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Abstract

The morphological, structural and chemical transformations during the biomineralization 

process associated with the apatite formation from bovine-derived hydroxyapatite (BHAp) 

and BHAp/Nagelschmidtite composite obtained from the mixture of BHAp and Vitryxx® 

bioactive glass are here presented. The study is focused on the structural characteristics of 

apatite formation and maturation process taking place at the biomaterial surface. The use of 

a biological HAp is of interest aiming to mimic the natural process of bone mineral matrix 

formation in the crystallization mechanism. This process was characterized by transmission 

electron microscopy (TEM), where the initial stage was identified as the formation of a 

hydrated amorphous matrix followed by the appearance of randomly oriented nanocrystals 

that later coalesce and grow with preferred orientation to c-axis. This behavior is a 

biomimetic process based on the alignment of natural bone apatite along collagen fibrils. The 

understanding of natural processes of mineral matrix formation at micro and nanoscale levels 

on bioactive materials is of great interest to address the effect of size, structure, and 

composition of apatite nanocrystals on the biologic phenomena involved in osseointegration.

Keywords: Biological hydroxyapatite, Nagelschmidtite, apatite crystallization process, 

preferred orientation, transmission electron microscopy.
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1. Introduction

Bioactive ceramics have the capability of bone bonding through the formation of bone-like 

apatite on its surface leading to an enhancement of bone tissue formation 1,2. This fact is 

tightly related to surface reactivity, which determines the biological performance of 

implanted materials 2,3. After implantation, several reactions take place at the biomaterial-

tissue interface generating chemical, morphological and structural changes in the material 

and the surrounding tissue 2. The use of bioactive ceramics within the Ca-P-Si family such 

as Hydroxyapatite (HAp), Silicocarnotite (SC), Nagelschmidtite (Nagel) and bioactive 

glasses (BG) for bone graft and tissue engineering purposes have attracted considerable 

attention in the last decades 2,4–9. A variety of materials and methods have been reported for 

the synthesis and processing of these bioactive ceramics, including the use of synthetic and 

biological sources, doping or adding ions to improve their biological responses and 

mechanical properties, among others 6,7,10–13. In the case of HAp, several studies have been 

carried out to increase its osteoconductive and osteoinductive properties and to mimic the 

behavior of natural apatites by the addition of CO3
2-, SiO4

4-, Mg2+, Zn2+, F-, Cl-, Sr2+ or Na+ 

ions 13–16. In some reports, HAp has been mixed with other bioactive materials such as BG 

to obtain either ceramic composites or bioactive phases 8 able to release Si-containing ionic 

products which may stimulate the osteoblastic cells proliferation, differentiation, as well as 

the collagen I formation 17,18. Among biological hydroxyapatites, bovine derived-

hydroxyapatite (BHAp) is a promising bioactive material due to its natural ionic substitutions. 

For instance, Na+ ions increase the kinetic formation of apatite, facilitating the carbonation 

process and enhancing the osteoconductivity. 

Moreover, Mg2+ ions stimulate the cellular adhesion to biomaterial surfaces and new bone 

formation 19,20. Previous results have shown that HAp doped with Mg2+ and Mg2+ together 

with CO3
2- improved the behavior of MSC and MG-63 cells regarding adhesion, proliferation 

and metabolic activation compared to the stoichiometric one 13. On the other hand, the 

economic and environmental implications of HAp extracted from biological source have 

increased its use for bone graft, as well as for coatings of metallic implants, among other 

biomedical applications 21–23. 

The bioactivity of glass ceramics and ceramics such as HAp has been widely studied 24–28. 

Many efforts have been focused on relating apatite-forming ability of biomaterials evaluated 

in solutions that simulate body fluid to their in vivo bioactivity and biocompatibility 29,30. The 
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general mechanism for bone-like apatite formation considers a cation exchange of the 

bioactive material with protons from the body fluid, followed by the formation of an 

amorphous calcium layer that crystallizes on a Ca-deficient apatite with compositional and 

structural characteristics of bone mineral 31,32.

The growth kinetics of the bone-like apatite layer is assumed to be affected by the presence 

of specific ions (e.g., CO3
2-, SiO4

4-, Mg2+, F-, Cl-, Na+). For instance, the presence of SiO4
4-, 

SiO2,  silica-based glasses and Si-doped HAp accelerates the process of biomineralization 

through the formation of Si-OH groups on its surface, which induces crystalline apatite 

formation from either an amorphous calcium silicate or an amorphous calcium phosphate 

(ACP) 33. On the other hand, it has been reported that the presence of P2O5 in sol-gel prepared 

glass can promote the crystal growth of the apatite 34.

