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Abstract

:

Solid-state nuclear magnetic resonance (NMR) spectroscopy allows for the identification of inorganic species during the biomineral formation, when crystallite particles visible in direct imaging techniques have not yet been formed. The bone blocks surrounding dental implants in minipigs were dissected after the healing periods of two, four, and eight weeks, and newly formed tissues formed around the implants were investigated ex vivo. Two-dimensional 31P-1H heteronuclear correlation (HETCOR) spectroscopy is based on the distance-dependent heteronuclear dipolar coupling between phosphate- and hydrogen-containing species and provides sufficient spectral resolution for the identification of different phosphate minerals. The nature of inorganic species present at different mineralization stages has been determined based on the 31P chemical shift information. After a healing time of two weeks, pre-stages of mineralization with a rather unstructured distribution of structural motives were found. After four weeks, different structures, which can be described as nanocrystals exhibiting a high surface-to-volume ratio were detected. They grew and, after eight weeks, showed chemical structures similar to those of matured bone. In addition to hydroxyapatite, amorphous calcium phosphate, and octacalcium phosphate, observed in a reference sample of mature bone, signatures of ß-tricalcium phosphate and brushite-like structures were determined at the earlier stages of bone healing.
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1. Introduction


As the main component of vertebrates’ hard tissues in bones and teeth, calcium phosphate is the most common biomineral. Unravelling the process of calcium phosphate formation in the biological environment during bone healing or remodeling is a prerequisite for an understanding of the mechanisms of biomineralization and pathological mineralization. This knowledge might lead to novel bioinspired strategies for developing advanced materials as well as preventing and treatment of calcified tissue diseases.



The mechanisms of biomineralization and pathological mineralization still remain a subject of debate. The classical physico-chemical view on nucleation and crystallization based on the association of ions from a supersaturated solution has been revised. In mineralized tissues, a key factor for the control of the nucleation, growth, and organization of hierarchical structures at different length scales is the presence of the organic matrix, which can either localize crystallization or stabilize the otherwise metastable or unstable amorphous phases [1]. It has been demonstrated that calcium-based biominerals can be formed through a complex multistage process that involves stable pre-nucleation clusters with aggregation and densification into an amorphous precursor phase and subsequent transition into a crystal [2,3]. This formation mechanism for biomineralization has been supported by in vitro studies using a combination of cryo-transmission electron microscopy and molecular modeling [4,5]. Dey et al. demonstrated heterogeneous surface-induced crystallization of hydroxyapatite (HAp) in the presence of a nucleating surface using a model system of simulated body fluid as a mineral source [5]. In the model system, the crystals were never observed together with aggregates of clusters. The in vitro mineralization studies are in agreement with in vivo experiments that have also suggested the involvement of an initial amorphous calcium phosphate phase (ACP) followed by transformation to the final HAp in forming fin bone of zebra fish [6] and in tooth enamel [7]. The degree and the time sequence of mineralization have been studied in human [8] and animal [9] bone tissues. It has been reported that the formation of new bone is a multistep process, within which the new matrix begins to mineralize after about 5–10 days from the time of deposition. The process is followed by increases in the crystal size and the number of crystals, as well as remodeling, and then stops after a period of 30 months, having reached the physiological limit of the mineral content at the tissue level. However, for a detailed understanding of the biomineralization processes, characterization on the molecular scale at all stages, including initial, intermediate, and mature mineralization phases, is required. It has been postulated long ago that ACP is formed from nanometer-sized clusters—so-called Posner’s CaP clusters—with a chemical composition Ca9(PO4)6, which are the basic units of the final apatite crystals [10]. The identification of the initial mineral phase proved to be a challenging task due to its poor crystallinity, its highly substituted nature, and a very small size of mineral clusters for visualization by microscopy techniques. In contrast to the systems studied in vitro, in organisms, other transient calcium phosphate phases such as brushite (DCPD) and octacalcium phosphate (OCP) have been implicated as phases that are intermediate to the formation of hydroxyapatite (HAp). Indeed, evidence for brushite and OCP has been reported in bone using Raman spectroscopy [11]. This demonstrates that in vivo bone formation may show different behavior compared to biomimic and in vitro grown model systems. Therefore, a detailed study on a molecular level on how biominerals are formed in organisms can shed light on the natural mineralization mechanisms. However, implementation of in vivo experiments tracing various stages of mineralization is difficult to achieve, because any non-destructive method based on real-space imaging such as magnetic resonance imaging (MRI) and computed tomography (CT) will only find structures exceeding a minimal size in space due to their inherent detection limits caused by the limits of the spatial resolution of the particular method.



