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Abstract

:

Hydroxyapatite (HA) is an important component of the bone mineral phase. It has been used in several applications, such as bone regenerative medicine, tooth implants, drug delivery and oral care cosmetics. In the present study, three different batches of a commercial nanohydroxyapatite (nHA) material were physicochemically-characterized and biologically-evaluated by means of cytotoxicity and genotoxicity using appropriate cell lines based on well-established guidelines (ISO10993-5 and OECD 487). The nHAs were characterized for their size and morphology by dynamic light scattering (DLS) and transmission electron microscopy (TEM) and were found to have a rod-like shape with an average length of approximately 20 to 40 nm. The nanoparticles were cytocompatible according to ISO 10993-5, and the in vitro micronucleus assay showed no genotoxicity to cells. Internalization by MC3T3-E1 cells was observed by TEM images, with nHA identified only in the cytoplasm and extracellular space. This result also validates the genotoxicity since nHA was not observed in the nucleus. The internalization of nHA by the cells did not seem to affect normal cell behavior, since the results showed good biocompatibility of these nHA nanoparticles. Therefore, this work is a relevant contribution for the safety assessment of this nHA material.
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1. Introduction


Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is a biocompatible ceramic material belonging to the calcium phosphates family. It is a widely used material in biomedical applications [1] and for bone and teeth tissue engineering due to its osteogenic properties to promote biomineralization [2,3]. The success of HA materials as bone implants is easily explained, since hydroxyapatite is the main component of the mineral phase of bones, comprising 65–70% of the human bone [1] and dentine and representing about 97% of the teeth enamel composition [4]. In bone, HA is present as nanocrystals that are aligned along collagen nanofibers. This nanostructure and its chemical composition are suitable to play a dual role, serving as hard material to provide mechanical support of the body and protection of important organs and maintaining calcium homeostasis. Moreover, the large specific surface area of HA nanocrystals favors the rapid dissolution by osteoclasts for maintenance of calcium ions in body fluids and appropriate bone remodeling rate [5]. Considering that HA is present in bone in nanosize in the shape of plates or needles of approximately 40 to 60 nm long, 5 to 20 nm wide, and 1.5 to 5 nm thick, the advances in nanotechnologies allowed the development of nanohydroxyapatite (nHA) materials to better mimic natural bone [6]. Several works evidenced that the inclusion of nHA improved the performance of several materials for bone regeneration in vitro and in vivo [7,8,9]. One of the most promising applications of nHA is in the treatment of osteoporosis, an important health hazard globally characterized by bone fragility. Bone mass is decreased, resulting in increased danger of fractures and decreased bone strength. In this situation, bone fractures could be filled with nHA-based medical devices [10]. More recently, nHA nanoparticles started to be used as an oral care ingredient in commercially available toothpastes, mouthwashes and other dental products [11,12]. Compared to other oral care ingredients, nHA showed superior performance in reducing dental hypersensitivity and improving enamel remineralization [11,13]. Moreover, nHA has been reported as a promising material for drug delivery applications, such as cancer treatment, rheumatoid arthritis and bone infections [14,15,16]. Although nHA nanoparticles have shown great performance in several applications, many questions have been raised regarding their safety. Particularly, in the last years, the Scientific Commission for Consumer Safety (SCCS) has been working to investigate the safety of nHA for oral care applications. At the moment, the SCCS does not have a final opinion regarding the safety of nHA for this application, since it is still necessary to clarify aspects such as genotoxicity [17,18]. Considering the aspects about the safety of nHA for its use in cosmetics and care products, this study is a relevant contribution to the toxicological assessment of this material.



Here, we report on the characterization and biocompatibility assessment of a commercial nanohydroxyapatite used in dental hygiene products. This nHA product was synthesized by wet chemical precipitation at room temperature in a continuous process described elsewhere [19]. The nHA samples were characterized to assess the nanoparticle morphology and size, as well as their chemical composition. For the in vitro cytotoxicity evaluation of the nHA samples, according to established guidelines, we assessed the cell viability and proliferation in direct contact with the nHAs. Moreover, we investigated their genotoxic potential by means of the micronucleus assay, and the cellular uptake of the nHAs was also visualized by transmission electron microscopy (TEM).




2. Materials and Methods


2.1. Hydroxyapatite Nanoparticles


A commercially available formulation of hydroxyapatite nanoparticles (nanoXIM·Care Paste, FLUIDINOVA, S.A., Maia, Portugal) was used, consisting of 15.5 ± 0.5% wt of hydroxyapatite nanoparticles dispersed in water. According to the manufacturer, this product has an average particle size <50 nm and potassium chloride content of 4.5 ± 0.5% wt. Three batches of hydroxyapatite designated as nHA-1, nHA-2 and nHA-3 were studied in this work to investigate eventual batch-to-batch variation. Depending on the assay performed, the nanoparticles were processed accordingly.




2.2. Physicochemical Characterization of the nHA Nanoparticles


2.2.1. Transmission Electron Microscopy


TEM analysis was performed for the visualization of the three nanoparticulated samples nHA-1, -2 and -3. Dispersions of the nanoparticle samples were sonicated for 20 min, and a drop of each diluted sample was adjusted to a concentration of 75 μg/mL and placed on a carbon grid and allowed to dry overnight [20]. Next day, the samples were observed using a JEOL JEM-2100 (JEOL, Peabody, MA, USA) high-resolution transmission electron microscope. The size of the nanoparticles was measured from TEM images using the ImageJ software (National Institutes of Health, Bethesda, MD, USA). To determine the frequency distribution, a Gaussian (normal distribution) curve has been plotted [21] by means of the software GraphPad prism (GraphPad Software, San Diego, CA, USA) version 8.




