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Abstract

:

The nucleation of apatite nanoparticles on exfoliated graphene nanoflakes has been successfully carried out by the sitting drop vapor diffusion method, with the aim of producing cytocompatible hybrid nanocomposites of both components. The graphene flakes were prepared by the sonication-assisted, liquid-phase exfoliation technique, using the following biomolecules as dispersing surfactants: lysozyme, L-tryptophan, N-acetyl-D-glucosamine, and chitosan. Results from mineralogical, spectroscopic, and microscopic characterization (X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Raman, Variable pressure scanning electron microscopy (VPSEM), and transmission electron microscopy (TEM)) indicate that flakes were stacked in multilayers (>5 layers) and most likely intercalated and functionalized with the biomolecules, while the apatite nanoparticles were found forming a coating on the graphene surfaces. It is worthwhile to mention that when using chitosan-exfoliated graphene, the composites were more homogeneous than when using the other biomolecule graphene flakes, suggesting that this polysaccharide, extremely rich in –OH groups, must be arranged on the graphene surface with the –OH groups pointing toward the solution, forming a more regular pattern for apatite nucleation. The findings by XRD and morphological analysis point to the role of “functionalized graphene” as a template, which induces heterogeneous nucleation and favors the growth of apatite on the flakes’ surfaces. The cytocompatibility tests of the resulting composites, evaluated by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay in a dose–dependent manner on GTL-16 cells, a human gastric carcinoma cell line, and on m17.ASC cells, a murine mesenchymal stem cell line with osteogenic potential, reveal that in all cases, full cytocompatibility was found.
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1. Introduction


In the last decade there has been increasing interest in the preparation of graphene/apatite hybrid nanocomposites and their derivatives, combining the bioactive properties of the nanocrystalline apatite with the mechanical strength of graphene for uses in load-bearing applications in bone tissue engineering [1]. Nanocrystalline apatites are the main inorganic components of bone and dentine. Compared to stoichiometric hydroxyapatite Ca5(OH)(PO4)3, which is the most stable calcium phosphate at ambient temperature, nanocrystalline apatites are non-stoichiometric calcium- and OH- deficient, plate-shaped, and present a series of substituted ions within their crystal structure, including carbonate (4%–6%), Na (0.9%), Mg (0.5%), and other minor elements [2]. Biomimetic nanocrystalline apatites exhibit excellent biological properties, such as biocompatibility, osteoconductivity, and osteoinductivity [2]. In clinical practice, for applications in dental and orthopedic surgery, they are usually employed as a bioactive coating on a metallic support, combining the biological properties of the apatite with the mechanical strength of the support, thus promoting a fast fixation within the surrounding bony tissue. To this end, different calcium phosphate (CaP) coating methods, employing biocompatible titanium and titanium alloy supports, were developed in the past [3,4,5,6,7]. When the apatite is used as a synthetic bone graft, however, because of its intrinsic brittleness and low fracture toughness, the use of a reinforcing material to form a composite scaffold with better mechanical properties is necessary. The presence of this second component in the composite is aimed at improving the long-term functionality of the graft after clinical surgery, under load-bearing conditions. Among the used materials, it is worth mentioning different polymers, such as poly(L-lactic acid) (PLA) [8], poly(ε-caprolactone) (PCL) [9], ceramics [10], carbon nanotubes [11], and more recently, graphene or graphene derivatives [12]. Few of the materials tested displayed favorable biocompatibility with sufficient mechanical properties [12]. For example, PCL/apatite composites displayed excellent bioactivity and improved mechanical properties by increasing the apatite content [9]. However, carbon nanotubes are good reinforcing materials, but still present certain toxicity [12]. The use of graphene has been proposed as an alternative component to overcome these troubles.



Graphene is the model of a two-dimensional (2D) nanomaterial, which consists of a single sheet of carbon atoms covalently bonded in a hexagonal network, therefore presenting an extremely large specific surface area (theoretically 2700 m2/g). The importance of this material has been recognized since it was isolated in 2004 [13]. This carbon allotrope exhibits exceptional properties, such as high mechanical strength, optimal thermal conductivity, and excellent electrical conductivity [14,15]. Graphene has shown promise as 2D scaffold for controlled growth and the osteogenic differentiation of human mesenchymal stem cells [16], or as a substrate to promote the adherence of human osteoblasts and mesenchymal stromal cells [17]. In addition, graphene and its derivatives, such as graphene oxide and reduced graphene oxide, have shown a good biocompatibility, which is a requirement for their biomedical applications [18].



