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Abstract

:

The application of biomimetic strategies and nanotechnologies (nanodentology) has led to numerous innovations and provided a considerable impetus by creating a new class of modern adhesion restoration materials, including different nanofillers. An analysis of the molecular properties of biomimetic adhesives was performed in this work to find the optimal composition that provides high polymerisation and mechanical hardness. Nanocrystalline carbonate-substituted calcium hydroxyapatite (nano-cHAp) was used as the filler of the light-cured adhesive Bis-GMA (bisphenol A-glycidyl methacrylate). The characteristics of this substance correspond to the apatite of human enamel and dentin, as well as to the biogenic source of calcium: avian eggshells. The introduction and distribution of nano-cHAp fillers in the adhesive matrix resulted in changes in chemical bonding, which were observed using Fourier transform infrared (FTIR) spectroscopy. As a result of the chemical bonding, the Vickers hardness (VH) and the degree of conversion under photopolymerisation of the nano-cHAp/Bis-GMA adhesive increased for the specified concentration of nanofiller. This result could contribute to the application of the developed biomimetic adhesives and the clinical success of restorations.
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1. Introduction


One key problem in dental material science is the development of new restoration materials and the improvement of existing materials and their interactions with native dental tissue [1,2,3]. The clinical success of restoration involves the formation of a stable bond between the dental material and the native dental tissue due to the adhesive systems used [3,4,5,6,7]. The dental bonding system should be associated with the optimal ratio of the components [8], which provides the highest level of polymerisation, excellent adhesion and physical–mechanical properties. A non-optimal composition and a low degree of transformation reduce the clinical applicability of these systems.



Numerous innovations incorporating biomimetic strategies and nanotechnologies (such as nanodentology) provided considerable impetus in creating a new class of modern adhesion restoration materials [9]. It has repeatedly been shown that the trophic, mechanical (e.g., hardness and strength), physicochemical and performance properties of the adhesive polymer matrix can be enhanced by introducing various inorganic micro- and nanofillers [10,11,12]. The introduction of a nanofiller has been shown to result in the increased durability of dental restorations and improved bonding with dental tissues [10,13]. The search for new kinds of bioinspired fillers and ways to introduce them to the bond composition is an important scientific and practical task [2,14,15].



One filler often used for dental materials and bonds is calcium hydroxyapatite (HAp). The high efficiency of this compound is due to the similarity of its physicochemical characteristics with the inorganic component of human bone and dental tissue. Materials based on HAp have already been used to restore and regenerate tissue and modify cement and bonds [16,17,18]. Including HAp in dental adhesives changes their properties by increasing the degree of polymerisation, improving the adhesion and adhesive strength under macro-shear and enhancing the integration of the components with the native dental tissue [19,20]. However, the optimum content of nanocrystalline filler in the polymer matrix remains unknown.



The mechanical properties of a restoration material such as elastic modulus, material strength and the degree of polymerisation are important for clinical efficiency. A review of the literature has found a sufficient number of works [16,19,20,21] where the changes in the strength of adhesives filled with different nanofillers, including hydroxyapatite, were investigated. However, these reports lacked hardness values, estimates of the degree of polymerisation as a function of the nanofiller content and analysis of the molecular properties of the material.



Therefore, the main goal of our work was to determine the proper adaptive composition and molecular properties of a biomimetic adhesive based on bisphenol A-glycidyl methacrylate (Bis-GMA) filled with nanocrystalline carbonate-substituted hydroxyapatite (nano-cHAp), which provides a high degree of polymerisation and mechanical hardness.




2. Methods of Production and Study of the Samples


To obtain the biomimetic samples, we used bisphenol A-glycidyl methacrylate (Polysciences, Warrington, PA, USA, code 03344) commercial adhesive [8,22]. Nano-cHAp corresponding to the features of human tooth enamel and dentin [22,23,24] was applied as a filler for the light-cured Bis-GMA adhesive.



Samples of nano-cHAp were obtained using the wet chemistry method of titrating a concentrated solution of calcium hydroxide (Ca(OH)2) with 0.3 M orthophosphoric acid (H3PO4). The raw calcium hydroxide was obtained via the thermal annealing of chicken eggshells [22]. The morphological organisation of nano-cHAp synthesised according to this method is close to that of human hard dental tissues since it is formed of nanocrystals with the mean size of 20 × 20 × 50 nm [22]. This characteristic is an important feature for forming a biomimetic material capable of replacing the natural biogenic nano-cHAp. The nano-cHAp and the adhesive were mixed using an ultrasound homogeniser QSonica Q55 (Qsonica LLC, CT, USA) for 30 s.



