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Abstract

:

Synthetic nanostructured hybrid composites based on collagen and nanocrystalline apatites are interesting materials for the generation of scaffolds for bone tissue engineering. In this work, mineralized collagen fibrils were prepared in the presence of citrate and Eu3+. Citrate is an indispensable and essential structural/functional component of bone. Eu3+ endows the mineralized fibrils of the necessary luminescent features to be potentially employed as a diagnostic tool in biomedical applications. The assembly and mineralization of collagen were performed by the neutralization method, which consists in adding dropwise a Ca(OH)2 solution to a H3PO4 solution containing the dispersed type I collagen until neutralization. In the absence of citrate, the resultant collagen fibrils were mineralized with nanocrystalline apatites. When citrate was added in the titrant solution in a Citrate/Ca molar ratio of 2 or 1, it acted as an inhibitor of the transformation of amorphous calcium phosphate (ACP) to nanocrystalline apatite. The addition of Eu3+ and citrate in the same titrant solution lead to the formation of Eu3+–doped citrate–coated ACP/collagen fibrils. Interestingly, the relative luminescent intensity and luminescence lifetime of this latter composite were superior to those of Eu3+–doped apatite/collagen prepared in absence of citrate. The cytocompatibility tests, evaluated by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) colorimetric assay in a dose–dependent manner on GTL–16 human gastric carcinoma cells, on MG–63 human osteosarcoma cells and on the m17.ASC, a spontaneously immortalized mouse mesenchymal stem cell clone from subcutaneous adipose tissue, show that, in general, all samples are highly cytocompatible.
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1. Introduction


The hierarchically–structured architecture of human mineralized tissues such as bones and teeth has long fascinated scientists and engineers, and a considerable effort has been devoted to produce synthetic materials inspired from the natural ones [1]. The replication of the natural mineralized tissues is a big challenge for materials scientists because they are formed in vivo through biomineralization processes that involve cascades of complex events such as self–assembly, mineralization and self–organization [2].



The basic building block of bone tissue structure is a self–assembled collagen fibril (mainly type I collagen) mineralized with oriented apatite nanocrystals at both intrafibrillar and interfibrillar zones [3,4,5,6]. Type I collagen is a trimeric molecule consisting of two α1 and one α2 peptide chains that comprise a repeating Gly(glycine)–X–Y sequence, with X and Y being usually proline and hydroxyproline residues. The collagen molecules self–assemble under physiological conditions into triple helical structures forming the so–called tropocollagen. The interaction between tropocollagen units leads to self–organization into fibrillar structures having a regular array of holes and overlap zones that can be observed by transmission electron microscopy (TEM) as a periodic banding pattern of 67 nm [7,8]. The apatite component in bone is different from stoichiometric hydroxyapatite [Ca10(PO4)6(OH)2], namely it is calcium–(and hydroxide–) deficient and doped with 4–6 wt % of carbonate, 0.9 wt % of Na, 0.5 wt % of Mg and others minor elements [9]. The apatite nanoparticles are poorly crystalline and display a typical plate–like morphology favoring the peculiar mechanical properties of bone [10,11,12]. Recently, Hu et al. [13] using nuclear magnetic resonance (13C–NMR) have revealed that citrate accounts for about 5.5 wt % of total organic matrix of bone and it is strongly bound to the surface of the apatite nanoparticles (1 molecule/2 nm2). Its presence and abundance should not be considered adventitious but would reflect an important role in the biomineralization process [13,14]; therefore, the study of the effect of citrate in the formation of biomimetic apatite nanoplatelets as well as in collagen mineralization has become a subject of intense research in the last years [15,16,17,18,19]. The last results have shown that the use of citrate is an interesting and straightforward nature inspired strategy to control the chemical–physical features of the apatite for the development of improved nanoparticle–based biomaterials [20,21,22].



Nanostructured hybrid composites based on collagen and nanocrystalline apatites synthesized with bio–inspired processes are widely used as scaffolds in bone tissue engineering because, thanks to the analogy with the natural bone tissue, they are able to activate the molecular mechanisms of regeneration and repair, and they can be absorbed and replaced by the newly formed tissue [22,23,24]. Although their regenerative potential is no matter of discussion, several synthetic strategies could be employed to enhance their biological activities and wide their applications. For example, the use of citrate as additive in the preparation of apatite/collagen composites could improve the biological performances of these devices because it can increase their similarity with the natural tissue. Recent works have also suggested that citrate is an indispensable and essential structural/functional component of bone and dental tissue [16,25]. In addition, the incorporation of luminescent features in the scaffolds would be of high value for certain biomedical applications such as the monitoring of tissue regeneration at the early stages by medical imaging or its use as diagnostic tool. In this respect, the preparation of apatite nanocrystals in presence of citrate and Eu3+, with tailored luminescent properties, was already reported [26].