Solid-state nuclear magnetic resonance (NMR) spectroscopy is ideally suited for the characterization of disordered or nanoscale materials and has been shown to provide important structural information in natural dentine [12,13], cartilage [14], and bone minerals [15,16,17,18] and their model compounds [19,20,21,22,23]. The presence of certain moieties known to exist in calcified tissues such as calcium phosphates, hydroxide groups, and water molecules as well as their arrangement and order, can be examined using 31P and 1H solid-state NMR. Two-dimensional 1H-31P heteronuclear correlation (HETCOR) spectroscopy utilizes the distance-dependent heteronuclear dipolar coupling and thus emphasizes spatial proximity between phosphate- and hydrogen-containing species. Therefore it allows for the determination of the nature of inorganic species present at different mineralization stages based on the 31P chemical shift information.



In the present study, we present a molecular-level ex vivo NMR characterization of in vivo grown tissues. Therefore, screw-type dental implants were inserted into the mandibles of minipigs. For ex vivo analysis by solid-state NMR, the bone blocks surrounding the dental implants were dissected after healing periods of two, four, and eight weeks in order to study how biominerals develop in organisms. The NMR spectra of newly formed tissues were compared to mature bone obtained from the same organism.




2. Results


Figure 1 shows a magnetic resonance (MR) proton density slice image of the bone block of a 20 × 10 × 10 mm3 size extracted after the healing period of two weeks. The dental implant inserted into the mandibular block and dense mineralized tissue appears dark due to the lack of signal. The adjacent connective tissue is depicted in different gray scales. The red rectangle in Figure 1 indicates the area in a cavity beneath the implant apex, where tissue has grown after the healing period without direct contact to the implant. The proton density and the tissue structure in this region deviate from the surrounding tissues and thus reveal the formation of a new tissue. The morphology and quality of the newly formed tissue has been studied by MRI in the same time steps and published elsewhere [24]. Using solid-state NMR, the composition of newly formed tissue and its promotion with increasing healing time has been investigated in this work.



Figure 2 shows the 31P magic angle spinning (MAS) NMR spectra of a series of the samples after two, four, and eight weeks of healing, measured by direct polarization (DP) (Figure 2a) and cross-polarization (CP) from 1H (Figure 2b). All 31P MAS NMR spectra from newly formed tissues are very similar irrespective of the healing time, and reproduce the spectrum of the mature bone presented for comparison in Figure 2c (bottom). The DP spectra are characterized by a single, featureless, and almost symmetric line centered at 3.0 ppm with a rather large linewidth of 3.5 ppm. In the literature, the peak at 3 ppm is attributed to ACP, which is known to compose the bone mineral structure [25,26]. The reference spectrum of crystalline HAp shown in Figure 2c is significantly narrower and demonstrates an intrinsic peak at 2.7 ppm.



For selectivity, CP experiments in which signals of the sites in the vicinity of protons were enhanced were subsequently performed. The 31P{1H} CP MAS NMR spectra based on the magnetization transfer from 1H to 31P sites strongly indicated that the 31P species strongly coupled to protons. The CP MAS NMR spectra of newly formed tissues (Figure 2b) demonstrated similar featureless signals centered at ca. 3 ppm. They were characterized by even larger linewidths when compared to the DP spectra. Inhomogeneous broadening of the latter resulted from the distribution in the local environment of 31P sites in close proximity to 1H. The CP spectrum of the 2w sample demonstrated a much weaker intensity compared to other CP spectra, as shown in Figure S3. This is explained by a very low concentration of the phosphorous-containing species due to a nearly complete absence of mineralized tissue. This is supported by the fact that the newly formed tissue after two weeks appeared as soft rather than hard tissue.