To determine the adaptive composition and molecular properties of the biomimetic nano-filled adhesives, samples were prepared with different proportions of raw components (see Table 1). Ten samples of each type were prepared. After adding the nano-cHAp into Bis-GMA adhesive, the photopolymerisation process was performed with an ultraviolet diode illuminator (the width of the light band was 380–420 nm) for 60 s.



The molecular properties of the samples were investigated using Fourier transform infrared (FTIR) spectroscopy, including synchrotron FTIR microspectroscopy, at the Infrared Microspectroscopy beamline (Australian Synchrotron, Victoria, Australia). The experiments were performed with a Bruker VERTEX 80v spectrometer coupled with a Hyperion3000 FTIR microscope and liquid nitrogen-cooled narrow-band mercury cadmium telluride detector (Bruker Optik GmbH, Ettlingen, Germany). All FTIR absorption spectra were recorded using the attenuated total reflection (ATR) Diamond Platinum accessory (Bruker Optik GmbH, Ettlingen, Germany) within the spectral range of 3800–400 cm−1 at 4 cm−1 spectral resolution. Blackman–Harris 3-term anodisation, Mertz phase correction and a zero-filling factor of 2 were used as the default acquisition parameters in the OPUS software suite (v7.5, Bruker Optik GmbH, Ettlingen, Germany). Spectral data processing, baseline correction, averaging, determination of the peak positions and decomposition into components were performed in the Origin 8.0 program suite. Statistics was described using SigmaPlot.



After photopolymerisation, the microhardness of the synthesised biomimetic adhesive samples was determined using the Vickers technique and employing an optical microscope–hardness testing instrument (RMT-3, Moscow, Russia). Hardness values were averaged over ten measurements for each sample.




3. Results and Discussion


As noted previously, the microhardness of the samples is important to the clinical applicability of these materials in dental practice. The Vickers technique was used to measure the microhardness of the biomimetic Bis-GMA/nano-cHAp adhesives. Using this technique, microhardness can be determined based on the measurement of micro-indentations of a diamond pyramid pushed into the surface of a sample at a certain load (see Figure 1).



The microhardness number (HV) is determined from the following expression:


   H μ  =   2 P s i n  (   θ 2   )     d 2     



(1)




where P is the applied loading, d is the length of the indentation diagonal and θ = 136°, the angle at the top of the diamond square Vickers tip.



The microhardness was determined from at least five measurements at different points on each of ten specimens of a sample with specific proportions of the components. After that, the results were averaged and are presented in Table 1 as the mean ± standard deviation. The standard deviation did not exceed 3%.



From the data analysis in Table 1, the microhardness of the biomimetic Bis-GMA/nano-cHAp adhesive attains a maximum at the content of ~0.16 g nano-cHAp in 250 mL of Bis-GMA adhesive. After that, decreased microhardness is observed. The non-linear behaviour of the dependence of the microhardness values on the nano-cHAp content is due to the changes that occur in the molecular composition of the samples [16,19,20,21].



In the case of a multi-component light-cured adhesive containing many active molecules and functional groups with the addition of nanofiller, the changes to the mechanical properties of the final material are as much due to the filler as to the original adhesive [25]. In order to analyse variations in the molecular structure of the adhesive system as a result of its modification by the use of the nano-cHAp filler, we used FTIR spectroscopy. Representative FTIR spectra for all types of biomimetic adhesive samples (see Table 1) are shown in Figure 2. Moreover, for more convenient analysis of the changes in molecular composition, the FTIR spectrum of the original Bis-GMA adhesive is presented in Figure 3, along with the spectrum of nano-cHAp and the spectrum of sample #1, biomimetic adhesive Bis-GMA/nano-cHAp (0.2 g), which contains the maximum amount of added nano-cHAp filler.



All of the FTIR spectra are presented in the range of 2000–400 cm−1. The most intense modes, associated with the characteristic vibrations of the original Bis-GMA adhesive and nano-cHAp, appear in this range. In order to compare these spectra, they were normalised to the maximum intensity. Preliminary consideration of the obtained experimental spectral data showed that the FTIR spectra of the samples involve the same set of vibrational modes associated with certain molecular bonds. Moreover, the intensity of the spectra of the same sample types differs insignificantly. Considering this fact, the spectra used for performing the following analysis are averaged over a certain type of sample.



The FTIR spectra (Figure 2 and Figure 3) were analysed after a literature search. Many HAp samples and various adhesive systems based on Bis-GMA [8,16,25,26,27] have been studied using molecular spectroscopy techniques. The frequencies of the active vibrations in the FTIR spectra and their association with certain molecular groups and ions are presented in Table 2. Comparison of the reference and experimental data showed that the main and most intense modes in the FTIR spectra for all of the samples (see Table 2) could be associated with either the characteristic vibrations of nano-cHAp [28,29] or the vibrations of the adhesive Bis-GMA [8,25,26].