2.2.2. X-ray Diffraction (XRD)


XRD was used to evaluate hydroxyapatite phase composition. To perform this analysis, the hydroxyapatite nanoparticles suspension was previously dried overnight at 105 °C for water removal and then milled to obtain a fine powder. Diffractograms were obtained using a PANanalytical Empyrean (Malvern Panalytical, Malvern, UK) with Cu Kα radiation (λ = 1.5460 Å), voltages of 45 kV and 40 mA, an angle step of 0.0260° and 2θ range from 8 to 80°.




2.2.3. Fourier Transformed Infrared Spectroscopy (FTIR)


For FTIR analysis, the hydroxyapatite suspension was dried and milled, as described for the XRD assay. The samples were analyzed as KBr pellets that were obtained by mixing 2 mg of each powdered samples with 200 mg of KBr. The mixture was placed in an uniaxial press (Graseby Specac, Orpington, UK) to obtain the discs. Infrared spectra were recorded using a PerkinElmer Frontier spectrometer (PerkinElmer, Waltham, MA, USA) with a resolution of 4 cm−1, 32 scans accumulated per sample and frequency regions from 400 to 4000 cm−1.




2.2.4. Potassium and Chloride Quantification


The quantification of potassium in the hydroxyapatite samples was performed by atomic absorption spectrophotometry (AAS) with flame atomization using a Thermo 939 AA spectrometer (Thermo Fisher Scientific, MA, USA). The samples were previously dissolved in nitric acid and then analyzed using air/acetylene combustion gases at a flow rate of 0.8 mL/min and a hollow potassium cathode lamp at a wavelength of 769 nm in the working range of 0.5 to 4 mg/L of K+. For chloride quantification, ion chromatography (IC) was used by carrying out a bi-deionized water extraction with a Dionex Ionpac AS14A column. The analysis was performed in the working range of 2.0 to 30 mg/mL of Cl− with a Dionex DX-120 equipment (Thermo Fisher Scientific, MA, USA).




2.2.5. Dynamic Light Scattering (DLS)


Particles hydrodynamic radius of the three nHA samples was confirmed by dynamic light scattering (DLS) measurements in the very dilute regime of parts per million (after gradual dilutions of the initial nHA suspensions in deionized water) at three different angles, including 90° according to previous reports [22,23]. The measurements were carried out at 20 °C by means of an instrument ALV-5000 goniometer/correlator setup from the company ALV-Laser Vertriebsgesellschaft mbH Langen, Germany. The measurements for each sample were taken for 5 min per angle to have sufficient data points taken in order to get smooth correlation functions. The standard deviation of the diffusion coefficient is approximately 1.6% for this specific instrument, and the error of the analysis for the main process is approximately 5%.





2.3. Cell Culture Maintenance


The fibroblast-like cell line L929 (DSMZ Braunschweig, Germany, ACC-2) established from normal subcutaneous areolar and adipose tissue of a male C3H/An mouse was used for the cell viability and proliferation assessment as a relevant cell type for the biocompatibility testing of biomaterials according to the ISO 10993-5 standards. Cells were cultured in RPMI culture medium (biosera), supplemented with 10% Fetal Bovine Serum (FBS) 10% v/v (Gibco), 50 IU/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), 50 g/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA)] in a 5% CO2 incubator (Heal Force) at 37 °C.



The Chinese hamster (Cricetulus griseus) V79 cell line (lung fibroblasts) (DSMZ Braunschweig, Germany, ACC-335) was used for the genotoxicity assessment by means of the in vitro micronucleus method. This particular cell line is accepted by the OECD 487 guidelines for this assay. Cells were cultured in RPMI culture medium (biosera), supplemented with 10% Fetal Bovine Serum (FBS) 10% v/v (Gibco), 50 IU/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), 50 g/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) in a 5% CO2 incubator (Heal Force) at 37 °C.




2.4. Cell Cytotoxicity Assessment by Cell Viability Evaluation


Cell viability was evaluated according to ISO 10993-5 (2009) standards and measured by the PrestoBlue® viability assay (Invitrogen) according to a protocol based on the manufacturer instructions [24]. For the assessment of the nHA samples, 104 cells per well were seeded in 96 well plates on day 0 and on day 1 culture medium was replaced with medium containing the nHA samples. Cell viability was measured at days 1 and 2. The measurements were performed in a spectrophotometer (Synergy HTX Multi-Mode Microplate Reader, BioTek, Bad Friedrichshall, Germany) and the absorbance was measured at 570 and 600 nm. The term control refers to cells cultured on the tissue culture treated polystyrene (TCPS) surface. Data represent means ± standard deviation of quadruples of three independent experiments (n = 12).