In this work, in a first step, hybrid collagen/apatite fibrils were prepared both in absence and in presence of citrate to analyze the effect of this small molecule on the chemical–physical features of the composites. Subsequently, Eu3+ was added to generate luminescent composites potentially able to act as diagnostic tool in bone tissue engineering. Eu3+ was selected because its ionic radius (0.95 Å) is close to that of Ca2+ (0.99 Å); this could enable an effective substitution of Eu3+ in the Ca2+ sites of the apatitic part of the composite. Compared to other rare–earth elements, Eu3+ has a simple electronic energy level scheme and hypersensitive transitions [27]. In addition, in vitro biological tests have revealed the lack of toxicity and good cytocompatibility of ceramic materials doped with small amounts of Eu3+ [28].




2. Materials and Methods


2.1. Materials


Type I collagen extracted from equine tendon was purchased from OPOCRIN Spa (Corlo di Formigine, MO, Italy). Calcium hydroxide (Ca(OH)2, ≥96.0 pure) was provided by Fluka. Orthophosphoric acid (H3PO4, ACS reagent, ≥85% in H2O), europium chloride hexahydrate (EuCl3.6H2O, ACS Reagent, 99.9% pure) and sodium citrate tribasic dihydrate (Na3cit·2H2O) where cit = citrate = C6H5O7, ACS reagent, ≥99.0% pure) were provided by Sigma–Aldrich. All solutions were prepared with ultrapure water (0.22 μS, 25 °C, Milli–Q, Millipore).




2.2. Assembly and Mineralization of Collagen


The assembly and mineralization of collagen was performed by the neutralization method as previously reported [29,30]. Briefly, a solution of composition 0.495 M Ca(OH)2 was added dropwise to 10 mL 0.290 M H3PO4 solution containing 500 mg of dispersed type I collagen until reaching a pH value close to neutrality (a, blank experiment, Col/Ap). The first set of experiments was aimed to study the influence of citrate ions in the preparation of the Col/Ap composites. In this respect two different citrate concentrations were tested and the basic solution contained either (b) 0.495 M Ca(OH)2 + 0.990 M Na3cit, cithigh–Col/Ap) or (c) 0.495 M Ca(OH)2 + 0.495 M Na3cit (citlow–Col/Ap). Besides that, the addition of (d) 0.990 M Na3cit solution in the reaction vessel just after the neutralization reaction (Col/Ap–cithigh) was also evaluated. The second set of experiments was designed to prepare luminescent Col/Ap fibrils by adding Eu3+. The acidic solution was titrated by adding dropwise either a basic solution of composition (e) 0.495 M Ca(OH)2 + 0.990 M Na3cit + 0.010 M EuCl3 (cithigh–Eu/Col/Ap) or (f) 0.495 M Ca(OH)2 + 0.010 M EuCl3 (Eu/Col/Ap). In all experiments the suspensions were magnetically stirred for 2 hours at 25 °C, then sieved (50 µm mesh), washed 3 times by centrifugation at 9000 rpm for 15 minutes each with ultrapure water to remove unreacted species and afterwards freeze–dried overnight at –50 °C under vacuum (3 mbar). Differently, sample d was purified with 3 additional washing cycles.




2.3. Characterization Techniques


The pH of the solutions/suspensions was measured by a Crison 5208 pH probe connected to a Crison GLP21 pH–meter (Crison Instruments S.A., Spain). Solid samples were characterized by X–ray powder diffraction (XRD), Variable pressure scanning electron microscopy (VPSEM), Fourier transform infrared spectroscopy (FTIR) and Raman microspectroscopy. Europium was quantified by inductively coupled plasma optical emission spectrometry (ICP–OES). Collagen, citrate, carbonate and the residual inorganic components were quantified by thermogravimetric analysis (TGA).



The XRD data were collected using a Bruker D8 Advance Vario diffractometer (Bruker GmbH, Karlsruhe, Germany) with a flat plate transmission geometry and Cu Kα1 radiation (1.5406 Å). Mineralized fibrils were deposited on Mylar films and supported on poly–methyl methacrylate (PMMA) sample holder for measurements. For low angle measurements a special circular slit, avoiding the direct beam and allowing the achievement of a perfect plain background from 2θ 4.5° to 8–9°, were constructed. VPSEM observations were performed with a Zeiss SUPRA40VP instrument (Carl Zeiss, Jena, Germany). Few mineralized fibrils were selected from each experiment and deposited/attached on conventional supports; then they were carbon–sputtered prior the observation.