In the range of 1110–960 cm−1, the most intensive band in the FTIR spectra assigned to nano-cHAp occurred and was associated with the vibrations of υ1 and υ3 PO43− [21,22,27]. The second most intense vibrational band was associated with nano-cHAp filler (two separate peaks in the range of 600–550 cm−1), specifically, the υ4 PO43− mode [21,22,27]. Moreover, a low-intensity doublet in the spectra of the samples was observed in the range of 1451–1414 cm−1, which can be associated with the symmetric and asymmetric vibrations, υ3, of the CO32− groups in nano-cHAp, when a carbonate anion replaces the PO4 group in apatite [30].



The characteristic vibrations associated with the Bis-GMA adhesive are an absorption band at 1750–1665 cm−1 associated with C=O stretching in the methacrylate group; a band at 1150–1120 cm−1 associated with C–O–C stretching; a triplet in the range of 1320–1120 cm−1 related to the C–O bond vibration; a band at 1528 cm−1 associated with the aromatic C=C group; and a band at 1450 cm−1 associated with C–H bending vibrations [8,25,26]. In addition, in the FTIR spectrum of unaltered Bis-GMA adhesive (see Figure 3), several low-intensity absorption bands can be attributed to specific molecular groups (see Table 2). More detailed spectral features for seven fingerprint regions containing the main characteristic vibrations of nano-cHAp and Bis-GMA are depicted in Figure 4.



In Figure 4 (from high to low wavenumbers), the following regions are presented: (1) the range of 1750–1675 cm−1, where C=O vibrations of the ether group (–COOCH3), a component of the Bis-GMA adhesive, appear (the band has a fine structure of an unresolved doublet); (2) the range of 1650–1590 cm−1, where aliphatic C=C and aromatic C–C vibrations of Bis-GMA are present; (3) the region of 1410–1375 cm−1, where the C–H bending doublet of the methacrylate group I Bis-GMA occurs; (4) the region of 1275–1125 cm−1, where the aromatic C–O and C–O–C stretches of Bis-GMA are located; (5) a spectral band in the range of 1100–980 cm−1 is associated with the asymmetric O–P–O stretching mode υ3 of PO43−; (6) the region of 975–925 cm−1, where the valence mode, υ1, of the P–O bond (υ1 of the PO43−) occurs as well as the C–H vibrations of Bis-GMA; and (7) the range of 610–530 cm−1, where the doublet υ4 (O–P–O bending mode) of PO43− is located.



Analysis of Figure 2 shows that the intensities of the active vibrations in the FTIR spectra change predictably depending on the ratio of the components of the biomimetic Bis-GMA/nano-cHAp adhesive, thus confirming the changes in the composition of a material. The following spectral features are affected by changes in the amount of nano-cHAp filler added.



For example, vibrations associated with the C=O group in ether (–COOCH3) shifted towards the 1717 cm−1, and the simultaneous redistribution of intensities between the components in the unresolved doublet was observed. The intensities of the nano-cHAp peaks in the high-frequency range (i.e., the shoulder) became noticeably higher. In addition, a noticeable redistribution of the peaks of the C–H bending doublet (1410–1375 cm−1) and the υ4 PO43− doublet (610–530 cm−1) was observed. Moreover, with the increased addition of nano-cHAp filler, the intensity of the υ1 and υ3 modes (PO43−) increased, and the position of the υ3 (PO43−) peak noticeably shifted from 1027 cm−1 to 1020 cm−1. The behaviour of the aromatic C–O (1243 cm−1) and C–O–C stretch (1150 cm−1) vibrations also indicated molecular changes. With increased nano-cHAp content, the aromatic C–O band did not change, while the vibration band associated with the C–O–C bond shifted towards higher frequencies.



The degree of conversion for the adhesive material can be determined using the FTIR data [31]. To accomplish this, the ratio of integral intensities for the bands related to the aliphatic (C–C) bonds versus the bands related to the aromatic (C=C) bonds before and after polymerisation must be determined. The aliphatic C=C bond contribution was determined from the intensity of the vibrations near 1637 cm−1, while the contribution of the aromatic (C=C) bonds was determined from the intensity of the vibrations near 1610 cm−1. Calculations were performed for ten samples of pure Bis-GMA adhesive and each of the ten biomimetic adhesive specimens. After that, the mean values for the degree of conversion for each group of the specimens were determined, and the standard deviation was calculated, which did not exceed 2% (see Table 1).



