μm2 interface area was mapped for each of the samples obtained in this study using an IR microscope operating in reflection mode. An optical image of a typical mapped area of one of the samples is shown in Figure 3a. Despite the reflection mode, the micro-FTIR point spectra and hyperspectral maps are presented in absorbance units.



The hyperspectral data collected for all samples, such as FTIR maps, were analyzed using hierarchical cluster analysis (HCA). HCA allows for the grouping of an array of spectroscopic information (spectra) according to their spectral response. The classification results of the HCA are presented in the form of images, within which the points showing similar spectral responses (due to having minimal intra-cluster spectral differences) are coded by the same color. In this case, the maximum inter-cluster differences will be in regions with different spectral responses [63]. In contrast to optical microscopy, analytical HCA provides unambiguous insight into the shape and boundaries of regions with specific molecular composition [25,64].



The HCA of the FTIR hyperspectral dataset (see Figure 3b) reveals a clear segmentation of regions in the hybrid DPA interface area in the spectral region chosen for the analysis and the proximity function. The HCA results show that five different C1–C5 clusters are reliably detected in the analyzed region.



Comparison of the optical (Figure 3a) and HCA images (Figure 3b) of the analyzed area suggests that the first three clusters C1–C3 are located in the dental tissue (enamel) zone, cluster C4 is in the PDA zone of the hybrid layer, and cluster C5 covers the zone of the dental composite. It should be noted that the boundaries of the clusters have a shape similar to that of the pre-drilled diamond micro drill boundary of the dental tissue, i.e., there is a close to linear spatial delineation of the clusters.



For additional spectral visualization of the obtained hyperspectral dataset and comparative analysis, chemical imaging of the mapped areas from the interface zone was performed. The phosphate vibrational mode υ3 PO43− 1170–970 cm−1, which is associated with enamel apatite [53,64,65], and the most intense mode in the spectrum of polydopamine, localized around 1605–1550 cm−1 [60,66], were used for this purpose. The oscillation frequencies were chosen based on data from the literature, in which micro-FTIR reflectance chemical imaging has been used to investigate polydopamine-based dental hard tissues and layers [35,53,64,65,66]. Surface chemical images (see Figure 3c,d) were constructed by integrating the intensity of the indicated absorption bands using CytoSpec v. 2.00.07 software. The analysis of the chemical maps allowed us to unambiguously establish the distribution of phosphate (enamel) and polymer (PDA) phases in the analyzed area. Color bars were used to encode the integral intensity of the oscillations selected for chemometrics (see Figure 3c,d).



The chemical image constructed from the intensity distribution of the phosphate υ3 PO43− mode allows not only a visualization of the mineral component distribution, but also a clear definition of the phase boundary (interface) enamel/dental composite. The intensity of the phosphate maximum shows a progressive increase as one goes deeper into the enamel on the interface side, which is associated with an increase in phosphate content in the enamel apatite, as well as an increase in the crystallinity of the apatite. These changes are related to the pre-treatment of dental tissue and the presence of calcium orthophosphates phases (most probable ACP, OCP DCPD, and β-TCP) of non-stoichiometric compositions in the interface zone, which in turn correlates with Raman microspectroscopy data (see Figure 2). In addition, a mineral gradient can be seen in the phosphate chemistry image (Figure 3c) [65]; there are individual areas with a higher intensity, which is related to the morphology of natural enamel, i.e., the existence of enamel rods (enamel prisms) and interrod substance [67,68].