FTIR spectroscopy analyses were recorded in transmission mode using a Perkin–Elmer Spectrum One FTIR spectrometer (Perkin-Elmer, Beaconsfield, UK) using the KBr pellet method. The pellets were prepared by mixing 1 mg of sample with ~100 mg of anhydrous KBr and then pressed with a hydraulic pump at 10 t into 7 mm diameter discs. Pure KBr pellets were used to record the background. FTIR spectra were recorded in transmittance mode within the wavenumber range from 4000 cm–1 to 400 cm–1. Raman spectra were collected with a LabRAMHR spectrometer with backscattering geometry (Jobin–Yvon, Horiba, Japan). The excitation line was provided by a diode laser emitting at a wavelength of 532 nm and a Peltier cooled charge–couple device (CCD) (1064 6 256 pixels) was used as detector. Spectrometer resolution was higher than 3 cm–1. For each acquisition and depending on the quality of the spectra, signal average of two or three spectra and acquisition time between 100 and 500 s was performed. Some spectra were linearly base–line corrected.



The quantification of Eu was carried out by ICP–OES (Liberty 200, Varian, Palo Alto, CA, USA) employing a wavelength of 420.504 nm. Solid samples were dissolved in a diluted HNO3 solution (~1 wt %) prior to the analysis. TGA analyses were performed using a STA 449F3 Jupiter (Netzsch GmbH, Selb, Germany) apparatus. About 10 mg of selected fibers in the sample were weighted in an alumina crucible and heated from room temperature to 1100 °C under air flow with a heating rate of 10 °C/min. The weight losses were attributed to (i) adsorbed and structural water for the temperature range from room temperature to 220 °C, (ii) collagen for the temperature range 220–600 °C, (iii) citrate for the temperature range 600–760 °C, (iv) carbonate ions for the temperature range 760–1000 °C. The inorganic component was measured as residual at 1100 °C (See Figure S1, Supporting Information).




2.4. Luminescence Spectroscopy


Excitation and emission spectra of the mineralized fibrils prepared in presence of Eu3+ were recorded using a Cary Eclipse Varian Fluorescence Spectrophotometer (Varian Australia, Mulgrave, Australia). A front surface accessory was used to obtain the luminescence spectra, the luminescence lifetime (τ) and the relative luminescence intensities (R.L.I.) of the fibrils mineralized in presence of Eu3+. The instrumental parameters for the characterization of samples in solid state were: λexc = 240 nm, λem = 614 nm, slit–widthsexc/em = 10/10 nm, the delay time (td) = 0.120 µs and gate time (tg) = 5 ms. Spectra were recorded with a photomultiplier voltage of 600 V. The excitation and emission spectra were recorded within the wavelength range 200–450 nm and 450–750 nm, respectively. The luminescent spectrum of the sample CithighEu–Col/Ap was compared to those of citrate–coated Eu3+–doped carbonated apatite nanoparticles (13.3 ± 2.6 wt % Eu) obtained in a previous work [26] and citrate–coated Ca2+–doped EuPO4.H2O (43.7 ± 0.3 wt % Eu, 4.9 ± 0.1 wt % Ca) nanoparticles prepared recently in our laboratory.




2.5. Cytocompatibility Tests


GTL–16 (a human gastric carcinoma cell line) [31], MG–63 (a human osteosarcoma cell line; (ATCC® CRL–1427™) and m17.ASC (a spontaneously immortalized mouse mesenchymal stem cell clone from subcutaneous adipose tissue) [32] cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Sigma), supplemented with 10% FCS, 50 U/mL penicillin, and 50 μg/ml streptomycin. For the assay, cells (12,000, 6,000 and 5,000 cells/well in 96–well plates, respectively) were incubated for 24 hours and then concentrations ranging from 0.1 to 100 µg/ml of the different mineralized type I collagen fibrils were added in 100 µL of fresh medium (DMEM, 10% fetal calf serum, antibiotics). 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) were added to each well. The plate was then incubated at 37 °C for 3 hours. After the removal of the solution, 125 µl of isopropanol, 0.2 M HCl were added to dissolve formazan crystals. 100 µl were then removed carefully and the optical density was measured in a multiwell reader (2030 Multilabel Reader Victor TM X4, Perkin Elmer, Monza, Italy) at 570 nm. 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. Cells were also incubated with Doxorubicin (10 µg/ml) to promote cytotoxicity. Experiments were performed 3 times using 3 replicates for each sample.





3. Results and Discussion


3.1. Morphological, Chemical and Crystallographic Characteristics


In all experiments the obtained samples were composed of mineralized collagen fibrils and small amounts of inorganic precipitate. Figure 1 shows the VPSEM micrographs of mineralized fibrils obtained in the reference experiment (a), and in presence of citrate (b–d), citrate and Eu3+ (e) and only Eu3+ (f).



