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Abstract 

Collecting information about molecular organisation on biological materials such as bone and dentine 

represents a major challenge in attaining a better understanding of their mechanical properties. To that 

end, solid state Nuclear Magnetic Resonance (ssNMR) spectroscopy is an appropriate strategy to provide 15 

atomic structural details on these amorphous composite materials. However, species like water molecules 

and hydroxyl groups are usually observed through 1H magic angle spinning (MAS) ssNMR that suffers 

from poor resolution due to strong signal overlapping, making their identification difficult. 

This paper proposes a set of ssNMR experiments for 1H characterization of the main components of 

human dentin, based on homo- and hetero-nuclear dipolar couplings and composed mostly of fast 1D 20 

experiments. The 1H assignment is assisted by straightforward sample modifications: vacuum drying, 

deuterium exchange and demineralization. These experiments allow the hydrogen signal edition of dentin 

species like water molecules, HPO4
2- and OH- groups, depending on their localization (bound to the 

organic phase, linked to apatite or at the interface) and their dynamic behaviour. This ssNMR toolbox has 

the potential to provide important structural and dynamic information on chemical and physical 25 

modifications of biomaterials. 
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1. Introduction 

There is a strong demand for obtaining detailed molecular-level structural information on biological 

materials like bone and dentin. This information provides insights about the organization of their various 

constituents and on the dynamic behaviours within them. Such data could be essential for understanding 

the mechanical properties of these apatitic biomaterials. 35 

   Dentin is similar to bone and is composed of mineralized collagen proteins, growth factors which 

also comprises extracellular proteins, and water [1,2]. Despite many studies describing dentin 
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transformation at the cellular level and showing peritubular and intertubular differences in the 

mineralization front, after its formation, dentin is a rather stable structure. Yet, at the molecular level, the 

chemical organization is still a matter of reflection. Dentin contains about 70 wt % of a mineral phase 40 

with a complex formulation described as Ca8.0Mg0.4(PO4)4.4(HPO4)0.7(CO3)0.9(OH)0.4 (irrespective of 

sodium content) [3] and 20 wt % of organic matter [2,4]. The third main component of dentin is water 

(about 10 wt %) that also plays a significant structuring role [5].   

The complex nature and structural disorder of these calcified biomaterials make their molecular 

structural characterization by biophysical techniques extremely challenging. To get deeper information, 45 

solid state magic angle spinning (MAS) Nuclear Magnetic Resonance (NMR) spectroscopy has been 

demonstrated to be a very powerful technique in this field. The NMR studies have mainly focused on 

bone materials [6-8] and those on dentin have been much scarcer [9-12]. In particular, the apatitic phase 

has been extensively studied using 31P ssNMR [5,6,13-15]. From these analyses, it has been notably 

proven that the mineral part is made of an amorphous calcium phosphate (ACP) phase that covers a more 50 

crystalline hydroxyapatic core [16]. The amorphous part represents a disordered phase rich in 

phosphonate HPO4
2- ions and structural water molecules. It corresponds to a structured hydrated surface 

layer with relatively mobile ions that is less stable than the crystalline apatitic domain [3]. Most of the 

ssNMR investigations on the organic part have concentrated on the collagen structure through 13C signal 

measurements [5,6,14,17-20]. 13C MAS NMR also highlighted the presence of citrate [21,22] and 55 

carboxylate ions CO3
2- [17] in these biomaterials.  

ssNMR analysis of water molecules is even more complicated because it must rely on the NMR of 

hydrogen atoms. Unfortunately, many different hydrogenated species are present in these mineralized 

tissues and 1H MAS NMR is not considered as a high-resolution technique. Even with the help of 

ultrafast MAS and high-field NMR spectrometer, 1D 1H MAS NMR spectrum of bone showed a poor 60 

resolution with strong signal overlap [23]. This ssNMR experiment does not allow a direct detailed 

characterization of the different hydrogenated species. In particular, the 1H ssNMR signal of water 

molecules that are present in different environments (in the apatitic phase, inside collagen helixes, at the 

inorganic-organic interface…) is poorly defined. Usually, most of the water signal is described as a broad 

resonance around 5 ppm. Fortunately, more information on the 1H signals can be obtained through several 65 

2D ssNMR experiments: 1H/31P and 1H/13C HETCOR (heteronuclear correlation) and 1H/1H dipolar 

correlations (DQMAS, NOESY) [5,6,14,24,25]. Use of 1D version of the 1H/31P HETCOR, the 1H/31P 

double cross polarization (DCP) experiment, has also been reported to edit 1H close to 31P nuclei [16]. In 

addition, it has been shown that some bone’s 1H resonances can be resolved using a dipolar filter [26]. 