Two-dimensional 1H-31P heteronuclear correlation (HETCOR) spectra of tissues formed after different healing periods as well as the spectrum of mature mandibular bone of a minipig are shown in Figure 3. For assignment, we summarized the data on 31P and 1H chemical shifts previously reported in the literature for various calcium phosphate minerals suggested to be present in bone mineral tissues. This data is shown in Table 1. In the spectrum of bone, two characteristic correlation signals at ca. 0 ppm and 5 ppm in the 1H dimension are assigned, respectively, to PO43−/OH− groups in the apatite structure and to structural/surface water protons spatially related to the mineral phase, according to Yesinowski and Eckert [27]. Similar correlation signals have been observed in synthetic biomimetic nanocomposites [22,28] as well as in biominerals such as animal bone [17,29], joint mineralized cartilage [14], and rat dentine [12].



Based on the correlation signals in the 31P dimension, the dominating contribution at 3.3 ppm in mature bone is attributed to octacalcium phosphate (OCP). The presence of HAp at 2.7 ppm and ACP at 3.0 ppm has also been found. The spectra of newly formed tissues show distinct differences to that of mature bone, particularly, at the earlier stages. The two-week (2w) spectra from two different animals represent a complex superposition of low intensity signals, whose maxima are spread from 4 to −2 ppm. After four weeks, the lines become narrower in the 31P direction and split into three distinct contributions in the 1H direction. After eight weeks, the spectra of both samples become more similar to the spectrum of the reference bone yielding only two correlation peaks, well separated in the 1H dimension. The mineral components identified in the 2D spectra at different healing stages and in the mature bone in our work are summarized in Table 2 and discussed in the section below. In the work of Wu et al. [36], the presence of phosphorylated proteins at the very early stages of bone mineralization in chick embryos aged 8–14 days was shown using solid-state NMR. However, by Day 19 of embryonic development, no phosphoproteins could be detected because their signals were overwhelmed by large amounts of inorganic mineral phases. In our study, we performed the 31P slow MAS NMR measurements at −20 °C (see Figure S4), as the phospholipids were expected to show lower shift anisotropy and specific chemical shifts. These additional measurements did not reveal phospholipid signals.




3. Discussion


Our results show that solid mineral phosphate species were present in the defect zone around the dental implant in the mandibular bone of minipigs two weeks after implant insertion, although hard tissue had not yet been formed at this stage. The quantitative information available from the DP NMR spectra allowed us to estimate the fractions of mineral and organic components in the tissues after different healing times and to compare it to mature bone. Therefore, we integrated 1H and 31P MAS NMR spectra and calculated the ratio of hydrogen and phosphorous atoms. A spectrum of hydroxyapatite was used for calibration of the respective signal ratios from proton and phosphorous spectra. The contribution from water in the 1H spectra identified by the chemical shift was ignored. The results show a 10-fold increase in the ratio of phosphorous atoms to hydrogen atoms in the organic phase in the four-week (4w) and eight-week (8w) samples when compared to the 2w sample. Moreover, the mineral/organic component ratio remained unchanged after four weeks of healing and was similar to that of the mature bone. This observation is in agreement with the work of Bala et al., who reported that the majority of newly formed tissue within two weeks must be organic soft tissue [9].



In order to follow changes in the mineral phase upon new tissue formation and maturation, 2D HETCOR spectroscopy, which provides spatial correlations between 1H spins (from organic component and water) and 31P spins (primarily phosphate species in the mineral component), was applied. The signal separation available in the 2D spectra provided a higher resolution in the 31P dimension as compared to the 1D 31P spectra and thus allowed local mineral structures to be analyzed based on their chemical shifts. To note, the decreased linewidth in the 2D spectra as compared to the 1D CP spectra is related to the longer mixing time in the former, which results in a narrower distribution of the emphasized components.