The diameter of the single fibrils was not significantly affected by citrate or by Eu3+ and it remained of about 200 nm. Most of the fibrils were fully mineralized and their coatings were formed by rounded shaped nanoparticles of 50–100 nm in diameter. The morphology of the mineral phase did not change among the different samples. The quantitative analysis reveals the successful incorporation of Eu3+, in both samples prepared with and without the presence of citrate, but the highest amount of Eu3+ (2.4 wt %) was obtained in the sample Eu/Col/Ap (Table 1). When citrate was added to the titrant solutions the percentage of inorganic residues measured by TGA decreased to 30–40 wt % in comparison to Col/Ap, while no significant effect was revealed when only Eu3+ was added. This result clearly shows the inhibitor effect of citrate in calcium phosphate precipitation. The composition of sample d was slightly different from that of the sample a, with a small decreasing amount of inorganic residues. This can be due to the fact that the deposited apatite was partially removed during the treatment with citrate.



The XRD patterns of mineralized collagen fibrils of the blank sample (a) as well as of samples prepared in presence of citrate (b,c,d), citrate and Eu3+(e), and only Eu3+(f), are reported in Figure 2A. The samples were attached on a Mylar film and supported on a PMMA sample holder; therefore the main reflections of the PMMA, that are located at 2θ ~14.2°, 16.2° and ~43°, are present. No reflections from the Mylar film were observed. Except for the signals of the support, the diffractograms of the mineralized collagen fibrils prepared in presence of citrate (b,c,d) did not show any remarkable diffraction peak; only very small reflections emerging from the bulging baseline in the 2θ range from 30°–32° were recorded indicating that the mineral component is mainly amorphous. The diffractograms of these latter samples showed a small peak at ~29.5° which can be attributed to a low amount of CaCO3 (calcite, powder diffraction file PDF 00–005–0586) precipitated in the Ca(OH)2 suspension in contact with CO2 (coming from the air) prior the titration. Differently, samples d (Col/Ap–Cithigh) and f (Eu/Col/Ap) showed the distinguishing reflections of the apatite phase (PDF 01–071–5048), namely, the peaks at 2θ = 25.87° corresponding to the (002) plane, the broad reflection between 31° and 33° corresponding to planes (211), (112) and (300), the reflections at 33.9° and 39.8° attributed to the planes (202) and (310), and other minor peaks in the 2θ range from 40°–55° [26]. These diffractograms are very similar to that of the reference sample a, demonstrating that in absence of citrate the obtained mineral phase is crystalline apatite. In addition, in Figure 2B the low angle measurements are reported revealing that no signals were present in the 2θ range from 4.5° to 9°, which excluded the presence of the octacalcium phosphate (OCP) phase in all the samples [33,34].



It is worth to mention that sample d (Col/Ap–Cithigh) was submitted to 6 cycles of washing by centrifugation prior the XRD characterization. The objective was to extensively remove the citrate salts residues that can precipitate when a high concentration of citrate is employed namely sodium citrate dihydrate (C6H5Na3O7.2H2O; PDF 00–016–1170), sodium citrate pentahydrate (C6H5Na3O7.2H2O; PDF 00–016–0962), and calcium dicitrate tetrahydrate (Ca3(C6H5O7)2.4H2O; PDF 00–028–2003). In fact, as mainly demonstrated in the XRD pattern of sample b, which was also synthesized in presence of the highest amount of citrate and purified only with 3 washing cycles, small amounts of citrate salts were present. The co–precipitation of some citrate salts residues with the apatite phase in Ca/citrate/phosphate solutions was also reported in previous works [35,36].




3.2. FTIR and Raman Spectral Features


Additional characterizations were carried out analyzing the samples by FTIR and Raman microspectroscopy. The principal FTIR absorption bands of type I collagen fibrils assembled in 0.29 M H3PO4 are shown as reference in Figure 3A. This spectrum revealed the typical bands of amide B (~3065 cm–1, stretching C–H), I (~1658 cm–1, stretching C=O ), II (1535 cm–1, stretching C–N), and III (~1236 cm–1, C–N stretching and bending N–H) [37] which are associated with the triple helical conformation of type I collagen fibrils. The FTIR spectrum of this sample also exhibit bands at 1035 and 1080 cm−1, which arise from the C–O stretching and C–O–C stretching absorption modes of the carbohydrate moieties [38], a band at 2920 cm–1 which corresponds to C–H anti–symmetrical stretching, and a band at 1453 cm–1 which corresponds to the C=H stretching [36]. Additionally, two bands at 498 and 592 cm–1 are attributted to phosphate groups.