Since the process of bone-like apatite formation involves several microstructural changes, 

conventional characterization techniques for the bioactivity evaluation include scanning 

electron microscopy (SEM), X-ray diffraction (XRD) and Raman or infrared spectroscopies 
24,29. However, the identification of the first stages of crystallization by XRD is challenging, 

mainly due to the weak peak intensities generated by small precipitates volume. Further on, 

the diffraction peaks of the substrates difficult the identification of apatite micro-crystals 

formed on the bioactive surface 35. 

Multiple studies related to bioactivity and chemical interactions occurring when a bioactive 

material is immersed in simulated body fluid are available in the literature 24,25,29–31,33,36. 

However, structural transformations and apatite layer crystallization taking place during the 

biomineralization process have been scarcely reported. Current efforts to better understand 

the apatite formation include diverse transmission electron microscopy (TEM) techniques, 

such as High-Resolution TEM (HR-TEM), selected area electron diffraction (SAED) 

patterns, Fourier Fast Transform (FFT), Inverse FFT (IFFT), cryoTEM, among others 33,36–

41. In contrast to conventional XRD analysis, a TEM techniques offer the potential to 

investigate the apatite formation mechanisms at the micro- and nano-scale levels to further 

identify the maturation process, which starts with individual nanocrystals, crystal fusion and 

finalizes with preferred orientation crystal growth 35,38,42,43.  

This work reports on the morphological, structural and chemical transformations during the 

biomineralization process of BHAp and BHAp/Nagel composite obtained from the mixture 

of BHAp and Vitryxx® bioactive glass. Here, not only the use of a biological HAp respective 
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to the stoichiometric one and the effect of the bioactive glass enrichment is of interest, but 

also a particular emphasis is given on the use of TEM techniques to elucidate the mechanism 

of the bone-like apatite formation as well as further understanding of its growth kinetics.

2. Material and methods

2.1. Sample preparation

BHAp (Cinvestav, México) 7 and Bioactive glass (Vitryxx®, Germany) 44 powders were used 

to prepare dense ceramics following the preparation and characterization methodology 

reported in a previous group contribution 8. In a short description, the compositions studied 

in this work were BHAp and 96.25%BHAp+3.75%BG (vol. %), corresponding to the first 

two points from the systematic study performed on HAp/BG mixtures from 0 to 30 vol. %, 

in steps of 3.75%, by mixtures design using Minitab®. The 96.25%BHAp+3.75%BG sample 

leads exclusive to the formation of BHAp/Nagel composite (32.7 wt.% Nagel)8. For the 

preparation of ceramics, the powders were milled, followed by a pressing step to form 

ceramics in disk-shaped green samples previous to a sintering process at 1220 ºC during 4 h 

in lab air.

2.2. Bioactivity and degradation assessment

The in-vitro biomineralization process on the ceramic samples was studied using the 

simulated body fluid H8264 (Sigma-Aldrich, Germany), i.e., balanced salt Hank's solution 

modified with sodium bicarbonate, without phenol red, sterile filtered and suitable for cell 

culture. The ceramic composite´s ability to form apatite after immersion in Hank's solution 

was evaluated following the ISO/FDIS 23317: 2007(E) standard for ceramics and powders 

samples 45. Sintered ceramics were immersed in 25 mL of Hank´s solution and exposed for 

0, 6, 14 and 28 days at 37 ºC. The solution was changed every 3 days to avoid ionic saturation 

of the medium and sample surface. Before and after immersion, sintered ceramics were 

characterized using XRD, Raman spectroscopy and SEM/EDX to track the structural, 

chemical and morphological changes on ceramics and powders surface related to the bone-

like apatite formation. TEM/EDX characterization was carried out on sintered BHAp and 

BHAp/Nagel composite powders to analyze different stages of local transformation of 

crystalline phases into apatite.