Different preparation methods of hybrid graphene/apatite nanocomposites and their derivative nanomaterials have been proposed over the last 10 years of research, including in situ synthesis, biomimetic mineralization, hydrothermal synthesis, and chemical vapor deposition [1]. During this period, we reported for the first time a new methodology to precipitate biomimetic apatite nanoparticles [19] and other calcium phosphates [20] in microliter droplets by the vapor diffusion sitting drop (VDSD) micromethod. Vapor diffusion in milliliter scale vessels was employed contemporaneously by other research teams to obtain biomimetic calcium phosphates [21]. The VDSD method was previously employed for in vitro studies of CaCO3 biocrystallization, in both the absence and presence of proteins [22,23] and biological fluids [24]. The vapor diffusion technique was also used to precipitate CaCO3 calcite single crystals induced by the graphene biomolecule adduct [25]. The two main features of the VDSD technique are the control of the gas diffusion rate of NH3 and CO2 by simply changing the concentration of NH4HCO3 in a gas generation chamber, which acts as a reagent reservoir, and the confinement of the nucleation in isolated microdroplets located in a precipitation chamber. These microdroplets closely mimic the in vivo microenvironments where biominerals form. The disadvantage of the technique is the very small amount of precipitate for its subsequent characterization. Our team has recently used this method to induce the heterogeneous nucleation and growth of CaP films on mica sheets [26]. In the present work, we propose to extend this precipitation micromethod to induce the heterogeneous nucleation of nanocrystalline apatites on exfoliated graphene flakes, as the model of a bidimensional material scaffold. The final goal is to assess the usefulness of this methodology to obtain cytocompatible hybrid nanocomposites consisting of graphene and biomimetic apatite.




2. Materials and Methods


2.1. Exfoliated Graphene Flakes


Graphene flakes were prepared by the sonication-assisted liquid-phase exfoliation (LPE) technique [27]. Basically, the graphene flakes were prepared by exfoliating graphite suspensions in an ultrasonic bath in the presence of the following biomolecules, acting as dispersing surfactants (Figure 1, left): lysozyme (Lys), L-tryptophan (Try), N-acetyl-D-glucosamine (NAce), and chitosan (Chi) (high purity > 99%, from Sigma-Aldrich S.r.l., Milan, Italy). Typically, 20 mL glass vials containing 10 mL of water suspensions, prepared by mixing 100 mg of graphite powder (Sigma-Aldrich, purity 99.99%) and either 1.44 mg Lys, 2 mg Try, 2.2 mg NAce, or 40 mg Chi in ultrapure water, were sonicated in an ice bath for 5 hours. The suspensions were centrifuged at 3500 rpm for 5 min, and the supernatant was again sonicated for 1 hour and centrifuged for 5 min. After centrifugation, the supernatant was carefully removed with a micropipette. The as-prepared graphene dispersions were stored at 4 °C prior to the mineralization experiments. The dispersions were stable for more than one week.




2.2. Precipitation Method


Precipitation experiments were carried by the VDSD method on several “crystallization mushrooms” (Triana Sci. & Tech, S.L., Armilla, Spain) at 20 °C and 1 atm total pressure (Figure 1, right). This microdevice, made of glass Pyrex, is composed of two cylindrical chambers connected through a hole of 6 mm diameter to allow the vapor diffusion [19]. Each mushroom hosted 10 droplets of 40 µL each in the upper chamber (crystallization zone), prepared by mixing 20 µL of each graphene suspension plus 2, 10, or 50 mM Ca(CH3COO)2 with 20 µL of 1.2, 6.0, or 30.0 mM (NH4)2HPO4 to reach a final Ca/P ratio of 5:3. The lowest chamber (reservoir of reagent for generation of CO2 and NH3) of the different devices contained 3 mL of a 40 mM NH4HCO3 aqueous solution. The concentrations of Ca(CH3COO)2, (NH4)2HPO4, and NH4HCO3 were optimized in a previous work to produce the nanosized apatite [19]. Control droplets without graphene were included in each mushroom. The glass cover and the upper chamber of the mushrooms were sealed with silicone grease, to isolate the experiment from the surrounding atmosphere. Experiments lasted five days. At the end of the experiments, the mushrooms were opened and the specimens were rinsed with deionized water and left to dry at ambient temperature for one day. Only the experiments performed with the highest Ca(CH3COO)2 and (NH4)2HPO4 concentrations yielded enough precipitate for further characterization. The precipitated phase by this technique is a Ca- and OH-deficient carbonate apatite, whose average formula is written as Ca(5-x)OH(1-x)(PO4)(3-x)(CO3)x, with 0 ≤ x ≤ 1 [20].