Figure 3A shows the FTIR spectra of the different mineralized fibrils. Some of the typical absorption bands of collagen such as the amides I, II and the less intense amide III were observed at around 1657–1660, 1535 and 1240 cm–1, respectively. In some spectra the amides A and B are overlapped with the H2O band between 3600 cm–1 and 2600 cm–1. The presence of apatitic –OH stretching at around 3580 cm–1 in the samples containing apatite was not clearly detected, due to the presence of CO32− ions replacing partially the –OH, as well as their poor hydroxylation, as customary for the bio–inspired apatites. Only in the sample Col/Ap–cithigh this peak appeared but its intensity is very small. In the region 400–1800 cm–1 the typical spectral features of apatitic compounds can be revealed; the main band at 1000–1100 cm–1 corresponds to the asymmetric stretching mode of PO43− groups (ν3PO4) and the shoulder at ~961 cm−1 is ascribed to the symmetric stretching of PO43− (ν1 PO4) while the less intense bands at ~603 and 560 cm−1 are due to the bending mode of PO43− groups (ν4 PO4). A shoulder at ~532 cm–1 in the ν4PO4 domain can be assigned to non–apatitic (surface) HPO42– ions and it is only visible on the sample Eu–Col/Ap obtained in absence of citrate [26]. The bands of carbonate ions were also visible, namely the signals of the ν3CO3 mode at around ~1415 cm−1, partially overlapped with carboxylate COO– citrate bands as the one located at 1466 cm–1 [39], and the bulging peak at around 874 cm−1 of the ν2CO3 mode. Besides the apatitic vibrational contributions, a band at ~1585–1587 cm–1 was also noticed in all samples prepared in presence of citrate ions, which was ascribed to the antisymmetric stretching frequencies of the carboxylate groups of the citrate. This band is wide and it probably overlaps with the amide II band of collagen. This band is sharper in samples prepared with the high concentration of citrate. Bands at ~2920 cm–1 and ~847 cm-1 were assigned to νCH2 and δCOO modes [40] of the citrate ions, respectively. Figure 3B shows the complementary characterization of the spectral features of mineralized fibrils by Raman microspectroscopy. Overall, the amide I band (stretching C=O) is centered at 1668 cm−1 and the amide III (~1236 cm–1, C–N stretching and bending N–H) at 1246–1248 cm–1 [41]. The spectral features of apatite arise at 957–961 cm–1 (ν1 PO4), 418–420 cm–1 (ν2 PO4), 590 cm–1 (ν4 PO4), and those of citrate at around 1445–1450 cm–1 and 843–845 cm–1 (ν C–C) [26]. This latter band was not observed in the spectra of samples Col/Ap and Eu–Col/Ap prepared in absence of citrate. It was observed that in all the Raman spectra of the samples prepared using citrate ions in the titrant solutions, the ν1PO4 bands appeared at 951–953 cm–1 indicating the presence of ACP [42] in agreement with the XRD data. In addition it was also observed that the intensity ratio between the peak at 958–959 cm–1 (ν1 PO4) and that centered at 843–845 cm–1 (νC–C of citrate) is higher when the lowest amount of citrate was used, which confirm that citrate slowed down the growth of apatite and thus behaved as an inhibitor.



In this work mineralized type I collagen fibrils were prepared, trying to recreate the basic building block of human mineralized tissue, as well as to develop a new bioinspired nanostructured material in which the collagen fibrils are mineralized with Eu3+–doped apatite nanocrystals. The results revealed by that adding citrate to the titrant Ca(OH)2 solution, the mineralized fibrils are basically constituted of amorphous calcium phosphate (ACP) or incipiently formed poorly crystalline apatite nanoparticles. Differently, the experiments carried out either adding citrate after the neutralization reaction or in absence of citrate yielded mineralized fibrils constituted of apatite nanocrystals.



When the citrate was added in the titrant Ca(OH)2 solution with a Cit/Ca molar ratio equal to 2 or 1, it acted as an inhibitor of the transformation from ACP to nanocrystalline apatite, slowing down this process and enhancing the long term stability of ACP, similarly to as previously found by Delgado–López et al. [17]. Differently, when citrate was added at the end of the neutralization reaction, the mineral phase was mainly apatite, suggesting that the ACP to apatite transformation occurred during the titration process. According to the data reported by Delgado–López et al [17] the effect of citrate to inhibit the precipitation of the mineral phase is a concentration–dependent phenomenon that should be driven by the adsorption of citrate on the ACP surface. As the syntheses were carried out by titrating a strong acid solution with a strong base, the pH of the solution will progressively increase to neutrality (pHs 7.0–7.3) at the endpoint of the neutralization reaction. In these conditions the three –COOH groups of the citrate are fully deprotonated according to their pKs (pK1 = 3.13, pK2 = 4.76, pK3 = 6.40 [43]), though only one or two can electrostatically interact with the positively charged surface <Caδ+ of the ACP [44]. Adding an excess of titrant solution may yield the precipitation of sodium citrate salts. This was the case of sample b (Cithigh–Col/Ap) in which some residues of citrate salts were found.