Regarding the chemical image of polydopamine from 1605–1550 cm−1 (Figure 3d), the highest integral intensity of this mode is localized in the region of the hybrid interface between the enamel and dental composite, which coincides with the spatial distribution of the C4 cluster in the HCA image (Figure 3b). It is important to note that the width of the polydopamine localization region is significantly greater than the expected PDA layer thickness for the selected synthesis conditions. On the other hand, analysis of the chemical map plotted against the band associated with the PDA shows that the maximum intensity of this phase is concentrated at different points in the hybrid interface. The results of spectral analysis and chemical mapping (see Figure 3), as well as consideration of the depth of analysis for FTIR reflection mode, indicate that the experimentally recorded DPA width of the hybrid layer is determined by several factors. Firstly, when considering the area of polydopamine localization, it can be seen that it coincides with the interface zone, the boundary of which has a characteristic microrelief with ~3 μ drops due to the cavity preparation in the enamel with a diamond micro drill (Figure 3a). Secondly, after the formation of the cavity in the dental tissue, the enamel walls were etched using a 38% phosphoric acid solution followed by treatment of the cavity walls with calcium hydroxide solution (see sample preparation technique). It has been repeatedly shown that etching with phosphoric acid results not only in the removal of the lubricated layer of dental tissue and functionalization of the enamel surface, but also in the formation of micro-relief associated with non-uniform etching of the enamel cores [5,69]. Therefore, the overall surface topography of the cavity walls in enamel after pre-treatment procedures has a high roughness value, where the difference between the lower and upper point can be ~3–4 μ. It should be taken into account that the polydopamine synthesis method used in this work allowed us to obtain relatively thin layers (~50–100 nm), which are deposited on the entire surface of the formed cavity. Taking into account the two-step process of polydopamine deposition implemented in our study, the thickness of the PDA film, according to the calculations performed, should not exceed 300 nm. This fact explains the presence of the polydopamine film at each section of the formed interface, regardless of the surface roughness value. It is noteworthy that the hybrid layer thickness determined from the HCA results (Figure 3b) coincides with that determined from the PDA chemical mapping (Figure 3d). This further confirms the distribution features of the film on the surface with the pre-prepared enamel micro-relief.



The analysis of averaged FTIR spectra allowed us to clarify the molecular composition characteristics of each cluster. For this purpose, at least 30 spectra were selected from typical zones (clusters C1–C5, Figure 3b HCA) for each of the samples. Then, standard spectral data processing procedures were performed for each set of spectra: smoothing, baseline corrections, normalization, and averaging. The averaged FTIR spectra obtained in this way for each cluster are presented in Figure 4. The analysis of the spectra is based on a set of known papers describing FTIR spectroscopy studies in the reflectance mode of dental hard tissue, dental composites, and PDA-based materials [35,70,71,72,73,74].



A comparative analysis of FTIR spectroscopy results revealed that the C1 cluster spectrum (Figure 4, C1 spectrum) has features characteristic of intact enamel [35,53]. The set of vibrational modes active in the FTIR spectrum is associated with both the mineral (calcium-phosphate and carbonate) and organic (tab to Figure 4, C1 spectrum) components of hard dental tissue.



The broad absorption band in the region of 1175–925 cm−1 in the C1 cluster spectrum represents the overlapping maxima of the triply degenerate asymmetric stretching mode, which is associated with the ν3 PO43− phosphate group vibrations [64]. Nearby, around 956 cm−1, a weak ν1 PO43− (symmetric stretching) band is detected in the infrared spectrum from the region of healthy enamel. The carbonate component of enamel is identified by the presence of characteristic maxima at 1545 cm−1, 1442 cm−1, and 1401 cm−1, which belong to the antisymmetric stretching band ν3 CO32− (inset to Figure 4, C1 spectrum) in the IR spectra. These vibrations occur when hydroxyl or phosphate radicals are replaced by CO32− groups (A and B-type substitutions, respectively). Active in the spectral range near 1545 cm−1 are the ν3 CO32− bands characteristic of A-type substitution, and in the range of 1450–1410 cm−1, the bands characteristic of B-type substitution. The simultaneous presence of ν3 CO32− vibrational modes correlated with A- and B-type substitution in the spectra indicates a mixed AB-type substitution of enamel apatite, which is in agreement with the known literature data [53,64,65]. Analysis of the low-intensity vibrational modes in the 1600−1500 cm−1 region (tab, Figure 4, C1 spectrum) and associated with the organic component shows that the maximum localized around 1650 cm−1 can be attributed to the C=O amide I valence vibrations of the protein component in enamel. The low intensity of the observed mode is explained by the low content of the organic component, which is 3–5% in intact enamel.