2.3. Characterization


Characterizations were carried out by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Raman microspectroscopy, and electron microscopies (variable pressure scanning electron microscopy (VPSEM) and transmission electron microscopy (TEM)). XRD was performed using Cu Kα radiation (1.5418 Å) on a PANalytical X’Pert PRO diffractometer (Almelo, Netherlands) equipped with a PIXcel detector, operating at 45 kV and 40 mA. For the incident and diffracted beams, automatic-variable antiscatter slits with a constant irradiated length of 10 mm were used. The 2θ range was from 4° to 80°, with a step size of 0.026°. Raman microspectroscopy and FTIR characterizations were performed with a JASCO NRS-5100 Micro-Raman spectrometer (JASCO, Tokyo, Japan) (λexc = 532 nm), and a JASCO 6200 spectrometer (JASCO, Tokyo, Japan) provided of an attenuated total reflectance (ATR) accessory of diamond crystal, respectively. Scanning electron microscopy was performed with a variable-pressure Zeiss SUPRA40VP scanning electron microscope (VPSEM) (Carl Zeiss, Jena, Germany), coupled to a Renishaw inVia SCA-Raman spectrometer (λexc = 532 nm). Transmission electron microscopy (TEM) and selected area electron diffractions (SAED) were performed with a Carl Zeiss Libra 120 TEM microscope (Carl Zeiss, Jena, Germany) operating at 80 kV. The powder samples were ultrasonically dispersed in ethanol (absolute, ≥ 99.8%), and then a few droplets of the slurry were deposited on formvar-coated copper microgrids prior to observation.




2.4. The Cytocompatibility of Graphene–Apatite Nanocomposites


GTL-16 (a human gastric carcinoma cell line, obtained after cloning the MNK45 cell line, and at passage 70) [28] cells and m17.ASC (a spontaneously immortalized mouse mesenchymal stem cell clone from subcutaneous adipose tissue at passage 103) [29] cells (12,000 and 5000 cells/well in 96-well plates, respectively) were incubated for 24 hours. The different concentrations of the different graphene–apatite nanocomposites, ranging from 0.1 to 100 µg/ml, were added in 100 µL of fresh medium. After 72 hours incubation, cell viability was evaluated by the 3-(4,5-Dimethylthiazol-¬2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma) colorimetric assay. Briefly, 20 µL of MTT solution (5 mg/ml in a phosphate buffered saline (PBS) solution, pH = 7.2) were added to each well. The plate was then incubated at 37 °C for 2 hours. After the removal of the solution, 125 µl of isopropanol and 0.2 M HCl were added to dissolve the formazan crystals. Then, 100 µl were removed carefully, and the optical density was measured in a multi-well reader (2030 Multilabel Reader Victor TM X4, PerkinElmer) at 570 nm. The viability of parallel cultures of untreated cells was taken as 100% viability, and values obtained from cells undergoing the different treatments were referred to this value. Experiments were performed four times, using three replicates for each sample.





3. Results and Discussion


3.1. Crystallographic and Spectroscopic Features of the Nanocomposites


The XRD patterns of the samples precipitated in the presence of graphene nanoflakes prepared by the LPE technique in the presence of Chi, NAce, Try, and Lys are reported in Figure 2. All samples show rather similar patterns. They display the main distinguishing reflections of the apatite phase (PDF 01-1008), with peaks at 25.87° 2θ corresponding to the (002) plane; peaks at 31.77°, 32.19°, and 32.90° 2θ, corresponding to the planes (211), (112), and (300), respectively; reflections at 33.9° and 39.81° (planes (202) and 310), respectively); and other minor peaks in the 2θ range from 40–55°. For the sake of comparison, the XRD pattern of a sample of mature, nanocrystalline-carbonated apatite prepared by the citrate-based thermal decomplexing method [30] is plotted at the bottom of the graph. The reflections in the 2θ range of 31–34° are seen as a broad unresolved peak in all experiments, reflecting the nanocrystalline nature of the apatite particles.