3.3. Luminescent Properties of Eu3+–Doped Mineralized Collagen Fibrils


The main aim of this work was not the study of basic mechanisms of collagen mineralization and the effect of citrate in this process, which was already reported [17,18], but the preparation for the first time of a new luminescent bioinspired composite Col/Ap material. Therefore the luminescent properties properties of the as–synthesised samples were fully investigated. Figure 4 shows the luminescence properties of Eu3+–doped mineralized collagen fibrils in solid state. The luminescence emission (sensitized fluorescence) is due to the formation of highly fluorescent complexes between Eu3+ and the phosphate ions within the Eu3+–doped calcium phosphate nanoparticles [26].



The sensitized fluorescence results from the ligand absorbing light, the energy of which is then transferred to Eu3+ which emits the energy as narrow–banded, line–type fluorescence with a long Stokes shift (over 250 nm) and an exceptionally long fluorescence decay time (up to 1 ms) [45].



The observed excitation wavelengths were 240, 321, 364, 385 and 395 nm. The broad band between 200 and 300 nm, centered at 240 nm, corresponds to charge transfer (called charge transfer band; CTB), which occurs by electron delocalization from the filled 2p shell of O2– to the partially filled 4f shell of Eu3+. Also, this band can partly be attributed to the charge transfer transition X5+–O2– [46,47]. The weaker bands centered at 321, 364, 385 and 395 nm correspond to the excitation of the Eu3+; 7F0→5H6, 7F0→5D4, 7F0→5L7 and 7F0→5L6 transitions [48].



The emission spectra show an emission band centered at 490 nm which is not affected by the concentration of Eu(III) and therefore is shown in all the materials. This luminescence emission can be attributed to the collagen, more precisely to proline aminoacids [49,50]. On the other hand, there are several narrow bands centered at 592, 614, 650 and 699 nm which correspond to the Eu3+ 5D0→7F1, 5D0→7F2, 5D0→7F3 and 5D0→7F4 transitions, respectively [48].



As can be observed, the maximum luminescence emission is obtained when excitation and emission wavelengths are 240 and 614 nm, respectively. The excitation wavelength of 240 nm corresponds to the CTB band and the emission wavelength of 614 nm corresponds to the hypersensitive transition without inversion center (5D0→7F2) which results in the highest relative luminescence intensity (R.L.I) when nanosized particles dominates the luminescence emission [51]. Only the two materials doped with Eu3+ (CithighEu–Col/Ap and Eu–Col/Ap) show a strong luminescent emission at these wavelengths.



On the other hand, CithighEu–Col/Ap shows higher luminescence intensity than Eu–Col/Ap, even if the Eu3+ doping is a fourth of the latter. The only difference in the preparation of both materials is the presence of citrate in the titrant solution. Therefore, the adsorbed citrate affects the luminescence properties of the material. It can be due to several reasons: 1) the presence of citrate adsorbed on the surface of the nanoparticle which increases the luminescence of the Eu3+; 2) because citrate affects the amorphous or crystalline nature of the calcium phosphate, in fact CithighEu–Col/Ap is amorphous and Eu–Col/Ap is crystalline; 3) a combination of both causes.



The luminescent emission of CithighEu–Col/Ap is very intense and it can be seen by naked eye. Figure 5 shows a picture of CithighEu–Col/Ap (left) and Cithigh–Col/Ap (right) materials under sunlight and UV–light (324 nm) illuminations. Under sunlight (Figure 5, down) both materials shows a white color. Under UV illumination (Figure 5, up) Cithigh–Col/Ap shows a blue color while CithighEu–Col/Ap is purple. It is due to the fluorescence emission of both materials; Cithigh–Col/Ap shows the blue fluorescence emission of the collagen (490 nm) and CithighEu–Col/Ap shows the same blue emission as well as the red emission (614 nm) of the Eu3+, resulting in a purple color. It has to bear in mind that this picture shows fluorescence emission (td = 0µs) while Figure 4 shows sensitized fluorescence (td = 120 µs) and for this reason the intensity of the blue emission of the collagen in Figure 4 is very low. However, it can be seen by naked eyes in this picture.



Figure 6 compares the luminescent properties of CithighEu–Col/Ap with those of citrate–coated Eu3+–doped carbonated apatite nanoparticles (13.3 ± 2.6 wt % Eu) obtained in a previous work [26] and citrate–coated Ca2+–doped EuPO4.H2O (43.7 ± 0.3 wt % Eu, 4.9 ± 0.1 wt % Ca) nanoparticles prepared recently in our laboratory. It is possible to conclude that the luminescence properties of all of them are practically the same, varying only in the emission at 490 nm because the particles did not contain collagen. The R.L.I. cannot be compared because the spectra were recorded with different instrumental conditions due to the differences in the luminescence quantum yields.



