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FRET: A tool to study the interaction between apatite and collagen?

Keywords: 

Fluorescence Resonance Energy Transfer, FRET, is largely used in biology to demonstrate the occurrence of molecular interactions. In order to investigate the vicinity between collagen and calcium phosphate in bone substitute biomaterial, composites constituted of autofluorescent collagen and apatite doped by europium were synthesized by a precipitation method. The first results show a fluorescence energy transfer between the two fluorescent components and are very promising.

Introduction

The composition of human bone is a well-known mineral/organic hybrid consisting of hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) and organic (mainly collagen) constituents. Apatite/collagen composites are probably the most biomimetic system for osseous replacement or regenerative therapy [1][2][3][4][5][6][7][8][9]. These materials based on inorganic and natural macromolecules are not easily characterized, and particularly the chemical interaction between apatite and collagen has been poorly studied. In general, Fourier Transform Infrared (FTIR) analysis was carried out and the authors [4][5][6][7][8][9] have shown that the COO -band of collagen was shifted due to the interaction with apatite. Nevertheless, this band is very weak and the low value of the shift from 1340 to 1337 cm -1 is not very significant. Modified thermogravimetric analysis (TG-DTG), Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) observations were also reported [4][5][6][7][8][9].

A new approach of the study of collagen/apatite interaction is proposed: the Fluorescence Resonance Energy Transfer (FRET). FRET (sometimes called Förster Resonance Energy Transfer), is frequently used in biology to characterize the interactions of biomolecules [10,11]. The detection of a significant FRET signal is a strong indicator of the nanometer range proximity of two fluorophores. In our case, the first component, collagen is autofluorescent. The native fluorophore is thought to be pyridinoline, one of the major cross-links within the primary structure of collagen fibrils [12]. Calcium phosphate apatite is not naturally fluorescent, so, it is doped with the rare earth, europium, Eu 3+ . Many studies have shown that Eu 3+ can partially substitute for Ca 2+ ions in natural or synthetic apatites [13].

Experimental

Europium doped apatite with Eu / (Eu + Ca) = 2% (atoms) is synthesized by a precipitation method in an aqueous medium at 37 °C [adapted from 13]. Calcium nitrate [Ca(NO 3 ) 2 •4H 2 O] (Merck), 19,5 mmol, and europium nitrate [Eu(NO 3 ) 3 •6H 2 O] (Alfa Aesar), 0,4 mmol, are dissolved in 80 ml of deionized water (solution A). Diammonium hydrogen phosphate [(NH 4 ) 2 HPO 4 ] (Carlo Erba), 11.9 mmol, are dissolved in 200 ml of deionized water. The pH solution is adjusted in the range of 8-9 with ammonia (solution B). Solution A is quickly added to solution B at 37 °C while stirring. After 2 h, in the same conditions of pH, temperature and stirring, the obtained precipitate is filtered, washed with deionized water and freeze-dried for 48 h.

Two types of compounds are prepared. The first one, reported as "mixture" is prepared by mixing the europium-doped apatite with collagen (type I from bovine Achilles tendon, Sigma Aldrich) using an apatite/collagen weight ratio fixed at 90/10. The second, a Eu-doped apatite/collagen, reported as "composite", is synthesized in the same way of the apatite previously described, except that collagen is firstly dispersed in the solution B. In fact, in this case, according to these synthesis conditions, europium-doped apatite is precipitated in a suspension of collagen.

All the samples are prepared in pellets form by compression in a mold.

Due to the synthesis route of the composites, in order to control and compare the affinity of europium for apatite or collagen, two reference samples are prepared. Europium nitrate in the ratio (Eu / (Eu + Ca): 2% (atoms) is added on one hand to a suspension of pure apatite and on a second hand to a suspension of collagen. The suspensions are maintained for 2 h, at pH 8-9 and 37 °C. After filtration, the solid samples are washed with deionized water and freeze-dried.

Fluorescence excitation and emission spectra are performed on an Aminco SPF 500 C spectrofluorimeter. The spectra are recorded using a special sample holder design for solid state substrates fixed on a microscope glass plate.