The absence of octacalcium phosphate (OCP) in the samples is witnessed by the lack of its main reflection at 4.74°, or plane (100) (OCP, powder diffraction file PDF 44-0778). The OCP phase was found to be a precursor of experiments of precipitation of apatite by VDSD and gel methods, carried out in absence of supports [19,31], and precipitated and stabilized in the experiments performed in the presence of mica muscovite sheets [15]. These differences reveal that in the presence of functionalized graphene flakes in the crystallization media, the heterogeneous nucleation and growth of the apatite phase could be directly induced on the surface of the nanoflakes, without the precipitation of the precursor OCP phase; this event significantly modifies the progression of the apatite precipitation in respect to previous experiments [15,19].



On the other hand, the reflections at around 6–7° 2θ most likely correspond to the (001) basal plane of the exfoliated graphene, similar to what was found for graphite oxide (GO) [30]. The shift of this reflection from around 10° 2θ to lower angles (higher d-spacings) in the case of graphite oxide exfoliated in the presence of some polymers was reported to be caused by the increase in both the relative humidity and the concentration of polymers that intercalated the GO lattice. These authors found that at the higher polymer concentration used the GO appeared to be completely exfoliated, based on the absence of any d (001) peak [32]. In our experiments, the presence of the (001) reflection at lower angles reflects the intercalation of the used biomolecules, in addition to H2O, and the presence of a small peak at 26.6° 2θ would correspond to the (001) reflection of the residual, non-exfoliated graphite.



The characterization of the spectral features of the composites in the 1800–400 cm−1 range is shown in Figure 3a. The 4000–1800 cm−1 region (not shown) exhibits a broadband between 3600 cm-1 and 2800 cm-1, corresponding to –OH stretching of adsorbed water, while no clear indication of apatitic –OH bands around 3580 cm−1 was found, as is usual for biomimetic apatites. The spectral region from 400 to 1800 cm−1 was analyzed in more detail, allowing the basic visualization of the spectral features of the apatitic part of the composite. Only a small band at around 1570 cm−1, related to NH2 bending vibration, and a band of negligible intensity at around 1650 cm−1, related to carboxamide O=C–NHR [33] in the spectra Ap–G–NAce and Ap–G–Chi, reveal the presence of the biopolymers. These bands are absent in the FTIR spectrum of Ap. The main band at 1022–1026 cm−1 corresponds to the asymmetric stretching mode of PO43− groups (ν3PO4). The band at ~962 cm−1 is ascribed to the symmetric stretching (ν1PO4), while less intense bands at ~607 and 565 cm−1 are due to the bending mode of PO43− groups (ν4PO4). The band at ~532 cm−1 in the ν4PO4 domain can be assigned to non-apatitic (surface) HPO42− ions, which points to the biomimetic nature of the precipitated nanocrystalline apatite in these nanocomposites [34]. Finally, the small band at 474 cm−1 corresponds to the ν2PO4 mode. No clear indications of spectral features of graphene in the FTIR spectra could be observed.



In all FTIR spectra, the presence of carbonate (CO32−) bands was attested by vibrational signatures due to the ν3CO3 mode, with maxima around ~1416 cm−1 and 1473 cm−1, and the ν2CO3 mode, with a peak around 873 cm−1. The ν2CO3 region shows a broad peak distinctive of the different contributions characterizing different chemical environments of the CO3 group within the apatite structure, i.e., A- and B-type (with carbonate ions replacing OH− and PO43− lattice ions, respectively) and labile carbonate species (belonging to the hydrated non-apatitic layer on the surface of nanocrystals) [35]. The existence of B-type substitutions was also witnessed by bands at 1515 and 1450 cm−1 [36].



Figure 3b shows the complementary characterization of the spectral features of the nanocomposites by Raman microspectroscopy in the 400–1200 cm-1 range, with a JASCO NRS-5100 Micro-Raman spectrometer (λexc = 532 nm). The spectral features of apatite arise at 957–959 cm–1 (ν1PO4), 428 cm–1 (ν2PO4), 586 cm–1 (ν4PO4), and 1039–1043 cm–1 (ν3PO4), with those of CO3 (ν1CO3) arising at around 1069 cm-1; no clear indications of the spectral features of graphene could be observed, likely due to its low intensity compared to bands of apatite. Raman spectrometer coupled to the VPSEM microscope was necessary to reveal the characteristic D, G, and 2D signals of the graphene flakes at around 1330, 1560, and 2670 cm−1, respectively (Figure 3b, inset in red color). These bands displayed a 2D/G ratio lower than 1, and a full width at half maximum (FWHM) of the 2D band of 78 cm−1, indicating they are stacked in multiple layers (FWHM > 66 cm−1, > 5 layers) [37].