A detailed examination of the 1700–1400 cm−1 band (inlay, Figure 4, C2, C3 spectrum) reveals a decrease in the organic component as well as A-type replacement carbonates in C2 and C3 as compared to a healthy enamel zone C1, as indicated by the reduced intensity of the corresponding vibrational modes. With all this, the amide band overlaps the carbonate band of the A-type carbonated apatite; therefore, the decrease in intensity in this range is not only suggestive of a decrease in the A-type carbonated apatite, but could be related to the weakening of amide I. All this indicates that phase changes are occurring in the dental tissue when it is re-treated with a diamond micro drill and subsequent etching/alkalisation procedures. It should be noted that an even greater transformation of the spectral profile is observed for the C4 cluster. A noticeable frequency shift of the phosphate band ν3 PO43− is detected, as well as a change in the intensity of vibrations associated with the carbonate anion CO32−. This result correlates with Raman spectroscopy data and indicates the presence of additional phases of ACP, OCP, DCPD, and β-TCP in the interface region. At the same time, no absorption bands associated with the organic component of enamel were observed in the C4 spectrum from the hybrid interface region. However, with that said, in the same spectrum, a broad band around 1585 cm−1 is present (tab to Figure 4, C4 spectrum), which is associated with the stretching modes νring(C=C) and νring(C=N) and indicates PDA formation [19], whose presence in this interface region was also detected using Raman microspectroscopy. A number of vibrations simultaneously active both in the C4 IR spectrum and in the reflectance spectrum from the C5 cluster can be ascribed to the C=O, C=C, C-N, and C-H groups as well as to the Si-O bonds included in the dental composite.



Crystalline quality as well as similarities and differences in crystal and molecular structure in different areas of enamel (C1-C3 clusters) and the PDA–hybrid interface (C4 cluster) can be estimated from the analysis of changes in the spectral profile of the phosphate vibration group. According to the available literature data, the deconvolution of the ν3 PO43− vibrational band profile in the 1175–925 cm−1 region allows us to identify the overlapping secondary phase vibrations. In this regard, it is important to note that the IR absorption spectra for various calcium phosphates have been widely described in the literature [56,74,75,76], including the differences in their vibrational spectra, with an indication of features in the position of absorption bands in the presence of defects [74]. At the same time, the rearrangement of the band correlated with the phosphate ion PO4 in the IR reflectance spectra of biogenic phosphates, similar to those obtained in our work, has been previously discussed, and its features, which are not observed or are less pronounced in the IR absorption spectra, have been described.



Therefore, for correct interpretation of the obtained spectral data, attention should be paid to the results of theoretical studies [77,78]. Thus, in [77], using a quantum chemical methodology, it was shown that in the IR spectrum of calcium-phosphate clusters, the maxima around 1092.7 cm−1 and 1073.6 cm−1 are the result of the overlap of the low-intensity ν(P-O) vibration and the average intensity of the δ(Ca-O-H) mode, while the bands around 1035.6 cm−1 and 1014.4 cm−1 refer to the ν(P-O), δ(O-P-O), and δ(Ca-O-P) bonds, respectively. The described features coincide with those observed in the reflection spectra in this work.



At the same time, a number of works devoted to theoretical and experimental studies of vibrational spectra of calcium phosphates, which are typical of natural enamel apatite, indicate that in different calcium phosphate nanostructures, depending on the stoichiometry and local atomic environment, vibrational frequencies can be observed, attributed to P-O bonds [56,74,75,76] Ca-O [79], phosphorus–oxygen bonds, and coordinated calcium, O-Ca-O, at about 1025 cm−1 [78], as well as uncoordinated P-O valence vibrations in the case of compact calcium phosphate about 1085 cm−1 [78]. In the works of Sandra Diez-García et al. and Babot-Marquillas et al., in which natural enamel was studied via FTIR reflection methods it is shown that the secondary phase vibrations in stoichiometric hydroxyapatite are Ca-O-P at 1103 cm−1, P-O at 1091 cm−1, Ca-O at 1047 cm−1, and O-Ca-O at 1031 cm−1 [64,65,80].