2.5. Genotoxicity Assessment According to OECD 487 (Micronucleus Assay)


For the genotoxicity assessment, 3 × 104 of the V79 cells per well were seeded in 48 well plates, followed by 24 h incubation at 37 °C with 5% CO2. Methyl methanesulfonate (MMS) was used as positive control, as suggested by OECD 487 guidelines, and cells seeded on TCPS were used as negative control. The concentrations of the nHAs used were 0.5, 1, and 2 mg/mL, and this is in line with the OECD 487 guidelines (2019) based on the statement described in page 7: “If no precipitate or limiting cytotoxicity is observed, the highest test concentration should correspond to 10 mM, 2 mg/mL or 2 μL/mL, whichever is the lowest”. Next, fresh culture medium was added with the nano-HA samples (0.1% v/v) in 300 μL total volume per well. After 24 h incubation, the fixation and staining were performed as follows: culture medium was removed, and the samples were washed twice with PBS. Fixation was achieved with 4% w/v paraformaldehyde (PFA) for 20 min. Then, after two washes with PBS, staining of the DNA was performed with a Giemsa solution (Giemsa 3% in Na2HPO4 and K2HPO4 0.6 M each, pH 6.8) for 40 min and washed twice with PBS. Finally, the number of micronuclei was counted under an optical microscope (2000–3000 cells per measurement). Data represent means ± standard deviation of triplicates of three independent experiments (n = 9).




2.6. Visualization of Nanoparticle Uptake with TEM


TEM analysis was performed for the visualization of the nHA samples uptake by pre-osteoblastic cells, as a proved cellular system for nanoparticles uptake by cells at a concentration of 0.25% v/v by means of a high resolution transmission electron microscope, according to the methodology described earlier [25]. Briefly, the cells incubated for 24 h with the three nHA samples (and the control cells without samples) were detached from the culture flask, washed with phosphate buffer saline (PBS), and fixed in 2% (v/v) glutaraldehyde, 2% (v/v) paraformaldehyde in 0.1 M sodium cacodylate buffer (SCB), pH 7.4, for 24 h at 4 °C. The samples were washed three times for 5 min each in 0.1 M SCB, postfixed in 1% aqueous OsO4 for 12 h at room temperature, and then washed again. After the last washing step, the samples were stained with 2% (v/v) uranyl acetate for 1 h. Then, the samples were rinsed with SCB, dehydrated through an ascending acetone gradient of 30, 50, 70, 90, 100% (v/v), infiltrated with Durcupan ACM Fluka resin [3:1 propylene oxide: resin mixture for 1 h followed by a 1:1 and a 1:3 propylene oxide:resin mixture for 1 h each and finally 100% (v/v) resin for 16 h], and embedded in flat molds. The resin was cured in a drying oven at 60 °C for 48 h. The samples were trimmed, thin-sectioned, and absorbed onto 300-mesh copper grids. Observation was carried out using a high-resolution transmission electron microscope JEOL JEM-2100HR (JEOL, Tokyo, Japan) at an operating voltage of 80 kV.




2.7. Statistical Analysis


Statistical analysis was performed for the cell viability and genotoxicity assessment with micronucleus formation using the one-way ANOVA Dunnett’s multi-comparison test in GraphPad Prism version 8 software (GraphPad Software, San Diego, CA, USA). p-Values indicate statistically significant differences.





3. Results


3.1. Physicochemical Characterization


3.1.1. TEM Analysis


TEM images from the three nHA batches are presented in Figure 1 and show the size and structure of nHA-1, -2 and -3. No significant differences of size or morphology were observed between the 3 batches analyzed. Representative TEM images depict that all three nHA-1, -2 and -3 materials have a rod-like shape and tend to form agglomerates. The particle size distribution shows that particles have an average length of approximately between 20 and 40 nm (Figure 2).




3.1.2. XRD


HA phase composition was assessed by XRD, and the obtained diffractograms can be observed in Figure 3. The presence of sylvite (KCl) was detected for the three samples. This result was expected, since these nHA suspensions have a small percentage of KCl, as referred by the manufacturer, and also confirmed in this work by atomic absorption spectrophotometry (AAS) and ion chromatography (IC). Besides the KCl, the peaks at approximately 26° and 32° (2θ) present in the diffractograms correspond to the hydroxyapatite phase [2]. The intensity of the [002] peak at approximately 26° is almost comparable with the intensity of the characteristic peak at 32° pointing on the preferred orientation of the nanocrystals in the elongated z-direction. Moreover, the width of the [002] peak is sharper than any other HA peak, which confirms—based on the Scherrer equation—that the crystals are larger in z-direction compared to all other directions, and this is in agreement with the elongated structure of the nHA particles visible from the TEM images. Moreover, the average crystallite size was determined, and the values of 26.7 ± 1, 24.9 ± 5 and 26.2 ± 5 nm were obtained for sample nHA-1, nHA-2 and nHA-3, respectively. The patterns of the three diffractograms present no relevant differences, and therefore it can be concluded that there are no differences between the three batches in terms of phase composition and rod-like shape of the nanoparticles.




3.1.3. FTIR


The chemical composition of the samples was also investigated using FTIR to evaluate the presence of functional groups at the molecular level (Figure 4). The spectra obtained for the three samples showed the hydroxyapatite characteristic peaks, particularly the phosphate groups at 473, 564, 603, 962, 1032 and 1094 cm−1 [26,27]. These phosphate group peaks can be related with an average particle size. The dependence of vibrational frequencies on the size of phosphate groups could be analyzed in the mid- and far-IR domain, as described elsewhere [28], however, this was not subject of this work. Moreover, the OH− vibrational and stretching modes were also evident at 633 and 3572 cm−1. As expected, lattice water was also present in the samples and represented by the peak at 1638 cm−1 and the broad band 3200–3500 cm−1 [26,27]. Peaks at 877 and 1421 cm−1 were related with carbonate groups in the samples that can result from the CO2 adsorption by apatite [29]. All samples also present weak peaks at 2002 and 2076 cm−1 that might correspond to HPO42− as previously reported in other studies [29,30]. It is possible to relate the dependence of phosphate groups as a function of average size.