An important parameter in sensitized luminescent complexes is the luminescence lifetime (τ); see Figure 7. For each sample, the decay profile was analyzed as a single exponential component (RLI = A·e–t⁄τ + C) [52].



The decay curves of the free Eu3+ samples are practically flat indicating that no sensitized luminescence is recorded; this is due to the fact that they do not contain Eu3+ in their structure. In addition, the highest lifetime is shown by CithighEu–Col/Ap (1402 µs) while the lifetime of Eu–Col/Ap is practically half of it (638 µs). It can be due to the same reasons why the presence of citrate increases the luminescence intensity: 1) because the citrate itself stabilized the excited state of the Eu3+ ions; 2) because the presence of citrate affects the amorphous or crystalline nature of the calcium phosphate, which influences over the deactivation of the excited states of the Eu3+; 3) both effects at the same time.




3.4. Cytocompatibility of the Mineralized Type I Collagen Fibrils


In view of a possible in vivo use of these composites, the cytocompatibility of the different samples of mineralized type I collagen fibrils was tested in a MTT assay on the GTL–16 human carcinoma cells, on MG–63 human osteosarcoma cells and on the m17.ASC murine mesenchymal stem cells, after incubation at concentrations ranging from 0.1 to 100 μg/mL (Figure 8). Only the sample in which citrate was added just after the neutralization reaction (sample d, Col/Ap–cithigh) displayed some toxicity, in a dose–dependent manner, which was more detectable on the more sensitive MG–63 and m17.ASC cell lines (Figure 8 middle and down panels) and clearly evident also on GTL–16 cells at the highest concentration tested of 100 μg/mL (Figure 8, up). In any case cell viability was always higher than 70%, which is the cut–off indicated by ISO 10993–5:2009 [53]. The three cells lines were similarly sensitive to the toxic activity of Doxorubicin, which reduced their viability to less than 40%, when it was added at a 10 µg/mL final concentration (data not shown). All together these data show a high cytocompatibility of the mineralized type I collagen fibrils, doped with Eu3+ and coated with citrate, and open new perspectives to possible in vivo applications, namely in the field of tissue engineering, regenerative medicine and bioimaging.