It should be noted that the splitting of the main phosphate band ν3 PO4 in IR spectra is often associated with the substitution of calcium atoms in the crystal lattice by external ions. In this case, a characteristic feature is the appearance of a band in the IR spectra in the region of 1095 cm−1, assigned to the Ca-O-P bond [81], which is also observed in our experimental spectrum.



Octocalcium phosphate present in solid tissues is often used to represent the structure of defective calcium hydroxyapatite as well as biogenic apatites. Rey et al. in [74] showed in detail that the spectrum of octocalcium phosphate contains several overlapping high intensity bands around 1103 cm−1, 1077 cm−1, 1055 cm−1, 1037 cm−1, and 1023 cm−1, whereas stoichiometric hydroxyapatite is characterized by oscillations around 1092 cm−1 and 1040 cm−1. This fact indicates that a change in the local environment of calcium atoms leads to the transformation of vibrational spectra and the appearance of additional bands. This reasoning is confirmed by the calculated data from [78].



It should be noted that the vibrational bands described in [77,78] have already been recorded by Raman spectroscopy in our previous work devoted to studies of enamel, dentin, and calcium hydroxyapatite [45]. In this case, the calculated values of frequencies for Ca-O bonds in the far-wavelength region of the Raman spectrum are in excellent agreement with the experiment [41,82,83].



Thus, the results of the theoretical analysis [77,78] confirm the experimental data on the vibrational spectrum of calcium phosphates [56,74,75,76], indicating the features in the IR spectra (reflections and absorptions) associated with changes in the local environment of calcium atoms in phosphates with different stoichiometry. Therefore, taking into account the classification of possible bonds described above, the experimental profile of the main phosphate band ν3 PO4 in the IR reflectance spectra (Figure 4) seems to be the result of the overlap of P-O, O-P-O, O-Ca-O, and Ca-O-P vibrational modes.



In this connection, based on the approach tested by us in a number of papers [84,85], we performed deconvolution of IR spectral profiles for C1-C4 clusters. The decomposition was performed taking into account the limitations imposed on the procedure for determining the number of maxima in the spectrum, calculating and removing the baseline, and determining the convergence of the decomposition result.



The results of the deconvolution of the spectral profiles for the C1 to C4 clusters are presented in Figure 5. Table 1 compiles the frequencies (centers of gravity), full width at half maximum (FWHM), and intensities of phonon modes, as well as their belonging to vibrations of characteristic molecular groups.



Deconvolution analysis shows that as the interface (PDA hybrid layer C4) approaches the healthy enamel side (C1), the intensities, FWHM, and frequency positions of the O-Ca-O and Ca-O-P vibrations change significantly (Figure 5a–d). The frequencies of both maxima decrease, with a low-frequency shift of ~5 cm−1 for the Ca-O-P mode. While the intensity of the oscillation associated with the Ca-O-P bonds decreases, the intensity of the O-Ca-O mode increases proportionally. The change in vibration intensity as well as the frequency shift is related both to phase transformations occurring in the area of pre-treated dental tissue under the influence of the diamond micro drill, and the subsequent pretreatment performed (etching and leaching). The increase in O-Ca-O bonds also indicates a significant increase in Ca2+ calcium ions in the boundary area and in the hybrid layer, which is a consequence of cavity treatment with Ca(OH)2 solution.



It should be noted that Raman and FTIR microspectroscopy confirm the formation of a PDA hybrid layer between the natural enamel and dental composite. However, at the same time, high-resolution FTIR microspectroscopy, due to the greater depth of analysis, gives the average characteristics of the entire structure. Raman spectroscopy, despite the fact that the analyzed spectra are averaged from similar areas for a series of similar samples, is still a local method of analysis, and reveals subtle features. Both methods capture changes in the molecular composition occurring at the interface during the formation of the PDA hybrid layer.