3.1.4. AAS and IC


AAS and IC were used to quantify the concentration of potassium and chloride present in the samples. An average concentration of 2.1 ± 0.1% and 2.3 ± 0.1% were obtained for potassium and chloride, respectively (Table 1). These results confirm the product specification of 4.5 ± 0.5% wt indicated by the manufacturer.




3.1.5. DLS


Particles hydrodynamic radius Rh of the three nHA samples was confirmed by DLS measurements in the dilute regime of parts per million (after gradual dilutions of the initial nHA suspensions) at an angle of 90° (for all nHAs) and three different angles for nHA-1. The DLS graph in Figure 5 shows a comparison of the three nHAs at the measurement angle of 90°. We assume that the distribution of the relaxation times (thick solid curves, main graph) is translational diffusion. Since we measured in dilute condition, it is safe to assume that the main mode follows translational diffusion (Brownian motion). The graph of the upper inset indicates an apparent hydrodynamic radius, which is related to the actual size, shape and particle-solvent interactions. From the correlation function (open symbols main plot) and its CONTIN analysis (fit and distribution), we conclude that in the 3 different nHA samples, there is mainly one big species and some very large agglomerates (that are low in concentration). For nHA-2 and nHA-3, most of the particles appear with apparent sizes around 500–850 nm, and a few larger agglomerates are present. Although data were not taken from many different angles in DLS for nHA-2 and nHA-3, which would lead to a conclusion that size distribution of the main mode would be polydisperse, it is very likely that they are polydisperse given that the main mode is an agglomerate of cylinders/rods.





3.2. Cytotoxicity Assessment


The cell viability was quantified using six different concentrations (0.1, 0.25, 0.5, 1.0, 1.5 and 2% v/v) of the three nHA samples using L929 murine fibroblasts after 1 and 2 days in culture in direct contact with the materials, and the % viability to the TCPS control (cells only, set at 100%) are graphically presented (Figure 6). All three nHA samples present a cell viability of 90 to 100% compared to the control on both time points (24 and 48 h) at all six investigated concentrations. For nHA-1 and nHA-3, we observed at the highest concentration of 2% v/v a cell viability of 87% and 84%, respectively. According to the ISO 10993-5, a limit of 70% cell viability considers the samples cytocompatible. All the samples investigated are above 70%, therefore highly biocompatible. Statistical analysis indicates significant differences (p = 0.0001) for nHA-1 and nHA-3 at the concentration of 2% v/v compared to the TCPS control.




3.3. Genotoxicity Assessment by Means of the Micronuclei Formation


Micronuclei formation was measured upon 24 h incubation of V79 cells with the nHA samples, according to the OECD 487 standards. The results are presented graphically as per cent micronuclei of the cells (Figure 7). The three nHAs present a very low percentage of micronuclei, lower or similar to the negative control (cells only), indicating that they are not genotoxic.




3.4. Uptake of nHA Samples by Cells Investigated by TEM


TEM images of sections of pre-osteoblastic cells in the absence of any nHA material (control) are depicted in Figure 8, whereas the uptake of the nHA-1, -2 and -3 samples by the cells is visualized in Figure 9, Figure 10 and Figure 11, respectively. TEM analysis reveals that all three samples can be uptaken by pre-osteoblastic cells. In representative TEM images, nanoparticles of all three nHA types nHA-1, -2 and -3 are shown localized in both the extracellular space outside and between cell membranes, and also in the intracellular space in cytoplasm within cyst-like structures. For all the samples, the nHA product was not observed in the cell nuclei since the nHA morphology was not identified inside the nuclei.





4. Discussion


The main goal of this study was to assess the biocompatibility of a commercially available nHA product used in bone regenerative applications and as an oral care ingredient. Three nHA samples were used to show the reproducibility of this product and evaluate possible differences between batches. The nanoparticle characterization assays showed that the three batches have similar physicochemical characteristics. Particularly, all samples show nano-rod shaped nHA particles with a length between 20 and 40 nm, and a tendency to form big agglomerates, as evidenced by DLS and TEM. Moreover, chemical analysis showed the presence of HA and KCl, with KCl being present in a concentration below 5% for all samples. The characterization assays confirmed the reproducibility of this nHA product, since all samples showed similar results. The three nHA samples were investigated in cell culture in several concentrations ranging from 0.1 to 2% v/v, in order to be able to make a conclusion regarding the safety of their use at the in vitro level. The results of the viability assay were satisfactory, as no significant changes were observed, compared to the TCPS control. Importantly, all three nHA types revealed similar results, showing a good reproducibility in the manufacturing of the samples. This is in agreement with a previous study on cytotoxicity assessment of similar nHA materials [18,26]. It has been shown that some HA nanoparticles could be cytotoxic depending on their characteristics, such as the manufacturing procedure [31], but the samples of this study did not present cytotoxicity at all, implying a successful way of production. Furthermore, the significance of the good cytotoxicity results of this nHA material is justified by the fact that other HA samples were found toxic and inhibited cell proliferation of human hepatoma cells [32].