Finally, 2D correlations between 1H and the most abundant quadrupolar nucleus in bone, 43Ca and 23Na, 70 

has been performed with the D-HMQC (dipolar-heteronuclear multi quantum coherence) experiment 

[27,28]. These 2D experiments coupled with hydration level control and hydrogen/deuterium (H/D) 

exchange, are appropriate to study the structuring role of water in bone [19,25,29-32]. ssNMR 

characterizations of water molecules and their dynamics have significantly contributed to a better 

understanding of the physical properties of these composite biominerals. 75 



Here, we propose a NMR protocol to study hydrogenated species of human dentin (Hu-dentin). It is 

composed of a set of 1D/2D ssNMR experiments and sample treatments that allow editing 1H ssNMR 

signals of molecules according to their environment and mobility. This NMR toolbox was used to 

investigate Hu-dentin of whole teeth, rarely characterized by NMR, and its demineralized counterpart. It 

allows us to propose a detailed characterization of the main hydrogenated dentin species, in particular of 80 

water molecules. 

2. Materials and methods  

2.1 Sample preparation  

Human molars were used for the study. They were healthy 3rd molars extracted for reasons of 

development pathology. No impacted teeth were included in the study. After extraction, the teeth were 85 

kept in chloramine T solution at 4°C until use. 

Human dentin (Hu-dentin) was used here in powder form. Dentin powder was prepared as described 

previously [33]. Briefly, the crowns were removed from the roots using a slow speed saw (Isomet 2000; 

Buehler, Evanston, Ill.) equipped with a rotating diamond-impregnated copper disk (Buehler). The pulp 

was removed and the enamel carefully eliminated with a diamond burr under water irrigation. Dentin 90 

blocks were ground at low temperature in a grinder (K Janke & Kunkel Ika®, Labortechnik, Wasserburg, 

Germany) by adding nitrogen into the grinding chamber. The resulting dentin powder was sieved to 

obtain a powder with an average particle size of maximum 0.67 μm and then stored in the absence of 

moisture [34].  

For demineralized samples, the dentine powder was etched by adding 35 % phosphoric acid for 15 sec. 95 

Following etching, the powder was rinsed for 30s with water and dried without overdrying. This protocol 

is required to avoid contraction and collapse of the demineralized collagen matrix by maintaining it in its 

hydrate state [35]. Vacuum dried samples were prepared by placing the sample in a vacuum chamber for 

one hour. Deuterium exchange was performed by wetting the samples with D2O for 24 hours followed by 

1 hour of vacuum drying. 100 

2.2 Solid-state NMR 

ssNMR experiments were recorded on a Bruker Avance 400 III HD spectrometer operating at a 9.4 T 

magnetic field. Samples were packed into 4 mm or 1.3 mm zirconia rotors. The rotors were spun at 10 or 

60 kHz (νr) at 293K. 1H MAS were performed with the DEPTH pulse sequence (Fig. 1a) and a recycle 

delay of 10 s. 31P MAS and 31P CPMAS (Cross-Polarization MAS) were done with recycle delays of 600 105 

s and 5 s, respectively. The contact times were set between 0.2 to 10 ms. 13C CPMAS have been 

performed quantitatively [36] with eleven 1.1-ms CP periods, 0.5 s 1H recovery time and 2 s recycle 

delay. 1H MAS with rotor synchronous dipolar filtering and spin echo excitation (DF-SE) [37] (Fig. 1b)  



were acquired with a filtering time between 0.76 and 23 ms and a recycle delay of 10 s. 1H/31P double 

cross polarization (DCP) MAS [38] (Fig. 1c) were performed with a first CP transfer between 3 and 6 ms, 110 

a second CP transfer between 0.2 and 2 ms and a recycle delay of 3 s. 1H/13C DCP MAS were registered 

with a first and a second CP transfers of 3 and 2 ms, and a recycle delay of 3 s. 1H/31P HETCOR 

experiment was carried out with a contact time of 2 ms and with frequency switched Lee-Goldburg 

homonuclear decoupling during 1H evolution (scaling factor of 0.57 determined by the procedure of 

Kumari et al. [39]). The 2D 1H-1H double-quantum–single quantum (DQ-SQ) MAS experiments were 115 

recorded with 2 periods recoupling using the back-to-back (BABA) sequence (Fig. 1d) at a spinning 

frequency of 60 kHz. 2D 1H-1H Single Quantum-Single Quantum (SQ-SQ, NOESY) were achieved with 

a mixing time of 18 ms (Fig. 1e). 23Na MAS were registered with a recycle delay of 1 s. 1D 1H/23Na and 

1H/43Ca D-HMQC [40] (Fig. 1f) were carried with SR42
1 dipolar recoupling of 0.8 and 1 ms, respectively. 