The HETCOR spectra in Figure 3 demonstrate the development of the newly formed tissue with healing time. All the 2D correlation peaks in our work were centered within the range from −3 ppm to ca. 5 ppm, corresponding to phosphate groups in various calcium phosphate minerals. The HETCOR spectra of both 2w samples were slightly different. This can be explained by the variation in the concentration and location of the surrounding calcium atoms, because the 31P chemical shift of a phosphate unit is very sensitive to calcium content [37]. Moreover, protonation of the phosphate is also known to lead to an upfield 31P shift [30]. Nevertheless, signatures of ACP, OCP, and brushite (Bru) were found in both 2w samples, and the presence of β-TCP was revealed in only one of them. Such differences might be associated with in vivo interindividual variability and might be explained by the way different animals respond to implant insertion in various ways. Whereas ACP and OCP are known to constitute biological minerals, brushite has been only proposed as an intermediate in biomineralization processes such as bone formation [38] and the dissolution of enamel in acids (dental caries) [39,40,41]. Hence, we term it here as a brushite-like component. It is worth noting that, although it is a major component of most vertebrate hard tissues, HAp was not found in either 2w sample. Thus, we can conclude that, rather than the formation of biominerals, the pre-stages of biomineralization were observed here. After four weeks, the presence of ACP, OCP, the brushite-like component, and HAp was found in both 4w samples. Finally, at the last stage of healing, ACP, HAp, and OCP were visible in the 8w spectra. This composition is close to that of the mature bone serving as reference, except for the presence of Bru phase in one of two 8w samples. However, this phase could be stabilized by an environment before conversion to hydroxyapatite. To sum up, the general trend in the formation of biomineral tissue with time evolution is clearly observed.



The 1H signals from newly formed tissues strongly deviated from those of mature bone, where the protons related to apatitic OH− groups and water molecules were found. An absence or undetectable amount of apatitic OH− groups expected at ca. 0 ppm was observed at all early stages in all samples, except for one 4w sample. This supports reports of a strong deficiency of hydroxide groups in mature bone and dental tissues [12,42,43]. In our previous studies on water absorbance on silica surfaces [44] and on hydroxyapatite-gelatin nanocomposites [22,28], we demonstrated the variation in the 1H chemical shift depending on (1) the dimensionality of the water structures formed on the surface and related to the strength of hydrogen bonds, and (2) the chemical groups donating hydrogen atoms for hydrogen bond formation. As a fast exchange of hydrogen bonded protons is known to occur at ambient temperatures, the exchanging protons appear in the 1H spectrum at the chemical shift, which is the weighted average of the chemical shifts from the individual structures. Thus, the 1H values discussed here can result from OH groups participating in hydrogen bonding between hydrogenated phosphates, bulk water, isolated water molecules, and organic molecules present in bone (e.g., collagen and non-collagen proteins), giving rise to variability in the 1H shifts of natural bone tissues. Actually, three 1H signals, similar to the 4w samples, have been observed in the biomimetic mesocrystal system of fluoroapatite and the organic matrix at the early growth stage [28]. In the latter, the signals have been attributed to three different water states associated with (i) isolated water molecules, being structural defects in the crystalline mineral domains, (ii) bound water on the mineral surface, and (iii) mobile water included in the amorphous organic layer, where it strongly interacts with organic molecules and inorganic species. The change to two 1H signals in the 8w samples can be associated with the re-organization of complexes between water and protein molecules always present in the organic matrix, and/or crystallite growth, which results in diminishing the contribution from surface bound water due to reduction in the specific surface area. This scenario corroborates the recent biomineralization mechanism that manifests clustering and densification into an amorphous precursor phase [2,3,5]. Our results demonstrate that different calcium phosphate minerals are present in the newly formed tissues at various healing stages, and that hydroxyapatite has not been formed in the tissue after two weeks. This observation supports the next stage in the recent biomineralization mechanism, which involves the final crystallization to hydroxyapatite and agrees well with other studies suggesting a duration of primary mineralization of up to 3 months [8,9].




4. Materials and Methods


4.1. Sample Preparation


Six titanium coated polyetheretherketone (PEEK) implants of a special design—to create a defined area between the implant surface and the round drill hole reported in [24,45]—were inserted in the mandibular bone of minipigs. The mandibles were resected after healing periods of two, four, and eight weeks. The details of the animal model are given in Supplementary Materials. The specimens were stored in a phosphate buffer solution containing penicillin, streptomycin, gentamycin, and amphotericin B at 8 °C. Due to tight fixing of the dental screws, contact of the tissues investigated and phosphate solution was avoided. For the solid-state NMR measurements, species of newly formed tissues were isolated from the host bone, placed into MAS zirconia rotors with an o.d. of 4 mm, tightly capped, and immediately measured. Thus, two samples from different animals were examined after each healing period. The bone serving as reference was obtained from mature pristine mandibular bone and ground in a freezer mill. The reference sample of hydroxyapatite was purchased from Merck KGaA (Darmstadt, Germany) and used without purification. Control measurements of both untreated bone blocks and ground bone after extraction and after storage for 4 weeks—a period during which some samples had to be stored before the solid-state NMR following the MRI experiments—were performed to verify that the storage conditions and grinding did not affect the mineral structure. The results of the control experiments are presented in Figures S1 and S2.