Apart from cytotoxicity, genotoxicity is an equally important factor when a material is made for human use. The DNA damage is not easily detectable, and the individual could occur problems upon long-term use of a genotoxic product. Based on the OECD 487 guidelines, the genotoxicity was assessed by means of the micronuclei formation method. V79 cells were chosen for this method without the addition of cytochalasin, according to OECD 487. All three nHAs presented similar micronuclei percentage to the TCPS control, while the MMS presented significantly higher micronuclei number. In another report, genotoxicity assessment of hydroxyapatite/bioactive glasses did not reveal DNA damage [33]. Interestingly, an in vivo study on rats demonstrates non-genotoxic effects of HA. Genotoxicity was investigated in blood, liver, kidney and lung after 30 days of HA implantation, and the results were satisfying for both cytotoxicity and genotoxicity, showing the safety of HA in tissue engineering [34]. In another tissue engineering application, in which HA was combined with silk fibroin membranes, neither cytotoxicity nor genotoxicity were reported [35].



Nanoparticles uptake by the cells was also evident as the nanoparticles were visualized into the cytoplasm. Another positive observation is that the nanoparticles do not enter the nucleus of the cell. This observation also supports the results of lack of genotoxicity. Similarly, in another study, the cellular uptake of larger HA nanoparticles has been observed. In agreement with the present study, the nanoparticles were internalized and captured inside vesicles into the cytoplasm [36]. Importantly, HA nanoparticles have been previously shown to be internalized by MC3T3-E1 pre-osteoblastic cells [37], while calcium phosphate nanoparticles carrying BMP-7 plasmid elicited an increase in the osteogenic response in the same cell type upon successful uptake and transfection [38]. Furthermore, HA nanoparticle uptake was also demonstrated in breast cancer, with an internalization mechanism based on syndecan-4 [39].




5. Conclusions


The commercial nHA product investigated in this work showed good reproducibility, since the three batches tested (nHA-1, -2 and -3) presented similar physicochemical properties. Particularly, all three nHA samples tend to form big agglomerates, as visualized by means of TEM. Moreover, TEM images provided information about the nanoparticle size of the samples, indicating that all three nHAs have a rod-like shape with an average length of approximately 20 to 40 nm. All the three samples (nHA-1, -2 and -3) presented high cell viability, similar to the TCPS control, in both experimental time points of 24 and 48 h in culture at all six concentrations investigated from 0.1% v/v to 2% v/v, revealing no cytotoxic effects. Importantly, a low number of micronuclei was observed in the genotoxicity assessment, hence mutagenicity is not observed. TEM analysis was also used to reveal the nanoparticle uptake by osteoblastic cells, as the HA nanoparticles were observed into the cytoplasm. The nHA was not observed in the nucleus, and this result is in agreement with the genotoxic evaluation. Considering the aspects about the safety of nHA required by the SCCS for its use in cosmetics, this study is a relevant contribution to the toxicological assessment of this nHA material, since its excellent cytocompatibility and absence of genotoxicity are clearly demonstrated, rendering it suitable for commercial use.







Author Contributions


Conceptualization, M.C. and P.A.Q.; experimental work and data analysis, R.-M.K., C.C.C., V.P.; writing—original draft preparation, R.-M.K., C.C.C., V.P.; review and editing, M.C., C.C.C., P.A.Q.; supervision, M.C., P.A.Q.; funding acquisition, M.C., P.A.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Union’s Horizon 2020 research and innovation program under grant agreement No. 814410, and by Hellenic Foundation for Research and Innovation (H.F.R.I.) under the “1st Call for H.F.R.I. Research Projects to support Faculty members and Researchers and the procurement of high-cost research equipment grant” (project number HFRI-FM17-1999).




Data Availability Statement


Data supporting reported results will be provided by the authors upon request.




Acknowledgments


The authors acknowledge Eva Papadogiorgaki for expert technical assistance with TEM, and Antje Larsen for expert technical assistance with DLS.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Habraken, W.; Habibovic, P.; Epple, M.; Bohner, M. Calcium Phosphates in Biomedical Applications: Materials for the Future? Mater. Today 2016, 19, 69–87. [Google Scholar] [CrossRef]

	



Vagropoulou, G.; Trentsiou, M.; Georgopoulou, A.; Papachristou, E.; Prymak, O.; Kritis, A.; Epple, M.; Chatzinikolaidou, M.; Bakopoulou, A.; Koidis, P. Hybrid Chitosan/Gelatin/Nanohydroxyapatite Scaffolds Promote Odontogenic Differentiation of Dental Pulp Stem Cells and In Vitro Biomineralization. Dent. Mater. 2021, 37, E23–E36. [Google Scholar] [CrossRef]

	



Yousefi, A.M.; Oudadesse, H.; Akbarzadeh, R.; Wers, E.; Lucas-Girot, A. Physical and Biological Characteristics of Nanohydroxyapatite and Bioactive Glasses Used for Bone Tissue Engineering. Nanotechnol. Rev. 2014, 3, 527–552. [Google Scholar] [CrossRef]

	



Ohta, K.; Kawamata, H.; Ishizaki, T.; Hayman, R. Occlusion of Dentinal Tubules by Nano-Hydroxyapatite. J. Dent. Res. 2007, 86, 21–24. [Google Scholar]

	



Kikuchi, M. Hydroxyapatite/Collagen Bone-Like Nanocomposite. Biol. Pharm. Bull. 2013, 36, 1666–1669. [Google Scholar] [CrossRef]

	