Chemical shifts were externally referenced to TMS for 1H and 13C, to 85% H3PO4 solution for 31P and to 120 

solid NaCl (at 7.2 ppm) for 23Na. 

 

Fig. 1. NMR pulse sequences used in this work to acquire 1H signals: a) DEPTH, b) DF-SE, c) DCP, d) 

DQ-SQ, e) SQ-SQ (NOESY) and f) D-HMQC. 

3. Results and discussion 125 

Human dentin sub-millimeter size particles were shown to conserve the representative constituents of 

sound human dentin including water [33]. The 31P MAS spectrum of Hu-dentin (Fig. 2a) shows a single 

peak at ~3.2 ppm, characteristic of phosphate groups of carbonated apatite. This single peak is in fact an 

overlap of a sharp (full width at half-maximum (fwhm) height of 310 Hz) and a broad resonance (fwhm 

of 830 Hz) due to different phosphorus local environments. There is now a consensus in the literature that 130 



for bone-like matrix such as dentin: the broad 31P resonance is associated to an amorphous calcium 

phosphate (ACP) phase that covers a more crystalline apatic core (sharp 31P resonance) [11,13,16,41,42]. 

The larger linewidth of the ACP phase is due to a distribution of 31P isotropic chemical shifts associated 

to local disorder (inhomogeneous broadening) [43]. It has been proposed that the ACP phase contains 

mainly divalent species such as HPO4
2-, CO3

2- and Ca2+ and structural H2O [31,44]. It has also been 135 

shown that the apatite core is composed of crystalline hydroxyapatite (HAp, Ca5(PO4)3OH) and 

nonstoichiometric apatite (NS-HAp) [3,11]. The NS-HAp stems from incorporation of a substantial 

amount of anionic (mainly CO3
2-) and cationic (mainly Na+ and Mg2+) substitutions, as well as to the 

presence of ion vacancies into the mineral structure [3,45]. 31P CPMAS spectra (Fig. 2b) makes it 

possible to distinguish the ACP and HAp phase because their cross-polarization dynamics are strongly 140 

different. Short contact times notably enhance the 31P ACP signal while long contact time favors the HAp 

signal [46,47]. 

The 13C CPMAS spectrum of Hu-dentin (Fig. 2c top) is similar to published spectra of bone and dentin 

materials [10,18-20]. It is dominated by the signals from collagen proteins. It shows also the presence of a 

high concentration of citrate ions (13C signal at 180.1 and 75.4 ppm) [21,22]. The 13C MAS NMR 145 

spectrum also contain signals of non-collagenous macromolecules (i.e., proteins, lipids, and 

polysaccharides) but with weak intensities due to their minor amounts. Finally, the 13C signals of the 

carboxylate ions CO3
2- were shown to overlap with those of carbonyl and carboxyl protein groups around 

168 ppm [17]. 

 150 

 

Fig. 2. 1D MAS NMR spectra: (a) 31P (νr = 60 kHz, relaxation delay 600 s) of Hu-dentin (blue) with 

spectral deconvolution (red). (b) 31P CP (νr = 60 kHz) of Hu-dentin with contact time of 10 ms (blue) and 



of 0.2 ms (black), with intensities normalized for their comparison. (c) 13C quantitative CP (νr = 12 kHz) 

of (top) Hu-dentin and (bottom) demineralized dentin (Dm-dentin). 155 
 

The 1H single-pulse MAS spectrum of Hu-dentin is very complex even at very fast MAS (Fig. 3, 

black) because it consists of the superposition of signals of many species. One of the main contributions 

at ca 5 ppm comes from water molecules found in different environments: free (or mobile) and weakly or 

strongly bound to the different components of the dentin. The majority of water molecules are found in 160 

the inorganic ACP phase, in the collagen network or at the organic/inorganic interface [20,25,29,30]. In 

addition to the strong water signal, broad 1H peaks between 1 to 9 ppm originates from amide and 

aliphatic protons of the organic matrix (mainly collagen proteins) [23]. Then, two other types of 

protonated species have been identified. The first one is the signal coming from the hydroxyl groups of 

the HAp crystallites around 0 ppm [24,48]. The second one is a broad HPO4
2- ion signal with chemical 165 

shift above 7 ppm [11,15,16]. The precise 1H chemical shift of each phosphonate ion is dictated by its 

degree of hydrogen bonding to neighboring O atoms: the chemical shift of an H-bonded OH···O group 

increases while the H·· ·O distance decreases [49,50]. This also applies to water molecules or hydroxyl 

groups with a chemical shift distribution also dependent on the hydrogen bond strength. Other less well 

characterized peaks in the 0.9-2.0 ppm area have been described. They are either assigned to aliphatic 170 

fatty molecules [25] or to H2O molecules that terminate the HAp OH channels [51] or to hydrogen 

bonded hydroxyl groups [52] notably close to carbonate ions [25,53].  