Calculating the degrees of conversion for the samples showed that the original adhesive based on Bis-GMA contained 22.0% ± 1.4% non-polymerised bonds, which agreed with the calculations presented for the adhesive based on Bis-GMA/HEMA from [31]. When nano-cHAp was added, the degree of conversion (polymerisation) increased, attained its maximum at ~93%, then decreased.



Spline curves of the dependence of the microhardness and degree of polymerisation of the samples on the amount of nano-cHAp added to the biomimetic adhesive are presented in Figure 5. Both values, representing the mechanical and molecular properties of the synthesised biomimetic adhesives, depended similarly on the filler content. Simultaneous graphical analysis allowed the determination of the range of optimal compositions for the biomimetic adhesive, which provided a maximal value of the microhardness and the degree of conversion during polymerisation. From the calculations, it followed (see Figure 5) that the content of nano-cHAp with characteristic morphological characteristics (20 × 20 × 50 nm) should be between 0.125 and 0.135 g per 250 mL of Bis-GMA (Figure 5).



Analysing the results of our investigations and comparing them with the data obtained from similar experiments [32,33,34], it is possible to make the following conclusions. The molecular properties of the synthesised biomimetic adhesives were inherited from the original Bis-GMA adhesive and the nano-cHAp used for their production. They are also due to the proportions of these components in the final adhesive composition.



The redistribution of the intensities observed in the FTIR spectra, as well as the change in the arrangement of the bands related to both Bis-GMA and nano-cHAp, indicated the interaction of the surface bonds in the nanofiller with the active molecular groups of the adhesive. The mechanisms of such interaction were previously considered in [27,32,33,34]. The formation of additional bonds due to the large specific surface area of the filler nanoparticles results in the change in characteristics and is referred to as the molecular structure of an adhesive and a filler. The change in the intensities of the vibrational modes of C=C, C–O, C–O–C and υ4 PO43− (O–P–O bending mode) occurred simultaneously. Moreover, as previously shown, the width of the high-frequency maximum of υ4 PO43− of the doublet (near 605 cm−1) was correlated with the changes in the local and spatial structure of bioapatite [27]. The infrared splitting factor (IRSF), used to estimate bioapatite crystallinity, is the sum of the peak intensities at 605 and 562 cm−1 (υ4 PO43− vibrational mode) divided by the intensity of the valley between them. Calculations showed that the IRSF had a minimum in the range of compositions of 0.12–0.16 g and a characteristic value for fresh bone and dentin [27].



The transformation of the molecular composition was also observed as the change in strength (hardness) of the Bis-GMA/nano-cHAp adhesive, as a greater degree of conversion under photopolymerisation decreases the probability of degradation and polymer plasticisation [21].



Before this work, it had been shown that the involvement of nanoparticles improved the mechanical properties of dental composites. The addition of the silicon nanoparticle fillers to adhesion systems improved the mechanical properties and elastic modulus by changing the distribution of stresses caused by polymerisation [32]. The modification of adhesive systems based on Bis-GMA, TEGDMA and HEMA with the use of HAp nanocrystallites from the work of Leitune et al. [21] correlated well with the dependence of the mechanical properties of adhesives on increased added nanofillers observed in this work. Using HAp nanoparticles with a mean size of ~27 nm, enhanced microhardness values were attained in the range of ~32.35 MPa. After that, further increasing the HAp nanoparticle content in the adhesive led to a characteristic decay of mechanical properties. However, in this work, even greater microhardness values (HV) with an increased degree of conversion exceeding 63.84% were obtained. The latter was attained by Leitune et al. [21] for the addition of 1% HAp by mass.



According to previous work, the values of VH for natural enamel and dentin are within the limits of ~270–360 HV and 50–60 HV, respectively [35,36]. From the results obtained in this study (Figure 5), by modifying Bis-GMA with nano-cHAp, it is possible to attain a value of VH greater than the dentin hardness but less than that of dental enamel. This composite would probably redistribute natural loads between the anatomic tissues efficiently.



The practical results of our studies have already been demonstrated in our previous works [37,38], where the modification of Bis-GMA adhesive with nano-cHAp made it possible to form a biomimetic hybrid interface integrated with the structure of the tissue. This result showed that the addition of HAp into the adhesive system could prevent degradation of the hybrid layer and remain efficiently bound with time [19,20,21].



It has been repeatedly noted that an important factor of the process is the size of the nanofiller particles. Large particles can lead to the agglomeration of the particles and the degradation of the mechanical properties of the interface [34]. However, the type of nanofiller also has a great impact on the final properties of the modified material. Unlike many previous similar investigations where HAp nanoparticles and other inorganic nanomaterials were applied as the filling of adhesion systems, this work used nanocrystals of cHAp with the mean size of 20 × 20 × 50 nm, obtained according to our new method. These nanocrystals are characteristic of the native dental tissue. The uniform distribution of the nano-cHAp filler in the adhesive matrix, as well the interaction with the molecular groups of the filler, favours the changes in molecular bonds that were confirmed using FTIR spectroscopy; as a result, the mechanical characteristics of the material were considerably improved.