Kuśnieruk, S.; Wojnarowicz, J.; Chodara, A.; Chudoba, T.; Gierlotka, S.; Lojkowski, W. Influence of Hydrothermal Synthesis Parameters on the Properties of Hydroxyapatite Nanoparticles. Beilstein J. Nanotechnol. 2016, 7, 1586–1601. [Google Scholar] [CrossRef]

	



Barros, J.; Ferraz, M.P.; Azeredo, J.; Fernandes, M.H.; Gomes, P.S.; Monteiro, F.J. Alginate-Nanohydroxyapatite Hydrogel system: Optimizing the Formulation for Enhanced Bone Regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 105, 109985. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, M.; Fernandes, M.H.; Beppu, M.M.; Monteiro, F.J.; Ferraz, M.P. Silk Fibroin/Nanohydroxyapatite Hydrogels for Promoted Bioactivity and Osteoblastic Proliferation and Differentiation of Human Bone Marrow Stromal Cells. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 89, 336–345. [Google Scholar] [CrossRef]

	



Lichtinger, T.K.; Müller, R.T.; Schürmann, N.; Oldenburg, M.; Rumpf, H.M.; Wiemann, M.; Chatzinikolaidou, M.; Jennissen, H.P. Osseointegration of Titanium Implants by Addition of Recombinant Bone Morphogenetic Protein 2 (rhBMP-2). Mater. Werkst. Mater. Sci. Eng. Technol. 2001, 32, 937–941. [Google Scholar] [CrossRef]

	



Sözen, T.; Özışık, L.; Başaran, N.Ç. An Overview and Management of Osteoporosis. Eur. J. Rheumatol. 2017, 4, 46. [Google Scholar] [CrossRef] [PubMed]

	



Vano, M.; Derchi, G.; Barone, A.; Pinna, R.; Usai, P.; Covani, U. Reducing Dentine Hypersensitivity with Nano-Hydroxyapatite Toothpaste: A Double-Blind Randomized Controlled Trial. Clin. Oral Investig. 2018, 22, 313–320. [Google Scholar] [CrossRef]

	



Hannig, M.; Hannig, C. Nanomaterials in Preventive Dentistry. Nat. Nanotechnol. 2010, 5, 565–569. [Google Scholar] [CrossRef]

	



Tschoppe, P.; Zandim, D.L.; Martus, P.; Kielbassa, A.M. Enamel and Dentine Remineralization by Nano-Hydroxyapatite Toothpastes. J. Dent. 2011, 39, 430–437. [Google Scholar] [CrossRef]

	



Ribeiro, T.P.; Monteiro, F.J.; Laranjeira, M.S. Duality of Iron (III) Doped Nano Hydroxyapatite in Triple Negative Breast Cancer Monitoring and as a Drug-Free Therapeutic Agent. Ceram. Int. 2020, 46, 16590–16597. [Google Scholar] [CrossRef]

	



Jafari, S.; Maleki-Dizaji, N.; Barar, J.; Barzegar-Jalali, M.; Rameshrad, M.; Adibkia, K. Methylprednisolone Acetate-Loaded Hydroxyapatite Nanoparticles as a Potential Drug Delivery System for Treatment of Rheumatoid Arthritis: In Vitro and in Vivo Evaluations. Eur. J. Pharm. Sci. 2016, 91, 225–235. [Google Scholar] [CrossRef] [PubMed]

	



Geuli, O.; Metoki, N.; Zada, T.; Reches, M.; Eliaz, N.; Mandler, D. Synthesis, Coating, and Drug-Release of Hydroxyapatite Nanoparticles Loaded with Antibiotics. J. Mater. Chem. B 2017, 5, 7819–7830. [Google Scholar] [CrossRef] [PubMed]

	



SCCS. Opinion on Hydroxyapatite (Nano) 2016. Available online: https://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_191.pdf (accessed on 8 April 2021).

	



Ramis, J.M.; Coelho, C.C.; Córdoba, A.; Quadros, P.A.; Monjo, M. Safety Assessment of Nano-Hydroxyapatite as an Oral Care Ingredient According to the EU Cosmetics Regulation. Cosmetics 2018, 5, 53. [Google Scholar] [CrossRef]

	



Silva, V.M.T.M.; Quadros, P.A.; Laranjeira, P.E.M.S.C.; Dias, M.M.; Lopes, J.C.B. A Novel Continuous Industrial Process for Producing Hydroxyapatite Nanoparticles. J. Dispers. Sci. Technol. 2008, 29, 542–547. [Google Scholar] [CrossRef]

	



Skandalis, N.; Dimopoulou, A.; Georgopoulou, A.; Gallios, N.; Papadopoulos, D.; Tsipas, D.; Theologidis, I.; Michailidis, N.; Chatzinikolaidou, M. The Effect of Silver Nanoparticles Size, Produced Using Plant Extract from Arbutus Unedo, on Their Antibacterial Efficacy. Nanomaterials 2017, 7, 178. [Google Scholar] [CrossRef] [PubMed]

	



Morris, A.S.; Langari, R. Chapter 3—Measurement Uncertainty. In Measurement and Instrumentation; Morris, A.S., Langari, R., Eds.; Butterworth-Heinemann: Boston, MA, USA, 2012; pp. 39–102. [Google Scholar]

	



Loppinet, B.; Sigel, R.; Larsen, A.; Fytas, G.; Vlassopoulos, D.; Liu, G. Structure and Dynamics in Dense Suspensions of Micellar Nanocolloids. Langmuir 2000, 16, 6480–6484. [Google Scholar] [CrossRef]