The degradation test was performed based on ISO 10993 standard, Part 14: “Identification 
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and quantification of degradation products of ceramic materials” 46, in which the pH found 

on in vivo conditions is simulated. The material was exposed in granulated form to a buffer 

solution of TRIS (hydroxymethyl aminomethane) with HCl, pH of 7.4 at 37 °C ± 1°C for 

120 ± 1 h. After the exposure time, the precipitated particles were filtered and dried at 37 ºC 

during 24 h. The ionic concentrations of the resulting solution were measured using an 

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, Optima 8300, Perkin 

Elmer) to determine the leaching products of the samples are within acceptable limits 

reported in the literature and its effect on the apatite formation.

2.3. Sample characterization

2.3.1. SEM

Microstructural characterization of sintered ceramics was performed before and after Hank´s 

solution exposure using a Scanning Electron Microscope JSM–7610F (JEOL) at 1 kV 

electron acceleration voltage and a secondary electron (SE) detector. Samples were sputter-

coated with a gold-palladium thin layer to make the ceramic surface conductive. Moreover, 

the chemical composition of sintered ceramics was measured using an EDX analyzer 

(Bruker) coupled to the SEM. Grain size was then quantified following the ASTM E112 

standard (i.e., linear intercept method) from four micrographs recorded at different 

magnifications (500 – 2500 X). The cross-section analysis was performed on fresh fractured 

ceramics, a 10 kV electron acceleration voltage and a backscattering electron detector were 

used to evaluate the thickness of the apatite layer.

2.3.2. GXRD Characterization

Structural characterization was performed on dense ceramics surface by grazing angle X-ray 

diffraction (GXRD) with monochromatic CuKα radiation (λ = 1.5406 Å) operating at 30 kV 

and 20 mA using a Siemens D-500 diffractometer. The XRD patterns were recorded from 10 

to 70 ° on a 2θ scale in steps of 0.02 ° intervals with a counting time of 2 s at each step. 

Structural changes, after different immersion periods (0, 6, 14 and 28 days) in Hank´s 

solution, were measured at a grazing incidence angle of 1° on the ceramics surface. Rietveld 

analysis of the XRD patterns was performed using GSAS® to characterize and quantify the 

phase fraction in each sample, as well as to determine the crystallographic parameters of the 
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growing bone-like apatite according to the process and analysis reported elsewhere 7,8. The 

Ca/P ratio was obtained using the results of Rietveld refinement based on average 

multiplicity and occupancy values (O) of the Ca1, Ca2 and P atoms in the unit cell of HAp 

according to equation 1.

𝑪𝒂
𝑷=

(𝟒 × 𝑶𝑪𝒂𝟏) +  (𝟔 × 𝑶𝑪𝒂𝟐)
(𝟔 × 𝑶𝑷) (1)

2.3.3. TEM

A HR-TEM study was carried out to evaluate the crystalline structure at the nanoscale level 

and complement the XRD structural analysis to identify the initial and final stages of apatite 

formation on BHAp and the BHAp/Nagel composite sintered ceramics. For TEM analysis, 

the ceramic samples were ground in an agate mortar to obtain fine powders and then 

immersed in Hank´s solution for 0, 6 and 28 days. After exposure, the powders were dried in 

a muffle at 37 ºC during 24 h. In all cases, the powder particles were dispersed in ethanol and 

deposited on a Cu holder. The prepared samples were measured in a transmission electron 

microscope (JEOL 2010F, Japan), equipped with a field emission electron gun and operated 

at 200 kV. Chemical analysis was carried out in a JEOL 2100 LaB6 Transmission Electron 

Microscope at 200 kV in STEM mode. Energy Dispersive Analysis of X-rays (EDX) was 

performed using an Oxford Instruments INCA X-sight with Si(Li) detector and the INCA 

Microanalysis suite (v.409).

2.3.4. Raman Spectroscopy

Raman spectra were recorded at room temperature before and after bioactivity tests in 

triplicate using a confocal Raman microscope (Bruker SENTERRA) with an excitation 

source of 532 nm. The measurements were carried out in the 300-3700 cm-1 frequency range, 

at a spectral resolution of 0.5 cm-1 and an integration time of 40 s.
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3. Results and discussion

3.1. Morphological characterization (SEM)

The formation of an apatite layer on ceramic´s surface was consistently monitored by SEM. 

Typical micrographs of BHAp and BHAp/Nagel composite before and after bioactivity tests 

are presented in figures 1 and 2.