 

 
Fig. 3. 1H MAS NMR spectra (νr = 60 kHz, relaxation delay 10s) of Hu-dentin (black) and Dm-dentin 175 

(blue). Insert: spectral difference between the two spectra.  
 

The main objective of this study was to obtain a better attribution of the 1H signals of the dentin. For 

that, we have prepared a first sample of demineralized dentin (Dm-dentin) by etching the Hu-dentin 

powder with phosphoric acid. After rinsing, no 31P signal could be observed for Dm-dentin confirming 180 

the disappearance of the mineral phase. The 13C CPMAS (Fig. 2c bottom) spectrum of the Dm-dentin 

mainly corresponds to the spectrum of collagen fibers (plus non-collagenous macromolecules in minor 

amounts). However, the 13C signal of the Dm-dentin sample are broader than the ones of the Hu-dentin 

sample (notably the methyl group ones around 20 ppm). This indicates a higher structural disorder for the 

collagen in the Dm-dentin than in the Hu-dentin associated to the removal of the apatitic platelets and also 185 

possibly to a partial dehydration of the collagen [7]. It should be noted that the carbonate and citrate ions 



signals (at 180.1, ca. 168 and 75.4 ppm) are absent confirming their link with the inorganic phase. The 1H 

signals of Dm-dentin (Fig. 3, blue) around 8 ppm and between 1 and 5 ppm correspond to the amide and 

aliphatic side chain hydrogens of collagen, respectively. A strong signal at 4.6 ppm is also observed 

indicating the presence of water molecules bound to the organic phase. The weakly bound water 190 

molecules can be removed by vacuum drying (Fig. 4a) but a residual signal of more strongly bound water 

molecules may overlapped with the one of aliphatic protein hydrogens (Hα/Hβ).  

To better characterize the organic phase of the Dm-dentin, 1H MAS NMR experiments were performed 

with dipolar filtering (DF-SE, Fig. 4b,c,d) [37]. A short filtering time (0.76 ms) allows for the elimination 

or reduction of signal with strong H-H dipolar couplings (rigid species with short H-H distance) while a 195 

long filtering time (6.0 ms) allows for the edition of signal with weak H-H dipolar couplings (mobile 

species or isolated H atoms) [26]. The short filtering time leads to a rapid decrease of the collagen and 

water signals (comparison of black and blue spectra in Fig. 4b). After the short filtering time (Fig. 4c), a 

strong signal at 4.6 ppm is still observed that is a superposition of the residual signal of water molecules 

with low mobility (interfacial water or water molecules moderately bound to collagen) and the signal of 200 

mobile water molecules. This signal is strongly reduced by vacuum drying. The signals of mobile species 

appear distinctly with the long filtering time (Fig. 4d). A residual signal at 4.8 ppm is detected that can be 

assigned to a pool of mobile water molecules in the organic phase (free water) also removed by vacuum 

drying.  Futhermore, narrow signals between 0.9 and 2.0 ppm are clearly observed.  

 205 

 

Fig. 4. 1H MAS NMR spectra (νr = 60 kHz, relaxation delay 10s) of (a) Dm-dentin before (black) and 

after (blue) vacuum drying, of (b) Dm-dentin (black) with short (0.76 ms, blue) and long (6 ms, red) 

dipolar filtering time (DF-SE), of Dm-dentin before (black) and after (blue) vacuum drying with short 

0.76 ms (c) and long 6 ms (d) filtering time. 210 

 



As the inorganic phase is absent in the demineralized dentin and these signals are not affected by the 

vacuum drying, they can be assigned to mobile aliphatic fatty molecules. The 1H DF-SE MAS also 

highlights the structuring role of water molecules in collagen fibers [19,20,32]. Comparison of 1H DF-SE 

MAS with short filtering time of Dm-dentin with or without vacuum drying (Fig. 4c) evidences a slower 215 

dipolar relaxation of the amide hydrogens (at ca. 8 ppm) following the reduction in the number of H-

bonded water molecules in the collagen helical structure. This effect can be due to an increase of the 

dynamic behaviour of amide groups linked to a reduction of structural water molecules.  

