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In our work, the influence of the coordination environment of the Ca atom states in biomimetic mineralizing 
composite dental materials integrated with dental tissue was investigated. Biomimetic composites as well as 
natural dental tissue samples were investigated using synchrotron X-ray absorption near edge structure (XANES) 
spectroscopy. Energy structure studies revealed a number of important features related to the different type of 
calcium atom environment. the surface of nanocrystalline calcium carbonate-substituted hydroxyapatite (nano- 
cHAp) crystals in natural enamel and dentin involved in the formation of bonds with the organic matrix is more 
characterized by the coordination environment of the calcium atom corresponding to its location in the CaI 

position, i.e. bound through common oxygen atoms with PO4 tetrahedrons. At the same time, on the surface of 
nano-cHAp crystals in bioinspired dental materials, the calcium atom is more characteristically located in the CaII 

position, bound to the hydroxyl OH group. The detected features in the coordination atomic environment in 
nano-cHAp play a fundamental role for engineering a biomimetic dental composite of the natural organomineral 
interaction in the mineralized tissue.   

1. Introduction 

Speaking of current medical technologies for dental hard tissue 
regeneration, it should be noted that despite the tremendous efforts 
made to restore enamel using a variety of biomedical strategies and 
biocomposite materials, this task remains difficult [1,2]. Its solution 
involves understanding the engineering, mechanisms of organization 
and integration of artificial bioinspired materials based on nano-
crystalline calcium carbonate-substituted hydroxyapatite (nano-cHAp) 
and natural tissue [3,4]. This complex problem is important for the 
development of synthesis technologies and promotion of nano-cHAp 
biomimetic materials in clinical practice. 

Solving these problems requires the use of powerful material di-
agnostics. One of such tools is X-ray absorption near edge structure 
(XANES). This diagnostic method allows to characterize the speciation 
of the main elements of mineralized hard dental tissues. 

Thus changes in the local atomic environment occurring during both 
natural and artificial formation of mineralized hard tissues require 
specialized set-ups for analyzing biomaterials at the atomic level [5–7]. 
The combination of XANES spectroscopy and synchrotron radiation fa-
cilities allows studies at the angstrom level, which opens new horizons 

for understanding biomineralization processes [8]. 
Thus, the aim of our study was to investigate the influence of a 

coordinating atomic environment in biomimetic dental composite 
materials. 

2. Materials and methods 

2.1. Materials 

Samples of nano-cHAp were obtained using the wet chemistry 
method by titrating a concentrated solution of calcium hydroxide with 
0.3 M orthophosphoric acid H3PO4 solution. Preliminary calcium hy-
droxide was obtained by thermal annealing from bird eggshells [9]. 
Bioinspired composites were obtained using nano-cHAp with a per-
centage of CO3 of ~1.9%. The basic polar amino acids and hyaluronic 
acid were used to replicate the amino acid matrix of enamel and dentin. 
The amino acid set consisted of L-arginine hydrochloride 
(C6H15ClN4O2), L-histidine, and L-lysine hydrochloride (C6H15ClN2O2) 
in a 12:1:3 ratio with the addition of hyaluronic acid ~ 2% of the total 
mass of the amino acid set. 

The amino acid set was mixed with nano-cHAp in aqueous medium 
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using ultrasound treatment (55 W) for 5 min before introduction into 
amino acid solutions. To reproduce the properties of enamel, a CE 
composite was created with an organic/mineral ratio of 5/95, whereas a 
bioinspired CD composite reproducing dentin property had an organo-
mineral composition of 25/75. 

2.2. Materials 

XANES was carried out using an equipment at the Synchrotron Ra-
diation Center of Wisconsin Maddison University, USA in total electron 
yield mode (TEY). The vacuum inside the working chamber was 10–11 
Torr; instrumental broadening 0.05 eV; and analysis depth ~5 nm. 

3. Results 

3.1. XANES spectroscopy 

To estimate the local Ca environment, XANES L-edge calcium spectra 
of reference samples, biomimetic composites and natural mineralized 
tissue (enamel and dentin) were obtained [7,10]. The L-edge calcium 
spectra were normalized to the L3 edge. The shape of all experimentally 
obtained curves is comparable to the reference ones, and the main and 
high-intensity maxima “d" and “f" have similar positions of 349.3 eV and 
352.7 eV with slight variations and correspond to L3 and L2 calcium 
edges, respectively. However, the main difference in the spectra of the 
samples is the shape of the “c" and “e" pre-peaks (see Fig. 1). In Refs. [5, 
11] it is specified that less structured shape of features “c" and “e" is 
connected with low symmetry and indicates amorphous structure of the 
sample. It is also noted in Ref. [12] that the ratio of the “e" pre-peak to 
the “f" peak is a good indicator of the closest surrounding of the 
absorbing Ca atom with oxygen atoms. The higher the ratio “e"/"f" the 
more ordered the structure is. 