Thus, a comprehensive analysis of the PDA coating technology and identified molecular composition features in the enamel/polydopamine/composite interface (Figure 1 and Figure 3) suggests that polydopamine layer deposition occurs over the entire surface of the cavity formed in the enamel. The accelerated deposition conditions of the PDA film used in this work (see methodology) make it possible to obtain layers covering the surface evenly (Figure 1 and Figure 3), taking into account its macro- and microrelief features, which should contribute to the formation of a better adhesion with restorative dental materials, as was predicted earlier [21]. It has been previously noted that PDA can be used to implement the mechanism of mineralization of dental tissue and improve the adsorption and adhesion of various agents on the surface of the materials used for restoration of dental tissue [86,87]. For example, a functional material synthesized on the basis of HEMA adhesive with PDA, nanosized hydroxyapatite, and silver particles with antibacterial activity showed improved adhesion characteristics in dental restorations. Jiahui Zhang et al. [87] pointed out that the catecholamine groups of PDA introduced into a functional adhesive can combine with Ca2+. In this case, PDA enriches and promotes the formation of calcium phosphates [87] and induces the formation of hydroxyapatite on its surface [88]. At the same time, it has been shown that the introduction of nanocrystalline hydroxyapatite as a filler in the matrix of a universal web-curing adhesive can achieve increased hardness values and an increased degree of conversion during the photopolymerization of modified adhesives [89,90,91]. This is due to the interaction of nanocrystalline hydroxyapatite with the molecular groups of the adhesive, as well as a change in the chemical bonds in the system [89]. At the same time, as was rightly noted in [87], the bonding strength should not be reduced by the introduction of functional fillers to modify the adhesive. In contrast to Jiahui Zhang et al. [87], in our current work, only polydopamine deposited on the pre-treated enamel surface was used as an adhesive in the formation of the hybrid layer. The use of calcium hydroxide Ca(OH)2 allowed stable calcium orthophosphates to be introduced into the hybrid layer, with an increased content of Ca ions. The catecholamine groups of polydopamine can simultaneously bind to both Ca2+ apatite and O-Ca-O groups from the hybrid layer, thereby improving the quality of the restoration.



In this way, a homogeneous bioinspired PDA–hybrid interface between dental composites and natural dental tissues can be formed using a sufficiently simple dopamine polymerization process and an alkalinization procedure.






3. Materials and Methods


3.1. Design of Experiment


Healthy teeth (without carious lesions or erosions) extracted for orthodontic indications from donors aged 20–25 years were selected for our studies. Teeth were collected in accordance with relevant guidelines and regulations. After removal, the samples were placed in individual vials containing 0.9% saline and 0.002% sodium azide, and stored at 4 °C.



Ten teeth were used to form the hybrid layer and reproduce the synthesis conditions. Dental tissue samples were prepared according to standard procedures, the requirements of manufacturers of dental bonding systems, and the conditions necessary to obtain polydopamine-based nanolayers.



Initially, a cylindrical cavity of 3 × 3 mm was formed in each tooth orthogonal to the occlusal surface. A diamond cylindrical micro drill with a turbine handpiece and constant water jet cooling were used for this purpose. In order to avoid overheating of the dental hard tissue, the cavity walls were formed at low rotational speeds of the diamond micro drill.



The formed cavity was then rinsed with distilled water and treated with a 38% phosphoric acid H3PO4 solution to remove the lubricated layer, form a micro-relief, and functionalize the surface according to standard enamel preparation procedures [5]. After 30 s, the cavity surface was rinsed twice with distilled water to remove residual etching products and dried.