Well-defined grain boundaries are observed in the as-sintered BHAp microstructure with a 

homogeneous grain size distribution of 1.58 ± 0.21 µm and a surface porosity obtained by 

image analysis of 0.31 ± 0.16 %   (figures 1a, e). In contrast, the as-sintered BHAp/Nagel 

composite sample showed porosities around 3.03 ± 0.83 %. Two different kinds of 

microstructural features were identified, one coarse-grained microstructure with the presence 

of Si-rich precipitates with contents around 4.982 wt.% and Na-rich areas with contents 

around 6.450 wt.% (zone 1) was related to the formation of a secondary phase identified by 

XRD as Nagel, which was previously synthesized as a single phase with a composition of 

Na = 6.259 wt.% and Si = 4.899 wt.%. On the other hand, an homogeneous fine-grained 

microstructure (zone 2) corresponding to HAp was detected (See figure 2a, e), as reported in 

a previous work  8. In BHAp ceramics, after 6 days of exposure, dramatic changes in surface 

morphology were observed (figures 1b, f) as a result of an apatite layer formation. Two types 

of microstructures were detected at this exposure time, a layer with dune-like morphology 

and below this, a cracked surface with worm-like microstructure. The dune-like layer covered 

the entire ceramics surface after 14 days (figure 1c) showing a continuous growth of the 

spherical agglomerates, which after 28 days reached sizes around 4.5 µm (figure 1d). A closer 

look at the agglomerates after 14 and 28 days is shown in figures 1g and h, respectively. 

These agglomerates are formed by submicrometric plate-like crystals, which are growing as 

a function of immersion time, indicating the crystallization of the bone-like apatite layer 18.

For the BHAp/Nagel composite, a similar formation mechanism but with higher 

crystallization kinetic was observed in comparison with BHAp (see figure 2). Unlike the 

surface morphology of pure BHAp after 6 days, the correspondent of the BHAp/Nagel 

composite sample was already covered with a well-adhered apatite layer with spherical 

particles formed with small worm-like aggregates (figure 2b, f). After 14 and 28 days of 

immersion, the plate-like crystals, as well as the spherical agglomerates are more abundant 

than in BHAp samples.
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The accelerated formation kinetics in BHAp/Nagel composite ceramics is mainly related to 

the presence of Si in the BG, which promotes apatite precipitation due to the defects 

formation in the HAp lattice (i.e., vacancies or substitutions) and therefore the generation of 

a more electronegative surface 47, thus leading to an increase in surface solubility48.

The EDX analysis showed an increase in Mg from 0.649 ± 0.049 wt. % to 1.407 ± 0.125 wt. 

% and Na from 1.136 ± 0.138 wt. % to 2.945 ± 0.230 wt. %. In contrast, a decrease in Ca 

content from 37.057 ± 0.962 wt. % to 28.781 ± 0.685 wt. % with layer growth on pure BHAp 

samples was observed. No significant changes in P content were detected. Mg content 

showed similar behavior in BHAp/Nagel composite samples, increasing from 0.268 ± 0.030 

wt. % to 2.317 ± 1.202 wt. %, whereas Na decreases from 6.021 ± 0.403 wt. % to 

3.028 ± 0.648 wt. % and a drop in P content from 22.245 ± 3.084 wt. % to 12.865 ± 0.986 

wt. % was observed as the layer was grown. No significant variations in Ca content were 

identified for the apatite grown on BHAp/Nagel composite samples.

The thickness of the apatite layer was evaluated in micrographs from ceramics cross-sections 

after 14 (figures 3a, c) and 28 days (figures 3b, d) of exposure. A dense and well-adhered 

layer was observed for both BHAp and BHAp/Nagel composite ceramics after 14 days. 

The apatite final thickness is similar between BHAp (2.5 µm) and BHAp/Nagel composite 

(2.7 µm) ceramics. However, for the BHAp/Nagel composite, after 28 immersion days the 

layer clearly shows better adherence to the surface. The reason for that can be associated to 

microstructures of Figure 3d compared to 3b from pure BHAp. In the BHAp/Nagel 

composite sample the process of apatite formation occurred not only at the surface but also 

inside the ceramic pores, possibly due to the presence of Nagel phase and the ionic presents 

in BG. Thus, the pores act as binding sites to the growing apatite on BHAp/Nagel composite 

samples. This effect can also be observed at the surface of the samples as a function of 

soaking time (Figure 2). Similar mechanisms have been reported for bioactive silicate 

ceramics with higher Si contents 4. 