Detailed analysis of the experimental data (Fig. 1) shows that in 
XANES spectra of some samples the features “a", “b" and “c" with posi-
tions 347 eV, 347.6 eV and 348.1 eV accordingly appear. These data are 
in good agreement with the results obtained for Ca-phosphates from 
Ref. [13]. Moreover, in Ref. [5] it is shown that features “a", “b", “c" and 
“e" are better shown in the spectra of natural enamel, which is associated 
with its higher crystallinity compared to natural dentin. It can be 
observed that the features “a", “b" and “c" are shifted towards low en-
ergies in the CD biocomposite. In Ref. [11] XANES spectra of calcium 
L-edge for calcite and aragonite were investigated. It was shown that in 

lower symmetry aragonite, Ca is bound to nine oxygen atoms and the 
features “a", “b" and “c" have positions 347 eV, 347.6 eV and 348.4 eV 
respectively. At the same time in calcite with higher symmetry Ca is 
surrounded by six oxygen atoms and the positions of features “a", “b" and 
“c" correspond to the values 346.8 eV, 347.2 eV and 348 eV which 
correspond to the results obtained for biomimetic biocomposite CD. 

4. Discussion 

The XANES data allowed us to identify characteristic subtle features 
related to the chemical environment of calcium and phosphorus in 
natural mineralized tissues and biomimetic organomineral composites. 
It is known that in the structure of apatite 
CaI

4CaII
6 (PO4)6− x(CO3)x(OH)2− y for calcium atoms there are two 

different positions, which, as shown by Zougrou et al. [14], have 
different fine structure of L2,3 edge of X-ray absorption due to different 
symmetry. The difference in atomic groupings in the calcium coordi-
nation environment results in both L3 and L2 edge band broadening and 
the appearance of satellites at the edge region [6,14,15]. Since in the 
crystal lattice of hydroxyapatite the CaII – OH-group bonds ~60% and 
CaI–PO4-group bonds ~40%, the greater influence of CaII on the fine 
structure of L2,3 edge satellites are a natural consequence. However, as 
follows from the experimental data the fine structure of calcium atoms 
edge can vary depending on the type of isomorphic substitution, the 
presence of vacancies in the crystal structure and the preferential 
environment in HAp [11,16] what was detected using method of the 
X-ray photoelectron spectroscopy [17]. 

Attention is drawn to the type of Ca L2 and L3 absorption margins for 
samples of natural tooth enamel and dentin whose shape agrees with the 
known data of Srot et al. [5]. The results of our analysis show that for 
dentin specimens, and to a greater extent for enamel, the contribution of 
states characteristic to the environment of CaI and associated with the 
formation of bonds with PO4 tetrahedrons make a significant 
contribution. 

Understanding of features and mechanisms of bioinspired compos-
ites engineering found in our work will be of great interest for deeper 
understanding of questions of interaction of HAp with an organic matrix 
of mineralized tissues. 

5. Conclusions 

In our work, the influence of the coordination environment of the Ca 
atom states in biomimetic mineralizing composite dental materials in-
tegrated with dental tis-sue was investigated. Biomimetic composites as 
well as natural dental tissue samples were investigated using synchro-
tron XANES spectroscopy. Energy structure studies revealed a number of 
important features related to the different type of calcium atom envi-
ronment. the surface of nano-cHAp crystals in natural enamel and dentin 
involved in the formation of bonds with the organic matrix is more 
characterized by the coordination environment of the calcium atom 
corresponding to its location in the CaI position, i.e. bound through 
common oxygen atoms with PO4 tetrahedrons. At the same time, on the 
surface of nano-cHAp crystals in bioinspired dental materials, the cal-
cium atom is more characteristically located in the CaII position, bound 
to the hydroxyl OH group. The detected features in the coordination 
atomic environment in nano-cHAp play a fundamental role for recre-
ating a biomimetic dental composite of the natural organomineral 
interaction in the mineralized tissue. 
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Fig. 1. XANES spectra of calcium L-edge of reference samples, biomimetic 
composites and natural mineralized tissue (enamel and dentine). H – a sample 
of nanocrystalline carbonate-substituted hydroxyapatite; CE and CD - compos-
ites are reproducing the properties of enamel and dentin; Eexp and Dexp - enamel 
and dentin etalons. 
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