As previously shown, the use of an acidic environment during treatment can negatively affect material adhesion and affect the hydroxyapatite–organic complex bond [4,92,93,94,95]. Therefore, after using phosphoric acid, the cavity was treated with a 0.016% solution of calcium hydroxide Ca(OH)2 for 30 s. This procedure was performed to reduce the formation of metastable calcium orthophosphates on the surface of pretreated enamel, which have increased solubility and reduce the stability of the formed hybrid layer. The increased calcium content of this treatment promotes both the formation of more stable forms of calcium phosphates and the maintenance of an alkaline pH value in the interface zone, which is required to obtain polydopamine-based coatings [34].



The next step was the deposition of the polydopamine film. The procedure was performed in two stages according to the accelerated deposition mechanism. At the first stage, dental tissue samples were placed in a solution containing dopamine hydrochloride with a concentration of 2 mg/mL. After that, 5 mM CuSO4•6H2O solution was added to this solution at a constant stirring speed of 200 rpm. Next, 20 mM H2O2 was added to this solution to produce so-called reactive ionic complexes, which contribute to the accelerated oxidation of polydopamine [34]. After 1 h, the dental tissue samples were washed twice with a stream of distilled water.



It has been shown previously that after a single deposition of polydopamine using the described technology, a uniform film is formed, regardless of the surface microrelief [34]. At the same time, polydopamine deposition depends on the state of charge complexes on the deposited surface and, if uncompensated charges are present on it, the polydopamine film may be deposited non-uniformly [32]. It is also known that enamel apatite nanocrystals have uncompensated charges on their surface. Moreover, the hierarchical structure of the enamel cores and the interstitial space will set the nonhomogeneous deposition of the polydopamine film on the surface of the formed cavity. Taking these factors into account, the second stage of the accelerated deposition of the polydopamine film was carried out. For this purpose, the samples were also placed in a solution containing dopamine hydrochloride with a concentration of 2 mg/mL, and 5 mM CuSO4•6H2O and 60 mM H2O2 were added at a constant stirring speed of 300 rpm. Due to the higher concentration of the oxidant, the rate of deposition of the PDA film also increased, so the time for the second step was 30 min.



After the second stage of polydopamine film deposition, the samples were washed twice in distilled water and then dried with compressor air flow. In the last step, Synergy D6 flow commercial material (Manufacturer: Coltène/Whaledent; Type: Microhybrid flowable; Resin matrix: Methacrylates; Filler: Silanized barium glass, hydrophobic amorphous silica) [96] was applied according to the manufacturer’s instructions and photopolymerized for 60 s.




3.2. Sectioning of Dental Tissue


To conduct studies of the hybrid interface formed according to the described technology using microspectroscopic methods of analysis, the tooth samples were divided into 1 mm thick segments using a water-cooled diamond low-speed saw. Each segment was polished using diamond paste. After this procedure, the tooth samples were placed in sealed containers with constant humidity, where they were stored until structural spectroscopic studies were performed [25,45].




3.3. Synthesis of Dopamine Hydrochloride


For our studies, dopamine hydrochloride was obtained under laboratory conditions according to the following Scheme 1.



A mixture of 1.81 g of 2-(3,4-dimethoxyphenyl)ethane-1-amine and 10 mL of concentrated hydrochloric acid was heated in a sealed ampoule at 150 °C for two hours. The resulting mass was evaporated to a dry residue, and the residue was purified by preparative column chromatography on silica gel (60 µm) with methanol as eluent. After evacuation of the methanol, the residue was recrystallized from 20% hydrochloric acid. The yield was 1.35 g (71%), m. p. 238–239 °C. 1H NMR spectrum δ, ppm; J, Hz: 2.67–2.72 (2H, m, CH2); 2.90–2.93 (2H, m, CH2); 3.41–3.47 (3H + H2O, m, NH2·HCl); 6.47 (1H, dd, J1 = 8.0, J2 = 2.1, C(6)H-arom); 6.63 (1H, d, J = 2.1, C(2)H-arom); 6.68 (1H, d, J = 8.0, C(5)H-arom); 8.03 (2H, br.s, 2OH). Mass spectrum: found m/z, 154.086 [M + H]+, calculated for C8H12NO2+, 154.0863.