	



Sentjabrskaja, T.; Jacob, A.R.; Egelhaaf, S.U.; Petekidis, G.; Voigtmann, T.; Laurati, M. Binary Colloidal Glasses: Linear Viscoelasticity and Its Link to the Microscopic Structure and Dynamics. Soft Matter 2019, 15, 2232–2244. [Google Scholar] [CrossRef] [PubMed]

	



Hadjicharalambous, C.; Buyakov, A.; Buyakova, S.; Kulkov, S.; Chatzinikolaidou, M. Porous Alumina, Zirconia and Alumina/Zirconia for Bone Repair: Fabrication, Mechanical and In Vitro Biological Response. Biomed. Mater. 2015, 10, 025012. [Google Scholar] [CrossRef]

	



Balabanidou, V.; Kampouraki, A.; MacLean, M.; Blomquist, G.J.; Tittiger, C.; Juárez, M.P.; Mijailovsky, S.J.; Chalepakis, G.; Anthousi, A.; Lynd, A. Cytochrome P450 Associated with Insecticide Resistance Catalyzes Cuticular Hydrocarbon Production in Anopheles gambiae. In Proceedings of the National Academy of Sciences of the United States of America, Washongton, DC, USA, 16 August 2016; Volume 113, pp. 9268–9273. [Google Scholar]

	



Coelho, C.C.; Grenho, L.; Gomes, P.S.; Quadros, P.A.; Fernandes, M.H. Nano-Hydroxyapatite in Oral Care Cosmetics: Characterization and Cytotoxicity Assessment. Sci. Rep. 2019, 9, 11050. [Google Scholar] [CrossRef] [PubMed]

	



Padrão, T.; Coelho, C.C.; Costa, P.; Alegrete, N.; Monteiro, F.J.; Sousa, S.R. Combining Local Antibiotic Delivery with Heparinized Nanohydroxyapatite/Collagen Bone Substitute: A Novel Strategy for Osteomyelitis Treatment. Mater. Sci. Eng. C 2021, 119, 111329. [Google Scholar] [CrossRef] [PubMed]

	



Savchyn, P.; Karbovnyk, I.; Vistovskyy, V.; Voloshinovskii, A.; Pankratov, V.; Cestelli Guidi, M.; Mirri, C.; Myahkota, O.; Riabtseva, A.; Mitina, N.; et al. Vibrational Properties of LaPO4 Nanoparticles in Mid-and Far-Infrared Domain. J. Appl. Phys. 2012, 112, 124309. [Google Scholar] [CrossRef]

	



Laranjeira, M.S.; Fernandes, M.H.; Monteiro, F.J. Innovative Macroporous Granules of Nanostructured-Hydroxyapatite agglomerates: Bioactivity and Osteoblast-Like Cell Behaviour. J. Biomed. Mater. Res. Part A 2010, 95A, 891–900. [Google Scholar] [CrossRef]

	



Gibson, I.R.; Best, S.M.; Bonfield, W. Chemical Characterization of Silicon-Substituted Hydroxyapatite. J. Biomed. Mater. Res. Off. J. Soc. Biomater. Jpn. Soc. Biomater. Aust. Soc. Biomater. 1999, 44, 422–428. [Google Scholar] [CrossRef]

	



Motskin, M.; Wright, D.M.; Muller, K.; Kyle, N.; Gard, T.G.; Porter, A.E.; Skepper, J.N. Hydroxyapatite Nano and Microparticles: Correlation of Particle Properties with Cytotoxicity and Biostability. Biomaterials 2009, 30, 3307–3317. [Google Scholar] [CrossRef]

	



Liu, Z.S.; Tang, S.L.; Ai, Z.L. Effects of Hydroxyapatite Nanoparticles on Proliferation and Apoptosis of Human Hepatoma BEL-7402 Cells. World J. Gastroenterol. 2003, 9, 1968. [Google Scholar] [CrossRef]

	



Seyedmajidi, S.; Seyedmajidi, M.; Zabihi, E.; Hajian-Tilaki, K. A Comparative Study on Cytotoxicity and Genotoxicity of the Hydroxyapatite-Bioactive Glass and Fluorapatite-Bioactive Glass Nanocomposite Foams as Tissue Scaffold for Bone Repair. J. Biomed. Mater. Res. Part A 2018, 106, 2605–2612. [Google Scholar] [CrossRef] [PubMed]

	



Yamamura, H.; da Silva, V.H.P.; Ruiz, P.L.M.; Ussui, V.; Lazar, D.R.R.; Renno, A.C.M.; Ribeiro, D.A. Physico-Chemical Characterization and Biocompatibility of Hydroxyapatite Derived from Fish Waste. J. Mech. Behav. Biomed. Mater. 2018, 80, 137–142. [Google Scholar] [CrossRef] [PubMed]

	



Coelho, F.; Cavicchioli, M.; Specian, S.S.; Cilli, E.M.; Ribeiro, S.J.L.; Scarel-Caminaga, R.M.; de Oliveira Capote, T.S. Silk Fibroin/Hydroxyapatite Composite Membranes: Production, Characterization and Toxicity Evaluation. Toxicol. In Vitro 2020, 62, 104670. [Google Scholar] [CrossRef]

	