4. Conclusions


With the use of light-cured Bis-GMA adhesive and nano-cHAp corresponding to an aggregate set of characteristics of the apatite of human enamel and dentin obtained from avian eggshells, a biogenic source of calcium, biomimetic Bis-GMA/nano-cHAp adhesives were synthesised. The introduction and distribution of the nano-cHAp filler in the adhesive matrix, as well as its interaction with molecular groups of the adhesive, resulted in changes to the chemical bonds that were confirmed via FTIR spectroscopy. In summary, for the specified nanofiller concentration, increased values of the VH and degree of conversion were attained simultaneously in the light-cured Bis-GMA/nano-cHAp adhesive. This result will considerably influence the application of the developed biomimetic adhesives and the clinical success of tooth restoration using these composites.







Author Contributions


P.S.: conceived and designed the experiments, analysed the data, performed the experiments, contributed reagents/materials/analysis tools and wrote the manuscript. D.G.: contributed reagents/materials/analysis tools, performed the experiments, analysed the data, prepared the figures and/or tables and wrote the manuscript. V.K.: investigation. Y.I.: contributed reagents/materials/analysis tools and wrote the manuscript. J.V.: performed the experiments. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the grant of the Russian Science Foundation, grant number 21-15-00026. The access to scientific equipment and methodology was provided under the support of the Ministry of Science and Higher Education of Russia, Agreement No. 075-15-2021-1351.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


The part of this research was undertaken with the Infrared Microspectroscopy (IRM) beamline at the Australian Synchrotron.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Perdigão, J. Current perspectives on dental adhesion: (1) Dentin adhesion—Not there yet. Jpn. Dent. Sci. Rev. 2020, 56, 190–207. [Google Scholar] [CrossRef]

	



Goswami, S. Biomimetic dentistry. J. Oral Res. Rev. 2018, 10, 28–32. [Google Scholar] [CrossRef]

	



Zhou, Y.; Zhou, Y.; Gao, L.; Wu, C.; Chang, J. Synthesis of artificial dental enamel by an elastin-like polypeptide assisted biomimetic approach. J. Mater. Chem. B 2018, 6, 844–853. [Google Scholar] [CrossRef]

	



Chun, H.J.; Park, K.; Kim, C.-H.; Khang, G. Novel Biomaterials for Regenerative Medicine; Springer: Berlin/Heidelberg, Germany, 2018; ISBN 9789811309472. [Google Scholar]

	



Comeau, P.; Willett, T. Impact of Side Chain Polarity on Non-Stoichiometric Nano-Hydroxyapatite Surface Functionalization with Amino Acids. Sci. Rep. 2018, 8, 1–11. [Google Scholar] [CrossRef]

	



Tavafoghi, M.; Cerruti, M. The role of amino acids in hydroxyapatite mineralization. J. R. Soc. Interface 2016, 13, 20160462. [Google Scholar] [CrossRef]

	



Libonati, F.; Nair, A.K.; Vergani, L.; Buehler, M.J. Mechanics of collagen–hydroxyapatite model nanocomposites. Mech. Res. Commun. 2014, 58, 17–23. [Google Scholar] [CrossRef]

	



Delgado, A.H.; Young, A.M. Modelling ATR-FTIR Spectra of Dental Bonding Systems to Investigate Composition and Polymerisation Kinetics. Materials 2021, 14, 760. [Google Scholar] [CrossRef]

	



Zafar, M.S.; Amin, F.; Fareed, M.A.; Ghabbani, H.; Riaz, S.; Khurshid, Z.; Kumar, N. Biomimetic Aspects of Restorative Dentistry Biomaterials. Biomimetics 2020, 5, 34. [Google Scholar] [CrossRef]

	



Alhenaki, A.M.; Attar, E.A.; Alshahrani, A.; Farooq, I.; Vohra, F.; Abduljabbar, T. Dentin Bond Integrity of Filled and Unfilled Resin Adhesive Enhanced with Silica Nanoparticles—An SEM, EDX, Micro-Raman, FTIR and Micro-Tensile Bond Strength Study. Polymers 2021, 13, 1093. [Google Scholar] [CrossRef]

	



Timpe, N.; Fullriede, H.; Borchers, L.; Stiesch, M.; Behrens, P.; Menzel, H. Nanoporous silica nanoparticles with spherical and anisotropic shape as fillers in dental composite materials. BioNanoMaterials 2014, 15, 89–99. [Google Scholar] [CrossRef]