The same vacuum drying and dipolar filtering experiments were realized on the Hu-dentin sample. The 

vacuum drying on the Hu-dentin (Fig. 5) has the effect of removing many water molecules. Most of them 220 

have a typical signal around 5.0 ppm but some of them have more or less shielded signals (between 1.4 to 

9 ppm). This result is clearly different from the one observed for the organic phase alone where only the 

signal centered at 4.6 ppm strongly decreased. It indicates that a high proportion of water molecules is 

linked to the inorganic phase. The signal above 5 ppm can be assigned to water molecules involved in 

strong hydrogen bonding while signals less than 4 ppm are associated to isolated water molecules 225 

involved (or not) in weak hydrogen bonds. Notably, it has been proposed that H2O molecules close to the 

HAp OH channels have a signal between 1.2 and 2.0 ppm [25,51]. After vacuum drying the center of 

gravity of the water signal shifted to 4.6 ppm as for the organic phase (Fig. 5a). It can also be noted that 

the hydroxyl signal of HAp (at 0 ppm) is barely affected by the vacuum drying. These hydroxyl groups 

seem highly trapped in the apatite phase. The dipolar filtering spectra (Fig. 5b,c,d) display similarities to 230 

those of the organic part: rapid decrease of collagen and water signals and a slower dipolar relaxation of 

amide hydrogens after drying (Fig. 5c). Also, a pool of mobile water molecules can be detected at 4.9 

ppm after the long filtering time (Fig. 5d). Furthermore, the HAp hydroxyl signal at 0 ppm decreases at a 

slower rate than the other Hu-dentin signal because of their very weak H-H dipolar couplings [26,48]. A 

notable difference with the results for the Dm-dentin concerns the signals of mobile species between 0.9 235 

and 2.0 ppm. Some signals were observed for the Hu-dentin sample in this area with the long filtering 

time but they disappeared after vacuum drying (Fig. 5d). This result is more in line with an assignment of 

0.9-2.0 ppm signal to H2O molecules at the HAp OH channels. A possible explanation for this difference 

is contamination of the Dm-dentin sample by a small amount of grease during the additional steps 

requiring for its preparation or its transfer into the MAS rotor (DM-dentin sample was in the form of a 240 

sticky gel).  



 

Fig. 5. 1H MAS NMR spectra (νr = 60 kHz, relaxation delay 10s) of (a) Hu-dentin before (black) and 

after (blue) vacuum drying (Insert: spectral difference between the two spectra), of (b) Hu-dentin (black) 

with short (0.76 ms, blue) and long (6 ms, red) dipolar filtering time (DF-SE), of Hu-dentin before (black) 245 

and after (blue) vacuum drying with short 0.76 ms (c) and long 6 ms (d) filtering time. 

 

To obtain additional information on the 1H signals of the inorganic phase, we performed 1D 1H/31P 

double cross polarization (DCP) NMR experiment (Fig. 6a) [16,38]. The double CP transfer conducted in 

a “there-and-back” manner (1H→31P→1H) provides 31P-filtered 1H NMR spectra of Hu-dentin. Short CP 250 

times should favor observation of ACP hydrogens while long CP times should give stronger HAp H 

signals because of their different cross-polarization dynamics (vide supra). The 1H/31P DCP spectrum 

with short CP times (3 ms - 0.2 ms, Fig. 6a blue) presents mostly signal between 5.5 and 17 ppm 

confirming the presence of structural water molecules and acidic HPO4
2- ion in the ACP phase. Use of 

longer CP times (6 ms – 2 ms, Fig. 6a black) shows a strong enhancement of the HAp hydroxyl signal (at 255 

0 ppm) and of more mobile water molecules (around 5.3 ppm). As this pool of water molecules is 

observed with the cross-polarization method this indicates they have significant dipolar coupling with 31P 

nuclei and thus a reduced mobility. It corresponds in part to water signals that disappear in the dipolar 

filtering experiment with the short filtering time. In contrast, the H resonances between 0.8 to 4.5 ppm of 

aliphatic groups, isolated water molecules and hydrogen bond hydroxyl groups, have weak intensities in 260 

the 1H/31P DCP spectrum. These small magnetization transfers with 31P nuclei suggest species that are 

either mobile and/or remote from phosphate groups. 2D 1H/31P HETCOR spectrum (Fig. 6b) are in 

agreement with the 1H/31P DCP results. However, it does not provide a better 1H characterization due to 

the strong overlapping of the HAp and ACP 31P signals associated with wide distribution of hydrogen 

chemical environments and noise increase related to the acquisition of the bi-dimensional experiment. In 265 

order to compare the H signals of the organic and inorganic phase of the Hu-dentin a 1D 1H/13C DCP 

spectrum (3 ms - 2 ms) was acquired (Fig. 6c). Signal associated mostly with collagen protein hydrogens 



can be seen between 1 and 9 ppm. In addition, a weak signal of acidic H that could be assigned to 

bicarbonate HCO3- ions is detected around 13.6 ppm. [54]. 