3.2. Morphological Characteristics of Hybrid Apatite–Graphene Nanocomposites


Figure 4a,c,e,g (left panel) shows the representative VPSEM micrographs of hybrid apatite–graphene nanocomposites, prepared with graphene nanoflakes and exfoliated in presence of Lys, Try, NAce, and Chi, respectively. Graphene flakes were visible at very low voltage (1–3 kV), while they become transparent to the electron beam at higher voltages. All samples were composed of a polydisperse population of flakes with an irregular shape, and nanocrystalline apatites with elongated shapes. The largest graphene flakes were produced in presence of Lys and Try (from 200–2000 nm), while the smallest ones were obtained in presence of NAce and Chi (200–800 nm). Only a few graphene flakes appeared greater than these sizes. In the last case, the composite was more homogeneous, with a more intimate apatite–graphene interaction and a closer spatial relationship. A more detailed size analysis is done in the TEM pictures (Figure 4b,d,f,h, on the left panel), where graphene flakes as large as 800–1000 nm can be observed in Figure 4b,d, prepared in presence of Lyz and Try, respectively.



In these pictures, the nanocrystalline apatites displayed the following average lengths (L) and widths (W): L = 105 ± 4 nm and W = 13 ± 2 nm for Lyz-exfoliated graphene and L = 152 ± 49 nm and W = 16 ± 5 nm for Try-exfoliated graphene. In Figure 4f, apatite nanoparticles (L = 90 ± 12 nm and W= 8 ± 3 nm) coating the graphene flakes exfoliated in presence of NAce and some isolated flakes are observed. The SAED patterns of both components, graphene (G) and apatite (Ap), are shown as insets in this micrograph. Summing up, the TEM pictures of these three composites reveal a heterogeneous distribution of apatite-coated graphene and free graphene flakes. Finally, the full coating with apatite nanoparticles (L = 69 ± 8 nm, W = 7 ± 3 nm) of the graphene flakes exfoliated in presence of chitosan (Figure 4h), confirms the greater impact of these Chi–graphene flakes on the homogeneity of the composite. As a general rule, the apatite nanoparticles always appeared as coating the graphene flakes, but this finding was more clearly evidenced when the sheets were exfoliated in the presence of chitosan.



These observations point to the functionalization of the flakes with different biomolecules during sonication. The labeling of the flakes with the biomolecules favors the stability of the graphene suspensions for time periods longer than 1 week, as well as the interaction between the graphene and the apatite nanoparticles during the early stages of nucleation at the surface–solution interfaces (see Figure 4, right panel). The biomolecules holding hydrophilic groups, such as –COOH, –OH, –NH2, =NH, or –NH–C=O–CH3 must be placed, not only intercalating the graphene layers of the flakes, but also being adsorbed on their surfaces, with some ionizable functional groups pointing toward the solution and providing electrostatic repulsion, thus preventing graphene from re-aggregation, as suggested when LPE is assisted by ionic surfactants [38]. These functional groups can act as nucleators of the calcium phosphate. The other mechanism of graphene stabilization is by steric repulsion. In addition to the electrostatic considerations, this mechanism should be envisaged in the case of the macromolecules employed in this paper. The better homogeneity of the Ap–G–Chi composites must be related to the more regular array of the nucleation points on the functionalized surfaces. Indeed, Chi is a polysaccharide (polymer of N-acetyl-glucosamine and D-glucosamine [39]) extremely rich in –OH groups, which forms sheets by the lateral aggregation of chains. In these sheets, one side exposes –NH2 groups (pKa ~ 6.5). At acidic pHs, Chi behaves as a polycation. However, at neutral to basic pHs, the –NH2 groups are uncharged and must be the anchoring points with the more hydrophobic graphene surface. The other side of Chi exposes –OH groups, which can act as nucleators. The detailed mechanism of graphite intercalation and graphene labeling with the different biomolecules deserves a deeper experimental investigation, which is out of the scope of this work.



On the other hand, the findings from X-ray diffraction and the morphological analysis point to the role of the “functionalized graphene” as a template that diminishes the energy barrier for nucleation, thus favoring the heterogeneous nucleation and the growth of the apatite on its surface, similarly to results reported by Liu et al. for the synthesis of apatite-reduced graphite oxide nanocomposites [12]. The presence of the template in the supersaturated solution can also explain why the apatite particles displayed nanosized dimensions. Indeed, the decrease of Gibbs free energy in a supersaturated system can be produced either by growth of the millions of nuclei or by primary aggregation of the early formed particles. If the second mechanism is active, as was reported by Iafisco et al. [40] when producing apatite in a Ca-citrate/phosphate/H2O system, the template might interact with the primary particles formed by heterogeneous nucleation, stabilizing them and thus minimizing their aggregation tendency and favoring the formation of nanoscale crystals, instead of larger crystals [19]. Therefore, the template effect can plausibly explain the formation of nanocrystalline apatites coating the graphene surfaces.