	



Mirică, I.-C.; Furtos, G.; Bâldea, B.; Lucaciu, O.; Ilea, A.; Moldovan, M.; Câmpian, R.-S. Influence of Filler Loading on the Mechanical Properties of Flowable Resin Composites. Materials 2020, 13, 1477. [Google Scholar] [CrossRef]

	



Furtos, G.; Naghiu, M.-A.; Declercq, H.; Gorea, M.; Prejmerean, C.; Pana, O.; Tomoaia-Cotisel, M. Nano forsterite biocomposites for medical applications: Mechanical properties and bioactivity. J. Biomed. Mater. Res. B Appl. Biomater. 2016, 104, 1290–1301. [Google Scholar] [CrossRef]

	



Lagazzo, A.; Barberis, F.; Carbone, C.; Ramis, G.; Finocchio, E. Molecular level interactions in brushite-aminoacids composites. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 70, 721–727. [Google Scholar] [CrossRef]

	



Kwak, S.Y.; Litman, A.; Margolis, H.C.; Yamakoshi, Y.; Simmer, J.P. Biomimetic Enamel Regeneration Mediated by Leucine-Rich Amelogenin Peptide. J. Dent. Res. 2017, 96, 524–530. [Google Scholar] [CrossRef]

	



Provenzi, C.; Leitune, V.C.; Collares, F.M.; Trommer, R.; Bergmann, C.P.; Samuel, S.M. Interface evaluation of experimental dental adhesives with nanostructured hydroxyapatite incorporation. Appl. Adhes. Sci. 2014, 2, 2. [Google Scholar] [CrossRef]

	



Furtos, G.; Tomoaia-Cotisel, M.; Garbo, C.; Şenilă, M.; Jumate, N.; Vida-Simiti, I.; Prejmerean, C. New Composite Bone Cement Based on Hydroxyapatite and Nanosilver. Part. Sci. Technol. 2013, 31, 392–398. [Google Scholar] [CrossRef]

	



Dorozhkin, S.V. Calcium Orthophosphate-Containing Biocomposites and Hybrid Biomaterials for Biomedical Applications. J. Funct. Biomater. 2015, 6, 708–832. [Google Scholar] [CrossRef]

	



Lezaja, M.; Jokic, B.M.; Veljovic, D.N.; Miletic, V. Shear bond strength to dentine of dental adhesives containing hydroxyapatite nano-fillers. J. Adhes. Sci. Technol. 2016, 30, 2678–2689. [Google Scholar] [CrossRef]

	



Al-Hamdan, R.S.; Almutairi, B.; Kattan, H.F.; Alresayes, S.; Abduljabbar, T.; Vohra, F. Assessment of Hydroxyapatite Nanospheres Incorporated Dentin Adhesive. A SEM/EDX, Micro-Raman, Microtensile and Micro-Indentation Study. Coatings 2020, 10, 1181. [Google Scholar] [CrossRef]

	



Leitune, V.C.B.; Collares, F.M.; Trommer, R.M.; Andrioli, D.G.; Bergmann, C.P.; Samuel, S.M.W. The addition of nanostructured hydroxyapatite to an experimental adhesive resin. J. Dent. 2013, 41, 321–327. [Google Scholar] [CrossRef]

	



Seredin, P.V.; Goloshchapov, D.L.; Prutskij, T.; Ippolitov, Y.A. Fabrication and characterisation of composites materials similar optically and in composition to native dental tissues. Results Phys. 2017, 7, 1086–1094. [Google Scholar] [CrossRef]

	



Goloshchapov, D.L.; Gushchin, M.S.; Kashkarov, V.M.; Seredin, P.V.; Ippolitov, Y.A.; Khmelevsky, N.O.; Aksenenko, A.Y. XPS and XANES studies of biomimetic composites based on B-type nano-hydroxyapatite. Results Phys. 2018, 9, 1386–1387. [Google Scholar] [CrossRef]

	



Goloshchapov, D.; Buylov, N.; Emelyanova, A.; Ippolitov, I.; Ippolitov, Y.; Kashkarov, V.; Khudyakov, Y.; Nikitkov, K.; Seredin, P. Raman and XANES Spectroscopic Study of the Influence of Coordination Atomic and Molecular Environments in Biomimetic Composite Materials Integrated with Dental Tissue. Nanomaterials 2021, 11, 3099. [Google Scholar] [CrossRef]

	