 270 

 

Fig. 6. MAS NMR spectra (νr = 60 kHz) of Hu-dentin: (a)
 1H/31P double cross polarization (DCP) with 

long (6 ms - 2 ms, black) and short (3 ms - 0.2 ms, blue) CP times. (b) 2D 1H/31P HETCOR (contact time 

2 ms). (c) 1H/13C DCP (contact times 3 ms – 2 ms). 

 275 

The next characterization step of the 1H signals was to perform 2D Single Quantum-Single Quantum 

(SQ-SQ, NOESY) and Double Quantum-Single Quantum (DQ-SQ) MAS NMR experiments. The DQ-

MAS spectra of the Hu-dentin and of Dm-dentin (Fig. 7) were strongly similar. DQ-spectrum makes it 

possible to identify pairs of close hydrogens from the dipolar-coupled network (rigid species). The DQ 

spectra of both samples are dominated by the correlations between H of collagen. However, the DQ 280 

signal assigned mostly to collagen Hα/Hα and Hα/Hβ correlations at 4.4/8.8 ppm for Dm-dentin was shifted 

to 5.0/9.1 ppm for Hu-dentin. This high frequency shift can be related to an additional contribution of 

water hydrogen signals with low mobility. Moreover, self DQ correlations for Hu-dentin signals detected 

in the 5.5-6.8 ppm range that were absent for Dm-dentin, can be assigned to structural water molecules in 

the ACP phase. It is also interesting to note that a self DQ signal around 7.0 ppm is observed in both 285 

samples. This DQ correlation was also detected by Sinsha et al. for native collagen but disappears for 

dehydrated collagen [32]. We assigned this DQ signal to water molecules tightly bound to collagen 

through strong hydrogen bonds. Good candidates for such structural water molecules are the ones of 

interchain water bridges that stabilized the tropocollagen helical structure [23]. 

 290 



 

Fig. 7. 2D 1H DQ-MAS NMR spectrum (νr = 60 kHz) of (a,c) Dm-dentin and (b,d) Hu-dentin with f1 

projections at 9.1, 12.6 and 14.0 ppm. 
 

The SQ-SQ (NOESY) NMR spectra are also very similar for both Hu-dentin and Dm-dentin samples 295 

(Fig. 8. One set of correlations involved dipolar transfer of magnetization (due to spatial proximity) 

between the H of collagen (NH, Hα, Hβ, Hγ...). However, the stronger SQ correlations are seen between 

the water hydrogens (between 4.5 to 5 ppm) and the NH (at ca. 8 ppm) and Hβ, Hγ of collagen (between 

2.2 and 1.2 ppm). The same strong water-collagen SQ correlations were observed by Ramamoorthy et al. 

on bone [32]. The water-amide correlation was attributed to water molecules strongly bonded to collagen 300 

helixes and the water-Hβ,Hγ correlation to polar (van der Waals) interactions between mobile water and 

collagen side chains. However, the fact that the water signal of the organic phase around 5 ppm 

disappears almost completely with vacuum drying (Fig. 4a) and its low chemical shift does not seem to be 

in agreement with an expected signal of structural water molecules inside the collagen helices. We 

propose that the water-amide SQ-SQ correlation is associated with water molecules moderately hydrogen 305 

bonded to amide groups at the tropocollagen helices surface. As for 1D 1H and 2D DQ spectra, the water 

SQ correlation signals is high frequency shifted for Hu-dentin compared to Dm-dentin (5.0 vs 4.5 ppm). 

This indicates that for Hu-dentin the high frequency part of the water signal (between 5 to 4.5 ppm) is 

also in close contact with the collagen phase. It can be concluded that the Hu-dentin water signal centered 

at 5.0 ppm corresponds mostly to water molecules in close contact to collagen (between the tropocollagen 310 

helices or at the organic-inorganic interface). It is also interesting to note that for both SQ-SQ and DQ-

SQ, correlation signals are absent for HPO4
2- and HAp hydroxyl hydrogens indicating that these species 

are more isolated. 

  



 315 

Fig. 8. 2D 1H SQ-MAS (NOESY) NMR spectrum (νr = 60 kHz, mixing time 18 ms) of (a) Dm-dentin 

and (b) Hu-dentin. 
 