Results and discussion

Aside from spatial proximity, it is well-known that for efficient FRET to take place the fluorophores must exhibit a significant overlap of the donor's emission spectrum with the acceptor's excitation spectrum. The emission band of collagen, which is the donor, overlaps with the excitation band of europium-doped apatite, the acceptor (Fig. 1).

Moreover, after excitation at 340 nm, no signal is detected for collagen between 550 and 650 nm, the emission area of europium, and europium itself is not subject to direct excitation at the collagen excitation wavelength. In these conditions, if collagen and doped apatite are sufficiently close to each other, FRET will occur. After fluorescence excitation of collagen at 340 nm, the fluorescence emission of collagen would decrease and in the same time europium-doped apatite would emit, two characteristic peaks would be detected at 593 nm and 616 nm.

Many studies on europium-doped apatite were reported but no synthesis was carried out with collagen. The europium affinity for apatite and collagen is tested by mixing europium on one hand to apatite and on other hand to collagen. The fluorescence emission spectra of the samples after excitation at 395 nm (the maximum excitation wavelength of europium) are reported on Fig. 2. The intensity of the signal in the case of apatite is significantly higher than in the case of collagen. Europium has a more significant affinity for apatite than for collagen.

The comparison between the emission spectra of europium-doped apatite/collagen mixture and the corresponding composite after excitation at 340 nm shows emission peaks of europium at 593 nm and 616 nm only for the composite (Fig. 3). This result reveals fluorescence energy transfer from collagen to europium. It is fully in agreement with the composite synthesis methodology which could allow closer interaction between collagen and apatite.

Different amounts of europium in the composite are tested such as the Eu / (Eu + Ca) ratio varies in the range of 0-5%. Fig. 4 exhibits the fluorescence emission spectra at 340 nm of the various composites. The fluorescence energy transfer is observed with the two emission peaks at 593 nm and 616 nm. The intensity of the peaks lightly increases with the europium content till the Eu / (Eu + Ca) ratio equals 2. Above this value the intensity does not apparently increase. One explanation may be the quenching process due to high concentrations of europium. These results show that the ratio of europium in apatite must not exceed 2-3%. Moreover, this limit is in agreement with previous works concerning the introduction of europium by precipitation in the apatitic lattice [13]. Above this value the apatitic compounds are not homogeneous and europium is in an extra phase.

It is worth noting that the emission spectra of the donor, collagen, are modified (Figs. 3 and4). A decrease of fluorescence intensity is observed at 395 nm, the wavelength value corresponding to the maximum of europium excitation. This partial quenching of emission spectra of the donor increases with the europium ratio. A decrease of fluorescence intensity in the area of spectra overlap is typically due to fluorescence energy transfer by radiative process i.e. via emission of a photon from the donor and its re-absorption by the acceptor. By FRET, a non-radiative fluorescence energy transfer, the emission spectra of the donor decrease at the same rate whatever the emission wavelengths. A radiative transfer can occur even if the two fluorophores are not in nanometer range proximity. However, radiative and non-radiative transfer could occur concomitantly which could explain the fluorescence energy transfer only observed in the case of composites. Nevertheless, no emission peaks from the europium-doped apatite/collagen mixture could also be due to an environment and a physic state different from the composite.

Conclusions

FRET is potentially very interesting to obtain information on the molecular interaction between collagen and apatite. Such results may be preciously helpful for the development of bone-like composites. Collagen and europium-doped apatite have all the spectral properties to be respectively donor and acceptor of fluorescence in the FRET process. These first results on the composites are very promising, they show fluorescence energy transfer but undeniably radiative transfer is 
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 1 Fig. 1. Fluorescence excitation and emission spectral profiles of the donor, collagen, and the acceptor, europium-doped apatite.
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 2 Fig. 2. Fluorescence emission spectra of europium mixed with apatite (A) and mixed with collagen (B), λ ex = 395 nm.
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 3 Fig. 3. Fluorescence emission spectra of europium-doped apatite/collagen mixture ( ) and composite ( ) λ ex = 340 nm.
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 4 Fig. 4. Fluorescence emission spectra of composites Eu / (Eu + Ca): 0-5%, λ ex = 340 nm.