Khan, A.S.; Khalid, H.; Sarfraz, Z.; Khan, M.; Iqbal, J.; Muhammad, N.; Fareed, M.A.; Rehman, I.U. Vibrational spectroscopy of selective dental restorative materials. Appl. Spectrosc. Rev. 2017, 52, 507–540. [Google Scholar] [CrossRef]

	



Ye, Q.; Parthasarathy, R.; Abedin, F.; Laurence, J.S.; Misra, A.; Spencer, P. Multivariate Analysis of Attenuated Total Reflection Fourier Transform Infrared (ATR FT-IR) Spectroscopic Data to Confirm Phase Partitioning in Methacrylate-Based Dentin Adhesive. Appl. Spectrosc. 2013, 67, 1473–1478. [Google Scholar] [CrossRef]

	



Dal Sasso, G.; Asscher, Y.; Angelini, I.; Nodari, L.; Artioli, G. A universal curve of apatite crystallinity for the assessment of bone integrity and preservation. Sci. Rep. 2018, 8, 12025. [Google Scholar] [CrossRef]

	



Bērziņš, K.; Sutton, J.J.; Loch, C.; Beckett, D.; Wheeler, B.J.; Drummond, B.K.; Fraser-Miller, S.J.; Gordon, K.C. Application of low-wavenumber Raman spectroscopy to the analysis of human teeth. J. Raman Spectrosc. 2019, 50, 1375–1387. [Google Scholar] [CrossRef]

	



Pezzotti, G.; Zhu, W.; Boffelli, M.; Adachi, T.; Ichioka, H.; Yamamoto, T.; Marunaka, Y.; Kanamura, N. Vibrational algorithms for quantitative crystallographic analyses of hydroxyapatite-based biomaterials: I, theoretical foundations. Anal. Bioanal. Chem. 2015, 407, 3325–3342. [Google Scholar] [CrossRef]

	



Goloshchapov, D.; Kashkarov, V.; Nikitkov, K.; Seredin, P. Investigation of the Effect of Nanocrystalline Calcium Carbonate-Substituted Hydroxyapatite and L-Lysine and L-Arginine Surface Interactions on the Molecular Properties of Dental Biomimetic Composites. Biomimetics 2021, 6, 70. [Google Scholar] [CrossRef]

	



Daood, U.; Swee Heng, C.; Neo Chiew Lian, J.; Fawzy, A.S. In vitro analysis of riboflavin-modified, experimental, two-step etch-and-rinse dentin adhesive: Fourier transform infrared spectroscopy and micro-Raman studies. Int. J. Oral Sci. 2015, 7, 110–124. [Google Scholar] [CrossRef]

	



Kasraei, S.; Khamverdi, Z. Effect of Nanofiller Addition to an Experimental Dentin Adhesive on Microtensile Bond Strength to Human Dentin. J. Dent. Tehran Univ. Med. Sci. 2009, 6, 1–5. [Google Scholar]

	



Mikhail, S.S.; Azer, S.S.; Schricker, S.R. Nanofillers in Restorative Dental Materials. In Handbook of Nanomaterials Properties; Bhushan, B., Luo, D., Schricker, S.R., Sigmund, W., Zauscher, S., Eds.; Springer: Berlin/Heidelberg, Germany, 2014; pp. 1377–1442. ISBN 978-3-642-31106-2. [Google Scholar]

	



Souza, G.M.D. Nanoparticles in Restorative Materials. In Nanotechnology in Endodontics; Kishen, A., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 139–171. ISBN 978-3-319-13574-8. [Google Scholar]

	



Del Gutiérrez-Salazar, M.P.; Reyes-Gasga, J. Microhardness and chemical composition of human tooth. Mater. Res. 2003, 6, 367–373. [Google Scholar] [CrossRef]

	



Aydın, B.; Pamir, T.; Baltaci, A.; Orman, M.N.; Turk, T. Effect of storage solutions on microhardness of crown enamel and dentin. Eur. J. Dent. 2015, 9, 262–266. [Google Scholar] [CrossRef]

	



Seredin, P.; Goloshchapov, D.; Ippolitov, Y.; Vongsvivut, J. Engineering of a Biomimetic Interface between a Native Dental Tissue and Restorative Composite and Its Study Using Synchrotron FTIR Microscopic Mapping. Int. J. Mol. Sci. 2021, 22, 6510. [Google Scholar] [CrossRef]

	



Seredin, P.; Goloshchapov, D.; Kashkarov, V.; Ippolitov, Y.; Ippolitov, I.; Vongsvivut, J. To the Question on the Use of Multivariate Analysis and 2D Visualisation of Synchrotron ATR-FTIR Chemical Imaging Spectral Data in the Diagnostics of Biomimetic Sound Dentin/Dental Composite Interface. Diagnostics 2021, 11, 1294. [Google Scholar] [CrossRef]