These assignments were confirmed by exposing the Hu-dentin sample to D2O for 24 h in order to 

exchange labile hydrogens by deuteriums followed by vacuum drying (Fig. 9). This protocol allows the 320 

identification of the H of dentin that can exchange slowly with the H of free water molecules. Above all, 

signals of amide and water hydrogens involved in weak hydrogen bond should disappear (or be strongly 

reduced) by deuterium exchange while strongly H-bonded ones could be preserved. Comparison of the 1H 

MAS spectra of vacuum dried Hu-dentin with the one of Hu-dentin exposed to D2O for 24 h followed by 

vacuum drying evidences a strong decrease of the signal centered around 7.0 and 4.6 ppm (Fig. 9a). The 325 

last one corresponds to a part of the water molecules moderately bound to collagen assigned above. The 

first one could be due to deuteration of amide H of collagen and/or structural water. Additional 

information is provided by DQ experiment on deuterated Hu-dentin sample (Fig. 9b,c). The DQ signals 

assigned to NH/Hα correlation are strongly reduced and shifted (from correlation between H pairs 4.4/8.0 

ppm to 4.3/7.4 ppm) indicating that most amide H were deuterated. On the contrary, those of structural 330 

water in the 5.7–7.2 ppm range are more resistant to deuteration because they are involved in stronger H-

bonds. Another DQ correlation that is strongly reduced after deuterium exchange is the one at 5.0/9.1 

ppm observed for Hu-dentin (Fig. 7b) associated with water H. We can also note that the 4.4/8.8 ppm DQ 

signal for Dm-dentin assigned to Hα/Hα and Hα/Hβ pairs (Fig. 7a) is much more intense than the one in the 

same area for deuterated Hu-dentin (Fig. 9b). Since, collagen Hα and Hβ hydrogens should not experience 335 

deuterium exchange and so no decrease of their DQ signal, the signal decay in this region can only be 

attributed to the deuteration of the water molecules. This confirms that water molecules for Dm-dentin 

with 1H signal around 4.4-4.6 ppm have a labile nature and are not strongly bonded inside the collagen 

helices. The Hap H hydroxyl are only weakly affected by deuterium exchange with a small decrease of 

the signal around 0-0.7 ppm (Fig. 9a). A signal decrease is observed on the 1H spectrum after exposition 340 

to D2O in the 10-14 ppm area corresponding to labile acidic H. However, the 1H/31P DCP experiment 

(Fig. 9d) shows that the signal of rigid HPO4
2- groups is mainly retained. This decrease may be associated 

to some labile phosphonate hydrogens with the weakest H-bonds and other labile acidic H resonances. 
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Fig. 9. MAS NMR spectra (νr = 60 kHz): (a) 1H (relaxation delay 10s) after 1 h of vacuum drying of 

Hu-dentin before (black) and after (blue) exposition to D2O for 24 h (Insert: spectral difference between 

the two spectra) , (b) 2D 1H DQ of dried deuterated Hu-dentin with (c) f1 projections at 9.1, 12.6 and 14.0 

ppm, (d) 1H/31P DCP (contact times 6 ms – 2 ms) of Hu-dentin before (black) and after (blue) deuteration 

and drying.  350 

 

Finally, we also performed 1D 1H–43Ca and 1H–23Na D-HMQC [40] MAS experiments on the Hu-

dentin sample (Fig. 10). 1H–43Ca D-HMQC has been used by Smith et al. to study HAp before and after 

heating to 1150 °C (oxy-Hap) [27]. 1H/43Ca correlation were observed for H signal at 0 ppm (HAp 

hydroxyl) and at ca. 1.0 and 1.4 ppm. These two last signals were attributed to hydroxyl groups involved 355 

in hydrogen bonds as a result of the presence of O2- and oxygen vacancies in oxy-HAp. The 1D 1H–43Ca 

D-HMQC spectrum of Hu-dentin (Fig. 10a) shows three H signals between 0 to 1.2 ppm in line with the 

result of Smith et al.. The same group in another study also used 1H–23Na D-HMQC to analyze equine 

bone and bovine teeth [28]. 2D 1H–23Na correlations were detected between 23Na at -1.7 ppm and 

hydroxyl close to 0 ppm (the exact 1H chemical shift value was not provided). The 23Na MAS spectrum of 360 

Hu-dentin (Fig. 10c) shows a broad signal centered at -8.2 ppm. 23Na is a quadrupolar nucleus and its 

exact chemical shift depends on the value of its quadrupolar coupling. It has to be determined through 