3.2. Structural characterization 

3.2.1. GXRD

The XRD measurements and Rietveld refinements were all consistently done from 10 to 70 

2θ (º). However, the XRD patterns for both samples were plotted in the range between 20-
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52 (º) to spotlight the structural changes after Hank´s solution immersion as shown in figure 

4.The HAp (Ca10(PO4)6(OH)2) was identified as the main phase in samples with BHAp 

(figure 4a) and 96.25%BHAp+3.75%BG (figure 4b), according to the JCPDS 9-432 card: 

P63/m space group and lattice parameters a = b = 9.432 Å, c = 6.881 Å. Moreover, for the 

3.75%BG sample, the Nagelschmidtite (Ca7-xNax(PO4)2+x(SiO4)2-x; x ≤ 2) was identified as a 

secondary phase, based on the presence of two diffraction peaks at 31.36 and 33.66 º, that 

correspond to (026) and (220) planes, respectively 8. 

For the Nagel phase, the crystallographic information was taken from 49: P61 space group 

and lattice parameters a = b = 10.6336(1) Å, c = 21.6422(3) Å. As a result, a BHAp/BG 

mixture in a 0.968/0.032 weight ratio heat-treated at 1220 ºC led to a partial phase 

transformation of BHAp to 32.74 wt. % of Nagel phase according to Eq. 1. 

0.968 BHAp + 0.032 BG �  x-y (BHAp) + y (Nagel) (Eq. 1)

The Rietveld refinement allowed to calculate strains from a and c lattice parameters, 

crystallite size and Ca/P ratio before and after sample immersion for both compositions. 

These parameters varied due to the ionic exchange between the material surface and the 

medium, such as carbonates inclusion in the HAp lattice (Table 1)  50,51. 

A contraction of HAp lattice parameter a was observed in both cases, in comparison with the 

stoichiometric HAp due to substitutions in the atomic positions of Ca2+ for Na+, also reported 

by 52, that favors the carbonated apatite formation due to the Na+ substitution, which 

destabilizes the charge of HAp structure, facilitating the substitution of PO4
3- by CO3

2- to 

balance the total charge 52,53 (see Table 1).

From these results, one can see that there are atomic substitutions that led to variations in 

lattice parameters before immersion, which are not only related to BG additions but also the 

HAp source (BHAp) 7. For BHAp and the BHAp/Nagel composite sample, the Ca/P ratios 

are lower than the stoichiometric value (1.67) showing Ca-deficient HAp in both cases, as 

expected for biological HAp 7,50. These changes have a direct effect on the properties of HAp 

including an increase in solubility and biodegradability in physiological fluid 54. 

GXRD patterns of sintered ceramics exposed in Hank´s solution showed an amorphization 

process described by a broadening of the main peaks that increases with immersion time. 

These peaks between 30.5 to 34.5 º correspond to (002), (211), (030) planes and exhibited 
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specific variations (in-sets in figures 4a-b). For instance, the doublet observed in the (211) 

plane decreases in intensity tending to form a single peak after 28 days.  

On the other hand, the intensity of (002) plane increases as a function of immersion time, 

which is characteristic of a texturization of the formed apatite associated with a crystal 

growth along the c-axis from HAp structure. This behavior is related to the amorphization 

and recrystallization processes that is the origin of apatite as a growing new crystalline phase. 

The formed apatite has a similar structure to HAp but contains atomic substitutions such as 

Mg2+, Zn2+, F-, CO3
2-, Cl- or Na+ 55–57.

The crystallite sizes decrease from 271.8 to 40.3 nm and from 347.7 to 41.7 nm for BHAp 

and BHAp/Nagel composite ceramics, respectively. In both cases, crystallite sizes of the 

formed apatites are very similar to that found in the mineral part of a mammalian bone, where 

the c-axes of plate-shaped apatite crystals are well aligned with the long axes of the collagen 

fibrils 3,58,59. On the other hand, after the immersion test the Ca/P ratio increase to 1.770 and 

1.736 for BHAp and BHAp/Nagel composite samples, respectively. This behavior was 

previously reported in 60,61, where the increase of carbonate content absorption led to an 

increase of the apatite Ca/P ratio 61. 

3.2.2. TEM

Specific structural changes taking place in samples with compositions BHAp and 

BHAp/Nagel composite during the immersion tests at 0, 6 and 28 days characterized by TEM 

are described in this section. 