4.2. NMR Imaging Measurements


The NMR Imaging was performed on a 7 T Bruker Avance 300 nonclinical NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany) using a linear polarized rf coil of a 15 mm inner diameter and a BrukerBioSpin Micro 2.5 gradient system generating a maximum magnetic field gradient strength of up to 1 T/m on three axes. For the experiment, the whole bone block was immersed into an NMR tube filled with a perfluorinated fluid (Fluorinert FC 77®, 3M Belgium NV/SA, Zwijndrecht, Belgium) preventing dehydration and providing a signal-free background. For a proton-density image, a spin-echo multi-slice sequence with a repetition time of 2.5 s, an echo time of 4 ms, a matrix size of 512 × 256 pixel, a slice thickness of 125 µm, and 32 scans was used.




4.3. Solid State NMR


All NMR spectra were obtained on a 7 T Bruker Avance 300 spectrometer operating at resonance frequencies of 300.1 MHz for 1H and 121.5 MHz for 31P. The 31P NMR experiments were acquired at a spinning frequency of 10 kHz employing a BL4 HXY 4 mm MAS probe head. For 31P MAS NMR spectra, a single 90° pulse with a 3.8 μs pulse duration, a recycle delay of 50 s, a proton decoupling of 50 kHz, and up to 512 repetitions were applied. For 31P{1H} CP measurements, a contact time of 0.1 ms, a 1H decoupling (XiX) of 50 kHz, 4096 repetitions, and a recycle delay of 3 s were used. The spectra were fitted using Dmfit [46]. Two-dimensional 1H-31P HETCOR experiments were performed using frequency-switched Lee-Goldburg (FSLG) CP with a contact time of 0.5 ms and 1.5 ms and an LG frequency of 75 kHz. A recycle delay of 3 s and 256 scans per t1 time increment were used. A total of 128 t1 slices with a 25.2 μs time increment were acquired. Prior to Fourier transform, exponential multiplication with 20 Hz and 30 Hz line broadenings was used in 31P and 1H dimensions, respectively. The 1H chemical shifts were referenced to tetramethylsilane (TMS) at 0 ppm using poly (vinylidene fluoride) as an external reference at 2.9 ppm; powdered ammonium dihydrogen phosphate was used to reference the 31P spectra at 0.72 ppm relative to 85% phosphoric acid.





5. Conclusions


In the present work, the changes in the mineral phase upon new tissue formation and maturation were investigated on the molecular level by applying solid-state NMR. The tissues grown in the cavity beneath the dental implants inserted into the mandibles of minipigs were investigated after three different healing periods of two, four, and eight weeks. While one-dimensional 31P MAS NMR proved the presence of mineralized tissue, two-dimensional heteronuclear correlation HETCOR spectroscopy enabled the detection and identification of various calcium phosphate minerals and water stages during the bone formation. The increase in mineral content was shown by the ratio between the 31P and 1H signal intensities during the healing period. Thus, after two weeks, we observed pre-stages of biomineralization (rather than a formation of biocrystals, which grow in a straightforward manner) with a broad distribution in structural environment. The chemical composition in the newly formed calcium phosphate species varies with healing time until it achieves a composition close to that of mature bone, at approximately eight weeks after healing starts. Besides ACP and OCP phases, revealed in the reference bone spectrum, brushite-like and β-TCP were observed at early stages of mineralization. At the intermediate stage, hydroxyapatite was formed. Our results provide in vivo confirmation of a recently proposed biomineralization mechanism based on the formation of nanometer-sized calcium phosphate clusters, with subsequent aggregation into an amorphous phase and, finally, crystallization to hydroxyapatite. We proved here that solid-state NMR spectroscopy allows for the identification of inorganic species during the biomineral formation at very early stages, when crystallite particles visible in direct imaging techniques have not yet been formed.