3.3. Cytocompatibility of Hybrid Nanocomposites


In view of the possibility of using these nanocomposites in future biomedical applications, their cytocompatibility was tested in an MTT assay on GTL-16 human carcinoma cells, after incubation at concentrations ranging from 0.1 to 100 μg/mL. No toxicity was observed on GTL-16 cells at any composite concentration, since in all cases full cell viability was observed (Figure 5). Furthermore, in view of using these nanocomposites for bone regenerative medicine, we tested their cytocompatibility also on the m17.ASC murine mesenchymal stem cell line, which has displayed osteogenic potential [29]. This cell line was somehow more sensitive to the contact with the graphene–apatite nanoparticles. Indeed, a certain level of toxicity was observed at the higher nanocomposite concentrations; however, in no case was viability lower than 80%, well above the 70% that is the cut-off indicated by ISO 10993-5:2009 [41].





4. Conclusions


In this research, the nucleation of apatite nanoparticles on exfoliated graphene flakes has been successfully carried out by the sitting drop vapor diffusion technique. The graphene flakes were prepared by the sonication-assisted liquid-phase exfoliation technique of graphite in the presence of lysozyme, L-tryptophan, N-acetyl-D-glucosamine, and chitosan as dispersing surfactants. They were stacked in multiple layers (>5 layers), and most likely intercalated and functionalized with the biomolecules. The apatite nanoparticles were found forming a coating on the graphene surfaces. When using Lys-, Try-, and NAce-exfoliated graphene, the apatite–graphene composites displayed a heterogeneous distribution of apatite-coated graphene and free graphene flakes, while more homogeneous composites were obtained when using Chi-exfoliated graphene flakes. The cytocompatibility tests were performed in a dose-dependent manner on GTL-16 cells, a human gastric carcinoma cell line, and on m17.ASC cells, a murine mesenchymal stem cell line with osteogenic potential. These tests revealed that in all cases, these nanocomposites are fully cytocompatible.
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Figure 1. Schema showing the preparation of graphene flakes by sonication-assisted liquid-phase exfoliation of graphite in the presence of either lysozyme (Lys), L-tryptophan (Try), N-acetyl-D-glucosamine (NAce), or chitosan (Chi), and the experiment of the mineralization of the graphene flakes with apatites implemented in a “crystallization mushroom”. 
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Figure 2. X-ray diffraction (XRD) patterns of nanocrystalline apatite nucleated by the vapor diffusion sitting drop (VDSD) method on graphene nanoflakes prepared by liquid-phase exfoliation (LPE) in the presence of Lys, Try, NAcel and Chi. (*) denotes apatite, (#) denotes the (001) plane of graphene, and (¤) denotes the (001) plane of residual graphite. 
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Figure 3. (a) FTIR spectra and (b) Raman spectra of nanocrystalline apatites nucleated by the VDSD method on graphene nanoflakes, prepared by the LPE method in the presence of Lys, Try, NAce, and Chi. 
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Figure 4. Left panel. (a,c,e,g) VPSEM and (b,d,f,h) TEM micrographs of nanocrystalline apatites nucleated by the VDSD method on graphene nanoflakes, prepared by liquid phase exfoliation in presence of Lys (a,b), Try (c,d), NAce (e,f), and Chi (g,h). Insets in the TEM micrographs are the selected area electron diffraction (SAED) patterns of the graphene flakes (G) and of the apatite (Ap). Right panel. Schematic illustration showing the formation process of graphene–apatite hybrid nanocomposites. 
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Figure 5. Viability of GTL-16 cells (a) and m17.ASC cells (b) incubated with graphene–apatite biohybrid composites (Ap-G) for 72 hours in 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) essays. The graphene flakes were prepared by the liquid-phase exfoliation method in presence of Lys, Try, NAce, and Chi. Data represent means ± SD of four independent experiments performed in triplicate, and statistical analyses were carried on using one-way ANOVA, with a Bonferroni comparison test. For statistical analysis, all data were compared to untreated samples. 
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