As-sintered

Figures 5 and 6 show the HR-TEM micrographs with the IFFT and FFT analysis as well as 

the SAED patterns of the samples before the immersion. Figures 5a and 6a reveal a highly 

periodic arrangement of atoms; in both cases, lattice fringes correspond to a lattice spacing 

of d = 0.854 nm as shown in insets figures 5aI and 6aI. The lattice fringes are close to the 

theoretical value, d(100) = 0.8155 nm according to JCPDS 9-432 card, where the slight 

difference can be related to the ionic substitutions in BHAp from natural sources7. The SAED 

pattern for BHAp was indexed considering the [001] zone axis of the HAp unit cell (figure 

5b). This region is clearly arranged in a hexagonal shape and matches with the results from 

the FFT images presented in the insets of figures 5a-II and 6a-II. The same hexagonal 
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structure was observed in several areas of the examined BHAp and BHAp/Nagel composite 

samples. Additionally, the high crystallinity of BHAp and BHAp/Nagel composite samples 

are in agreement with the narrow and intense peaks of the GXRD pattern (see Fig 4).

Debye rings were observed in the SAED pattern of a different region in BHAp/Nagel 

composite sample (figure 6b) indicating the presence of a nanocrystalline phase. The analysis 

of the interplanar distances resulted in the identification of Nagel phase with a lattice spacing 

d=0.247 nm, which is comparable with the highest intensity peak of the theoretical (hkl) list 

that corresponds to d(220)=0.265 nm 49. This related, Rietveld refinement results for the 

BHAp/Nagel composite sample showed a Nagel content around 32.74 wt.%, despite the low 

intensity of the XRD peaks observed for this phase8.

After 6 days of immersion

After 6 days, a highly crystalline zone and a matrix in an amorphous state were distinguished 

for both BHAp and BHAp/Nagel composite samples, presented in figures 7a and 8a, 

respectively. From these micrographs, one can see that the crystalline BHAp substrate is 

delimited by a dark zone from the newly formed apatite phase.

The corresponding FFT analysis of the crystalline zones from the BHAp and BHAp/Nagel 

composite samples are shown in figures 7b-I and 8a-I, respectively. Amorphous zones were 

determined by the absence of electron-diffraction patterns and are associated with an early 

stage of the apatite formation. Crystalline zones correspond to the initial HAp phase of both 

samples. For the BHAp/Nagel composite sample, apatite nanocrystals, which are randomly 

embedded in the amorphous matrix were observed after 6 days (figure 8b). The apatite 

nanocrystals lattice fringes were measured and labeled in the IFFT of figure 8c leading to a 

d=0.269 nm spacing, which corresponds to the (030) plane based on the HAp structure, with 

a theoretical value of d = 0.271 nm. In contrast, no crystals were observed within the 

amorphous matrix in the BHAp sample after 6 days as shown in figure 7c.

After 28 days of immersion

After 28 days, elongated crystals with lengths between 20 and 100 nm were observed for 

BHAp (figure 9a). These crystals (zone 1) grow from dark areas (zone 2) which have been 

associated with the formation of ACP clusters 37,38,62. It has been reported that the geometry 

of the growing crystals increase their length with CO3
2- content 63. These growing crystals 

are overlapped (see figure 9b) in which a single one has approx. 23 nm length and 10 nm 
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width. On the other hand, in Figure 9c the zone labeled as “new amorphous apatite” presented 

absence of electron-diffraction patterns and the zone labeled as “crystalline zone from mature 

apatite” presented a clear SAED of HAp structure (figure 9cI) with an interface between both 

zones. The amorphous area was always located in the outer zone of the crystal. Crystalline 

zones were observed along the crystals until the dark zone, which can be related to the apatite 

recrystallization process and it´s inside out formation. Moreover, in figures 10a and 10b, 

oriented apatite crystals embedded in an amorphous matrix were identified and measured, 

which is consistent with the observations shown in the FFT (10a-II) and its corresponding 

IFFT (10a-III). The measured lattice spacing of these crystals was around 0.34 nm, that 

corresponds to the (002) plane of HAp with a theoretical value of 0.344 nm.