[image: Biomimetics 07 00035 g001 550] 





Figure 1. Determination of the microhardness of samples containing different proportions of nano-cHAp and adhesive from the indentation made by the diamond pyramid in the samples. Magnification ×130. 
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Figure 2. Comparison of FTIR spectra of dental biomimetic adhesives containing different amounts of nano-cHAp. (1) Sample #6 Bis-GMA/nano-cHAp (0.01 g); (2) sample #6 Bis-GMA/nano-cHAp (0.04 g); (3) sample #4 Bis-GMA/nano-cHAp (0.08 g); (4) sample #3 Bis-GMA/nano-cHAp (0.12 g); (5) sample #2 Bis-GMA/nano-cHAp (0.16 g); (6) sample #1 Bis-GMA/nano-cHAp (0.01 g). 
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Figure 3. FTIR spectra of the (1) original Bis-GMA adhesive, (2) nanocrystalline carbonate-substituted calcium hydroxyapatite (nano-cHAp) and (3) sample #1 Bis-GMA/nano-cHAp (0.2 g). 
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Figure 4. Spectral features of biomimetic adhesives. (1) Sample #6 Bis-GMA/nano-cHAp (0.01 g); (2) sample #6 Bis-GMA/nano-cHAp (0.04 g); (3) sample #4 Bis-GMA/nano-cHAp (0.08 g); (4) sample #3 Bis-GMA/nano-cHAp (0.12 g); (5) sample #2 Bis-GMA/nano-cHAp (0.16 g); (6) sample #1 Bis-GMA/nano-cHAp (0.01 g). 
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Figure 5. Comparison of the dependence of microhardness, Hμ (VH), and degree of conversion of biomimetic adhesives on nanofiller admixture. 
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Table 1. Composition of the synthesised biomimetic adhesive samples.
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	Sample
	Bis-GMA, mL
	nano-cHAp, g
	Hμ (HV)
	Degree of Conversion





	#1
	250
	0.2
	33.68
	0.827 ± 0.012



	#2
	250
	0.16
	29.16
	0.93 ± 0.016



	#3
	250
	0.12
	43.56
	0.80 ± 0.014



	#4
	250
	0.08
	87.90
	0.74 ± 0.015



	#5
	250
	0.04
	91.82
	0.68 ± 0.015



	#6
	250
	0.01
	72.60
	0.654 ± 0.016
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Table 2. Molecular vibrations in the FTIR spectra of biomimetic adhesives.
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Wavenumber (cm−1)

	
Assignment

	
Compound

	
References






	
1750–1665

	
C=O stretch,

(–COOCH3) ether

	
Bis-GMA*

	
[8,25,26]




	
1637

	
Aliphatic C=C

	
Bis-GMA

	
[8,25,26]




	
1610

	
Aromatic C=C

	
Bis-GMA

	
[8,25,26]




	
1528, 1510

	
Aromatic C=C

	
Bis-GMA

	
[8,25,26]




	
1451

	
C–H bending, υ3 CO32− in HAp lattice

	
Bis-GMA, nano-cHAp*

	
[22]




	
1414

	
υ3 CO32− in HAp lattice

	
nano-cHAp

	
[8,25,26]




	
1403, 1380

	
C–H bending

	
Bis-GMA

	
[8,25,26]




	
1320, 1295

	
C–O stretch doublet

	
Bis-GMA

	
[8,25,26]




	
1243

	
Aromatic C–O

	
Bis-GMA

	
[8,25,26]




	
1150

	
C–O–C stretch

	
Bis-GMA

	
[8,25,26]




	
1120

	
C–O–C stretch

	
Bis-GMA

	
[8,25,26]




	
1090

	
υ3 PO43−

	
nano-cHAp

	
[22]




	
1081

	
C–OH stretch

	
Bis-GMA

	
[8,25,26]




	
962

	
υ1 PO43− (stretching mode of the P–O bond)

	
nano-cHAp

	
[22]




	
960, 945

	
C-H

	
Bis-GMA

	
[8,25,26]




	
878, 870

	
CO32− in HAP lattice

	
nano-cHAp

	
[22]




	
815

	
C–C–O stretch

	
Bis-GMA

	
[8,25,26]




	
630

	
δ OH

	
nano-cHAp

	
[22]




	
602, 597

	
υ4 PO43− O–P–O bending modes

	
nano-cHAp

	
[22]




	
562.560

	
nano-cHAp

	
[22]








Bis-GMA*—bisphenol A-glycidyl methacrylate; nano-cHAp*—nanocrystalline carbonate-substituted calcium hydroxyapatite; HAp lattice—hydroxyapatite crystal lattice.
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