4. Conclusions


New nanostructured hybrid composites based on collagen and calcium phosphates have been synthesized in presence of citrate and Eu3+. In absence of citrate the collagen fibrils were assembled and mineralized with nanocrystalline apatites. When citrate was added in the titrant solution in a Cit/Ca molar ratio 2 or 1, it acted as an inhibitor of the ACP to nanocrystalline apatite transformation, slowing down the transformation process and enhancing the long term stability of the amorphous particles associated to the collagen fibrils. The addition of Eu3+ and citrate in the titrant solutions resulted mainly in the formation of Eu3+–doped citrate–coated ACP/collagen fibrils whose relative luminescent intensity (R.L.I.) and luminescence lifetime are superior to those of Eu–doped apatite/collagens prepared in absence of citrate. Although, dedicated in vivo tests are required to validate their biogical performances, the as–synthesised bioinspired composites, thanks to their intrinsic bioactivity, cytocompatibility, bioresorbability and luminescent properties, could find in the future interesting applications in tissue engineering and bioimaging.
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Figure 1. VPSEM micrographs of some selected mineralized fibrils of Table 1: (a) Col/Ap, (b) cithigh–Col/Ap, (c) citlow–Col/Ap, (d) Col/Ap–cithigh, (e) cithigh–Eu/Col/Ap, and (f) Eu/Col/Ap. 
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Figure 2. (A) X–ray diffraction patterns of mineralized type I collagen fibrils: a) Col/Ap, b) cithigh–Col/Ap, c) citlow–Col/Ap, d) Col/Ap–cithigh, e) cithigh–Eu/Col/Ap, and f) Eu/Col/Ap. The XRD pattern of the PMMA sample holder, whose characteristic reflections are denoted with S, is plotted at the bottom of the graph. (*) denotes the signals of the apatite phase, (c) denotes the signals of calcite and (+) denotes the signals of sodium citrate dihydrate residues. (B) Low angle XRD measurements of the samples a–f. 
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Figure 3. (A) FTIR spectra of mineralized type I collagen fibrils: a) Col/Ap, b) cithigh–Col/Ap, c) citlow–Col/Ap, d) Col/Ap–cithigh, e) cithigh–Eu/Col/Ap, and f) Eu/Col/Ap. The FTIR spectrum of type I collagen fibrils assembled in 0.295 M H3PO4 is plotted at the bottom of the graph. (B) Raman spectra of mineralized type I collagen fibrils: samples a–f. The band at ~480 cm–1 belongs to Si–O of the glass support. 
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Figure 4. Uncorrected excitation (dashed lines) and emission (solid lines) spectra of different Eu3+–doped apatite mineralized collagen fibrils. Slit–widthsexc/em = 10/10 nm, td = 120 µs, tg = 5 ms and voltage detector = 600 v. 
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Figure 5. Picture of CithighEu–Col/Ap (left) and Cithigh–Col/Ap (right) under sunlight (down) and 324 nm UV–lamp illumination (up). 
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Figure 6. Uncorrected emission spectra of CithighEu–Col/Ap (solid black line), citrate–coated Eu3+–doped carbonated apatite nanoparticles (13.3 ± 2.6 wt % Eu) (dotted green line) and citrate–coated Ca2+–doped EuPO4.H2O (43.7 ± 0.3 wt % Eu, 4.9 ± 0.1 wt % Ca) nanoparticles (dashed red line). 
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Figure 7. Luminescence decay curve of the different Eu–doped apatite mineralized collagen fibrils, i.e. (a) cithigh–Col/Ap, (b) Eu-Col/Ap, (c) cithigh–Col/Ap, (d) citlow–Col/Ap, and (e) Col/Ap–cithighλexc/em = 240/614 nm, slit–widthsexc/em = 10/0 nm, and detector voltage = 600 V. Circles correspond to experimental data and lines to the fitting equation. 
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Figure 8. Cytocompatibility of the different Eu–doped and citrate–coated apatite mineralized collagen fibrils. GTL–16, MG–63 and m17.ASC cells were incubated with the different types of fibrils (a, Col/Ap; b, cithigh–Col/Ap; c, citlow–Col/Ap; d, Col/Ap–cithigh; e, cithigh–Eu/Col/Ap; f, Eu/Col/Ap) for three days and their viability was assessed in MTT assays. Data represent means ± sd of three independent experiments performed in triplicates and statistical analyses were carried on using One–way ANOVA, with Bonferroni comparison test. For statistical analysis all data were compared to untreated samples (*p < 0.05, **p < 0.01, ***p < 0.001). 
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Table 1. Codes, details of the basic titrant solutions and composition of mineralized collage.
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	Sample Identificación
	Basic Titrant Solution
	Mineral Phase
	pHs (Initial; Final)
	Eu (wt %)
	Collagen (wt %)
	Citrate (wt %)
	Inorganic Residues (wt %)
	Carbo–nate (wt %)





	a. Col/Ap
	0.495 M Ca(OH)2
	Ap
	12.5; 7.3
	0
	7.6 ± 0.8
	0
	83.5 ± 8.0
	3.1 ± 0.3



	b. cithigh–Col/Ap
	0.495 M Ca(OH)2 +

+0.990 M Na3cit
	ACP
	13.5; 7.3
	0
	23.8 ± 2.0
	5.3 ± 0.5
	50.7 ± 5.0
	8.5 ± 0.9



	c. citlow–Col/Ap
	0.495 M Ca(OH)2 +

0.495 M Na3cit
	ACP
	13.6; 7.1
	0
	34.7 ± 3.0
	1.7 ± 0.2
	59.3 ± 6.0
	1.5 ± 0.2



	d. Col/Ap–cithigh
	0.495 M Ca(OH)2

+0.990 M Na3cit*
	Ap
	12.5; 9.8
	0
	13.8 ± 2.0
	0.7 ± 0.1
	76.6 ± 8.0
	3.9 ± 0.4



	e. cithigh–Eu/Col/Ap
	0.495 M Ca(OH)2 +

+0.990 M Na3cit+

+0.010 M EuCl3
	ACP
	13.4; 7.2
	0.6 ± 0.3
	21.6 ± 2.0
	5.9 ± 0.6
	51.3 ± 5.0
	8.1 ± 0.8



	f. Eu/Col/Ap
	0.495 M Ca(OH)2 +

+0.010 M EuCl3
	Ap
	13.03; 7.3
	2.4 ± 0.2
	7.5 ± 0.8
	0
	79.5 ± 8.0
	1.6 ± 0.2







Acidic collagen solutions were prepared by dissolving 500 mg of type I collagen in 10 mL of ~0.295 M H3PO4( pH = 1.30); a) Col/Ap, b) cithigh–Col/Ap, c) citlow–Col/Ap, d) Col/Ap–cithigh, e) cithigh–Eu/Col/Ap, and f Eu/Col/ *0.99 M Na3cit solution was added at the end of the neutralization reaction. The mineral phase, Ap (apatite) or ACP (amorphous calcium phosphate) was identified by XRD. The amounts of collagen (wt %), citrate (wt %) and carbonate (wt %) were determined by TGA.
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