Yang, X.; Li, Y.; Liu, X.; Zhang, R.; Feng, Q. In Vitro Uptake of Hydroxyapatite Nanoparticles and Their Effect on Osteogenic Differentiation of Human Mesenchymal Stem Cells. Stem Cells Int. 2018, 2018, 2036176. [Google Scholar] [CrossRef]

	



Chen, L.; Mccrate, J.M.; Lee, J.C.M.; Li, H. The Role of Surface Charge on the Uptake and Biocompatibility of Hydroxyapatite Nanoparticles with Osteoblast Cells. Nanotechnology 2011, 22, 105708. [Google Scholar] [CrossRef] [PubMed]

	



Hadjicharalambous, C.; Kozlova, D.; Sokolova, V.; Epple, M.; Chatzinikolaidou, M. Calcium Phosphate Nanoparticles Carrying BMP-7 Plasmid DNA Induce an Osteogenic Response in MC3T3-E1 Pre-Osteoblasts. J. Biomed. Mater. Res. Part A 2015, 103, 3834–3842. [Google Scholar] [CrossRef]

	



Ochieng, J.; Nangami, G.; Sakwe, A.; Rana, T.; Ingram, S.; Goodwin, J.S.; Moye, C.; Lammers, P.; Adunyah, S.E. Extracellular Histones are the Ligands for the Uptake of Exosomes and Hydroxyapatite-Nanoparticles by Tumor Cells via Syndecan-4. FEBS Lett. 2018, 592, 3274–3285. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 11 01152 g001 550] 





Figure 1. Transmission electron microscopy images from nHA-1, -2 and -3 indicating a rod-like shape of an average length of approximately 20 to 40 nm. The scale bar represents 100 nm. 
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Figure 2. Particle size distribution determined using image analysis of TEM images. The size distribution is presented as histograms (left) and the correspondent Gaussian curves (right). 
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Figure 3. XRD diffractograms for nHA-1, -2 and -3. 
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Figure 4. FTIR spectra for nHA-1, -2 and -3 samples. 
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Figure 5. Dynamic light scattering analysis of the three samples nHA-1, -2 and -3 to determine particles hydrodynamic radius Rh of the three nHA samples measured in high dilutions of parts per million in deionized water at 90° angle. The standard deviation of the diffusion coefficient is approximately 1.6% and the error of the analysis for the main process is approximately 5%. 
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Figure 6. Assessment of cytotoxicity of nHA-1, -2 and -3 samples at the concentrations of 2% (corresponds to 3.1 mg/mL), 1.5%, 1%, 0.5%, 0.25%, and 0.1% v/v according to ISO 10993-5 (2009) using the resazurin-based cell viability reagent PrestoBlue®. Cell viability of L-929 fibroblasts was expressed as % of the control (control was set at 100%). The values represent means ± standard deviation of quadruples of three independent experiments (n = 12), and the asterisk (*) designates significant differences compared to the TCPS control (p = 0.0001). 
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Figure 7. Genotoxicity assessment of the three nHA samples according to the OECD 487 in V79 cells. The graph shows the % of micronuclei formation in stained V79 cells. The concentrations of the three nHAs used were 0.5, 1, and 2 mg/mL. Positive control (C+): 400 μM methyl methane sulphonate (MMS); negative control (C−): cells only. Micronuclei were measured in 2000–3000 cells in each experiment. The values represent means ± standard deviation of triplicates of three independent experiments (n = 9). The asterisk (****) designates significant differences of all three nHAs and the TCPS control (C−) compared to the MMS positive control (C+) (p < 0.0001). 
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Figure 8. Representative TEM images showing pre-osteoblastic cells (control) in the absence of any nHA samples. The scale bar represents 200 nm (left) and 2 μm (right). The letter N designates the nucleus, C the cytoplasm and ES the extracellular space. 
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Figure 9. Representative TEM images showing nHA-1 uptaken by pre-osteoblastic cells. Nanoparticles of nHA-1 are shown localized and presented in both the extracellular and the intracellular space in cyst-like structures. The scale bar represents 1 μm. The letter C designates the cytoplasm and ES the extracellular space. The arrows depict the nanoparticulated sample nHA-1. 
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Figure 10. Representative TEM images showing nHA-2 uptaken by pre-osteoblastic cells. Nanoparticles of nHA-2 are shown localized in the intracellular space in vesicles (in other images that are not shown, they appear also in the extracellular space). The scale bar represents 1 μm (left) and 0.5 μm (right). The letter C designates the cytoplasm, and the arrows depict the nanoparticulated sample nHA-2. 
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Figure 11. Representative TEM images showing nHA-3 uptaken by pre-osteoblastic cells. Nanoparticles of nHA-3 are shown localized in both the extracellular and the intracellular space in cyst-like structures. The scale bar represents 1 μm. The letter C designates the cytoplasm, ES the extracellular space, and the arrows depict the nanoparticulated sample nHA-3. 






Figure 11. Representative TEM images showing nHA-3 uptaken by pre-osteoblastic cells. Nanoparticles of nHA-3 are shown localized in both the extracellular and the intracellular space in cyst-like structures. The scale bar represents 1 μm. The letter C designates the cytoplasm, ES the extracellular space, and the arrows depict the nanoparticulated sample nHA-3.
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Table 1. Potassium and chloride quantification for the samples nHA-1, -2 and -3.
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	K+ (%)
	Cl− (%)





	nHA-1
	2.2
	2.3



	nHA-2
	2.0
	2.3



	nHA-3
	2.0
	2.2



	Average
	2.1
	2.3



	SD
	0.1
	0.1
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