Supplementary Materials


The following materials are available online at www.mdpi.com/2312-7481/3/4/39/s1, Figure S1: 1H-31P heteronuclear correlation (HETCOR) spectra of the bone (a) in block after extraction, (b) cryogenically ground after extraction, (c) in block after storage for 4 weeks in phosphate solution in a fridge and (d) cryogenically ground after storage for 4 weeks in phosphate solution in a fridge. Figure S2: (A) 1H magic angle spinning nuclear magnetic resonance (MAS NMR) spectra, and (B) 31P MAS NMR spectra of the bone in block after extraction, cryogenically ground after extraction, in block after storage for 4 weeks in phosphate solution in a fridge and cryogenically ground after storage for 4 weeks in phosphate solution in a fridge. Figure S3: 31P{1H} CP MAS (10 kHz) spectra of newly formed tissues in the second animal (2w- after two, 4w-four and 8w-eight weeks healing time). The spectra were measured at a contact time of 0.1 ms. Normalization on the sample weight and no line broadening were applied here to demonstrate the sensitivity of the spectra. Figure S4: 31P{1H} CP MAS (2.6 kHz) spectrum of the 2w sample measured at −20 °C.
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Figure 1. Magnetic resonance (MR) proton density slice image of the bone block containing the implant after a healing time of two weeks. The yellow dotted lines indicate the implant cavity, and the red rectangle shows the region with newly formed tissues, extracted for NMR measurements. The highest proton density is indicated by light gray, the lowest one by black. 
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Figure 2. 31P magic angle spinning nuclear magnetic resonance (MAS NMR) spectra of newly formed tissues after two, four, and eight weeks healing time, measured by (a) direct polarization (DP), and (b) using cross-polarization (CP) from 1H at a contact time of 0.1 ms. (c) The 31P MAS NMR spectra of the mature bone (bottom) and hydroxyapatite (top). The spectra are normalized to maximal intensity. 
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Figure 3. 1H-31P heteronuclear correlation (HETCOR) spectra of the newly formed tissues after two, four, and eight weeks of healing time and of mature bone. For each healing period samples from two animals (top and bottom) were measured. Guidelines at the 1H chemical shifts of 0.2 ppm and 5.4 ppm characteristic of apatitic hydroxides and water, respectively, are shown. In the 31P direction, the guideline at 2.7 ppm characteristic of hydroxyapatite is indicated in all samples. In addition, in the spectrum of mature bone, the guideline at 3.3 ppm, characteristic of octacalcium phosphate (OCP), is shown. 
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Table 1. 31P and 1H chemical shift parameters for calcium phosphate structures reported in the literature.
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Mineral

	
Chemical Shift

	
References




	
31P, ppm

	
1H, ±0.05 ppm






	
HAp, hydroxyapatite

	
2.8 ± 0.2

	
0.2

	
[25,30,31]




	
5.5




	
Bru, brushite

(dicalcium phosphate, dehydrate)

	
1.7 ± 0.3

	
4.1

	
[25,30,31,32,33]




	
6.4




	
10.4




	
Monetite

(dicalcium phosphate, anhydrous)

	
0.0 ± 0.4

	

	
[25,30,31,33]




	
−1.5 ± 0.4




	
ACP, amorphous calcium phosphate

	
3.0

	
5.5

	
[25,26]




	
OCP, octacalcium phosphate

	
−0.2 ± 0.4

	
0.18

	
[30,31,34]




	
1.9

	
5.5




	
3.3 ± 0.3

	
13.6




	
3.7




	
β-TCP, tricalcium phosphate

	
−1.6

	

	
[31,35]




	
0.2




	
2.9
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Table 2. The presence of calcium phosphate minerals in the samples under study at different healing stages (ACP = amorphous calcium phosphate; OCP = octacalcium phosphate; Bru = brushite; TCP = tricalcium phosphate; Hap = hydroxiapaptite).
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Sample

	
Mineral Components




	
ACP

	
OCP

	
Bru

	
β-TCP

	
HAp






	
2 w

	
x

	
x

	
x

	

	




	
x

	
x

	
x

	
x

	




	
4 w

	
x

	
x

	
x

	

	
x




	
x

	
x

	
x

	

	
x




	
8 w

	
x

	
x

	

	

	
x




	
x

	
x

	
x

	

	
x




	
Mature bone (reference)

	
x

	
x

	

	

	
x
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