The 1H NMR spectrum was recorded on a Bruker DRX500 (500 MHz) in DMSO-d6, internal standard—TMS. The high-resolution mass spectrum was recorded on an Agilent Technologies LCMS TOF 6230B instrument, with a dual-ESI ionization method in a nitrogen atmosphere. Separation conditions: mobile phase 0.1% formic acid in MeCN (eluent A)/0.1% formic acid in water (eluent B). Gradient: start A:B = 60:40% for 1 min, in 3.5 min 60–100% A, then 100% A. Flow 0.4 mL/min, column—Poroshell 120 EC-C18 (4.6 × 50 mm, 2.7 μm), thermostat 28 °C, electrospray ionization (capillary −3.5 kV; fragment +191 V; OctRF +66 V—positive polarity). Melting temperatures were determined using a Stuart SMP30 instrument.




3.4. Experimental Set-Up and Parameters


3.4.1. Optical Microscopy


Optical images of the interface areas were collected using an Olympus CX40 optical microscope. Olympus 40×/0.65 Planachromatic objective and Levenhuk 5 MPix digital camera were used. The images were obtained in light field mode with flat field correction. The size of the area on the surface of the samples falling into the lens was 300 × 400 μ2 at a magnification of ×600. The images were analyzed using the TaupTek TaupVeiw version 3.7 software package (Hangzhou ToupTek Photonics Co., Hangzhou, China).




3.4.2. Raman Microspectroscopy


Point-spectral analysis of the molecular composition in the area of PDA hybrid interface between the tooth tissue and dental composite was conducted via Raman microspectroscopy. Spectra were obtained using a confocal Raman microscope RamMix 532 (InSpectr, Moscow, Russia) with 532 nm wavelength laser excitation and 25 mW of radiation power at the sample. The spectrum was collected in the range of 800–2000 cm−1 with a spectral resolution of 1 cm−1. The choice of the microregions in the area of the PDA–hybrid interface was made using an automated motorized 2-axis stage. Signals from the surface of the sample were collected with a 100× objective.



MicroRaman spectral data pre-processing, baseline correction, averaging, maximum positioning, integral area values, and decomposition into components were performed using Origin 8 software (OriginLab Corporation, Northampton, MA, USA).




3.4.3. High-Resolution FTIR Hyperspectral Analysis


FTIR spectral imaging of the interface sections was carried out at the IMBUIA beamline of the fourth-generation storage ring Sirius, at the Brazilian Synchrotron Light Laboratory (Campinas, Brazil), using an Agilent Cary 660 FTIR microscope. High-sensitivity spectral analysis and full-field spectral-imaging were performed using a 128 × 128 Focal Plane Array (FPA) IR detector (MCT type) in reflection mode. Spectra were collected in the 1800–900 cm−1 region with a spectral resolution of at least 3.5 cm−1, using a 25× high objective with high magnification mode. A region of 60 × 60 μm2 with an effective pixel size of 0.66 μm2 was analyzed.



Background spectra were acquired on the clean surface of a 100 nm thick gold film sputtered on silicon, which was placed next to the teeth sample, using 256 co-added scans. Blackman–Harris three-term apodization, Mertz phase correction, and a zero-filling factor of 2 were set as the default acquisition parameters, using Agilent Resolutions Pro version 5.0 software.



The processing of the collected hyperspectral dataset (normalization, smoothing, baseline removal, chemical mapping, and multivariate spectral analysis) was performed using CytoSpec v. 2.00.07.




3.4.4. Hyperspectral Data Processing


In our work, the second derivative and vector normalization in the 2000–900 cm−1 region of the IR spectrum were used to process the initial spectral data in our hierarchical cluster analysis (HCA), as the main vibrations characteristic of the interface zone chemicals are located there. Smoothing of the original IR spectra was performed at nine points.