23Na MQMAS experiment at different magnetic fields. However, our dentin 23Na signal is clearly similar 

to the one published for bovine teeth. The 1D 1H–23Na D-HMQC spectrum of Hu-dentin shows two 

signals at -0.5 and 0.9 ppm (Fig. 10b) in agreement with the 2D correlation for bovine teeth. The fact that 365 

the hydroxyl signal around 0 ppm is more complex than a single resonance has already been reported 

[15,26]. By conducting a 1H DF-SE experiment with a very long filtering time of 23 ms (Fig. 10d), we 

were able to observe selectively the hydroxyl signals around 0 ppm. This signal has to be deconvoluted 

with three contributions at -0.5, 0.0 and 0.5 ppm plus two other more high frequency signals at 1.2 and 

0.8 ppm. From our study and previous results of the literature presented above, we propose assigning 370 



these five signals to hydroxyl groups of the apatite structure (HAp and NS-HAp) close to the different 

metal cations (Ca2+, Na+…) but also to carboxylate CO3
2- and O2- ions and to oxygen vacancies.  

 

 

Fig. 10. 1D MAS NMR spectra of Hu-dentin: 1D 1H/43Ca (a) and 1H/23Na (b) D-HMQC (νr = 12 kHz), 375 

(c) 1D 23Na (νr = 12 kHz, relaxation delay 1s), (d) 1H DF-SE (νr = 60 kHz) with very long 23 ms filtering 

time (in blue) with spectral deconvolution (in red). 

 
 
The combination of all the 1H results reported in this study in combination with previous results of the 380 

literature allows us to propose a schematic view of the main hydrogenated dentin species (Fig. 11) with 

their NMR characteristics resumed in Table 1. 

 

 

Fig. 11. Schematic view of the main hydrogenated dentin species with their 1H chemical shift range. 385 

 



Table 1. Hydrogenated dentin species with their estimated chemical shift range, the ssNMR 

experiments allowing their identification and their sensitivity to vacuum drying and deuterium exchange. 

Hydrogenated species 
1H chemical shift 

range (ppm) 
ssNMR edition method 

Vaccum 

drying 

Deuterium 

exchange 

Hydroxyl 

 (HAp, NS-HAp) 
-0.5  –  1.2 

DF-SE (long filtering time) 
1H/31P DCP (long CP times) 

1H/43Ca and 1H/23Na 1D HMQC 

No No 

OH channel water 

(HAp, NS-HAp) 
1.2  –  2.0 DF-SE (long filtering time) Yes Yes 

Aliphatic side chains 

(Collagen) 
1.0 –  4.8 

1H/13C DCP 
1H DQ-SQ MAS 

No No 

Moderately bound 

collagen water 
4.4 – 4.8 

DF-SE (short filtering time) 
1H SQ-SQ MAS 

Yes Yes 

Free water 4.7 - 5.2 DF-SE (long filtering time) Yes Yes 

Interfacial water 4.6 – 5.4 

DF-SE (short filtering time) 
1H SQ-SQ MAS 

1H/31P DCP (long CP times) 

Yes Yes 

Structural ACP water 5.4 – 7.0 
1H/31P DCP (short CP times) 

1H DQ-SQ MAS 
No No 

Tropocollagen  

water bridges 
6.8 - 7.6 1H DQ-SQ MAS No No 

Amide (Collagen) 7.0 – 9.0 
1H/13C DCP 

1H DQ-SQ MAS 
No Yes 

Phosphonate ions 

(ACP) 
7.0 - 17.0 1H/31P DCP (short CP times) No No 

Bicarbonate ions 13.0-14.0 1H/13C DCP na na 

na: not assessed. 

4. Conclusions 390 

This work shows that selective editions of 1H MAS NMR signals of dentine components, according to 

their location and dynamic behaviour, can be carried out. It allows us to propose the most detailed 1H 

NMR signal assignment of dentine to date. Various hydrogenated species like water molecules, HPO4
2- 

and OH- groups, either bound to the organic phase of proteins or linked to the mineral calcium phosphate 

solids and with different local mobilities, could be highlighted. Most of the edited NMR spectra are 395 

recorded as fast 1D experiments using homo- and hetero-nuclear dipolar coupling filters. 1H ssNMR 

assignment is also facilitated by simple sample modifications: vacuum drying, deuterium exchange and 

demineralization. This set of ssNMR experiments constitutes an important toolbox to define the different 

components, particularly water, of apatitic materials. It enables a fine monitoring of their evolutions 

according to physical or chemical modifications and represents an important advancement in 400 

understanding the complex nature of apatitic materials.  
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