The best cluster analysis algorithm was selected experimentally. The Euclidean distance was chosen as the proximity function. For clustering, Ward’s method was applied, which generates multiple partitions of the original image and considers all combinations of clusters, i.e., groups of spectra according to similarity, using variance increase as a function of distance [97]. The HCA and surface chemical images were created using CytoSpec v. 2.00.07 software.



The procedure for deconvolution of the spectra into its components, including determination of the range of local extrema (the minima and maxima of spectral function) and overlapping frequencies, was performed using Origin 8 software. The range of local extrema was determined on the basis of the calculation of the second and fourth derivatives. The quality of the expansion was determined with reference to the error minimization criterion (χ-square). As a result, the necessary criterion of convergence and reproducibility of the simulation results was found, which ensured unambiguous decomposition.






4. Conclusions


By combining microscopic and spectral analysis techniques with multidimensional hyperspectral array processing techniques, this paper shows that a PDA hybrid interface between natural hard dental enamel and dental composite can be formed using the proposed synthesis technology.



It was found that traditional methods of pre-treatment of dental tissue create a micrometric relief of the enamel/dental composite interface surface, within which (~4 μ) the spatial distribution of the polydopamine film, acting like a natural adhesive and providing adhesion of the materials, is detected. Even though natural enamel has spatial variations in chemical and phase composition (and its pretreatment at the stage of dental restorations not only reduces the degree of crystallinity, but also changes the morphology of the boundary layer and the phase composition in the micron region), the performed procedure of leaching and the subsequent deposition of bioinspired PDA adhesive allowed the formation of a hybrid interface with increased O-Ca-O bond content.



The possibility of forming PDA on the dental surface can help to restore lost mineral complexes in preconditioned hard tissue, and can improve the quality of the restoration by creating a hybrid interface without composite resin bonding, which is known to be the weak link in restorations [86,87].



The creation of PDA-based bionanocomposites in the form of buffer (hybrid) layers providing improved adhesion to two heterogeneous materials is a promising direction in the field of dental materials science. However, the introduction of the developed technologies into clinical practice for minimally invasive dental restoration procedures requires more detailed study and approbation of the technology of accelerated deposition of PDA hybrid layers, the creation of self-assembled biomimetic nanocomposites with antibacterial properties, and more study of aging processes (including conditions close to those of real life).
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Figure 1. (a) AFM images of the PDA-coated silicon wafer. (b) AFM image of micro-region of PDA film deposited on the silicon plate. (c) Optical image of the hybrid interface at ×600 magnification. P1, P2, and P3 are areas from which Raman spectra were obtained. The dotted line indicates the 60 × 60 μm2 area wherein the IR mapping was performed. 
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Figure 2. Raman spectra in different areas of the PDA hybrid interface: P1—enamel area near the interface, P2—PDA hybrid interface area, P3—dental composite area. 
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Figure 3. Images of the 60 × 60 μm2 region near the PDA hybrid interface: (a) optical image at ×600 magnification; (b) HCA analysis results; (c) IR absorbance (chemical) image of the surface area based on integration of 1170–970 cm−1 phosphate band intensity; (d) chemical image based on the integration of 1605–1550 cm−1 band intensity. 
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Figure 4. Averaged micro-FTIR reflectance spectra: C1—cluster spectrum from intact enamel; C2 and C3—cluster spectra from the area near the interface; C4—cluster spectrum coinciding with the hybrid interface area; C5—cluster spectrum from the area of the dental composite. 
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Figure 5. Deconvolution of the ν3 PO43− vibrational band profile in the spectra: (a) cluster C1 (intact enamel region); (b,c) clusters C2 and C3 from the zone near the enamel-side hybrid interface; (d) cluster C4 (PDA hybrid interface zone). 
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Scheme 1. Syntes of dopamine hydrochloride. 






Scheme 1. Syntes of dopamine hydrochloride.



[image: Ijms 24 11636 sch001]







[image: Table] 





Table 1. Parameters of the Gaussian curve components used in the decomposition of the ν3 PO43− spectral band in the 1175–925 cm−1 region.
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