Moreover, formed apatite crystals showed different morphologies for BHAp/Nagel 

composite sample. The morphology of these crystals shown in figures 11a and 11b has the 

appearance of interconnected fibers joined by nanosized clusters, similar to ACP (indicated 

by white arrows)37,38,62, all grouped in a continuous and dense matrix with a well-defined 

boundary. This fiber-like morphology has been previously observed for apatite formed on 

Bioglass® and was described as needle-like micro-crystal weaving together flake-like 

crystals 26,28,64. These areas are composed mostly of Si and Mg as identified by EDX. In our 

case, the presence of Si is associated to SiO4
4- due to BG additions, which affects the apatite 

growth kinetics due to the formation of SiOH bonds and its polycondensation, favoring the 

adsorption of Ca+PO4+CO3 
65 and increasing the maturation rate of the crystals.

On the other hand, a significant density of parallel needle arrays was observed in figures 11c 

and 11d, where the 1.56 Ca/P ratio evidenced the formation of calcium-deficient apatite, 

typically identified in bioactive calcium phosphates62. At this stage, these needle-like crystals 

have entirely merged with no space between the crystals, which are similar to those observed 

in BHAp after 28 days. It is worth to mention that the composition and morphology of the 

observed crystals by TEM are in agreement with the growth of plate-like crystals on dense 

ceramics surfaces observed by SEM after 14 days of immersion (see inset in figure 2g). 

Moreover, the compositional gradient detected in the EDX analysis of the cross-sectional 

view also confirmed the TEM results showing a calcium-deficient apatite with higher Mg 

contents.

Thus, all these features suggest a coupled mechanism of apatite formation between the Si-

containing and calcium phosphate phases.
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Additionally, similar SAED patterns identified by FFT were exhibited in the newly formed 

apatite zone (figure 12a-I) and the mature crystallized apatite zone (figure 12a-II). In both 

cases, the SAED pattern confirmed at the surface the phase transformation of BHAp to 

apatite. The lattice fringes associated to a d = 0.238 nm determined in figure 12a-I are similar 

to those of figure 8c (early stages of apatite formation), confirming that the apatite 

crystallization process starts with distances lower than 0.30 nm and finishes around 0.34 nm, 

in which the crystals grow aligned with a preferred (002) orientation. This preferential 

orientation can be related to the re-arrangement of HAp in the presence of Hank's solution, 

generating a change in its orientation and promoting the preferential growth in new crystals. 

The development of crystallinity is guided by the mature crystallized apatite surface as shown 

by the alignment of the crystallographic c-axis along the nucleating surface, following the 

preferred orientation in the (002) plane.

Finally, a closer look to the mature crystallized apatite zone is shown figure 12b, where a 

higher density of crystals joined and immersed in the matrix is observed with lattice fringes 

between 0.322 < d <0.340 nm. This effect of crystal coalescence has been described as the 

formation of various calcified tissues and was referred as “crystal fusion”, in which the 

junction and adhesion of two apatite crystals tend to form a single crystal 51, in our case 

oriented in the c-axis direction. This effect has also been reported elsewhere, where the 

crystals growth along the main axis of the collagen fibrils 38.

3.2.3. Raman

Raman spectra of BHAp and BHAp/Nagel composite samples after 0, 6, 14 and 28 days of 

exposure in Hank´s solution are shown in figure 13a and b, respectively. Before exposure, 

BHAp samples showed the typical vibrational modes associated with the phosphate 

tetrahedral with v1PO4
3- band close to 962 cm-1, a double v2PO4

3- band in 430 and 444 cm-1, 

a triple v4PO4
3 band between 550 and 650 cm-1, respectively. Specifically for v3PO4

3- only 

three bands, typical for B-type carbonated apatite are observed in 1015–1090 cm-1 spectral 

region 66,67. Furthermore, the O-H stretching peak can be seen at 3572 cm-112.

Before immersion, BHAp/Nagel composite samples exhibited two types of spectra labeled 

as 0 days “a” and “b” as shown in figure 13b. The spectrum “a” shows the same vibrational 

modes than those observed for pure BHAp samples. On the other hand, in the spectrum “b” 
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a slight contribution Si-O vibrational mode was observed in 587, 615 and 853 cm-1, which 

are associated with the Nagel phase identified in XRD patterns 8.

After immersion in Hank´s solution, similar behavior was observed for both BHAp and 

BHAp/Nagel composite ceramics, but the changes were more evident in samples with BG 

content. An increasing broadening and a continuous loss of intensity of the bands was 

observed after 6, 14 and 28 days of immersion, which is related to the presence of non-

crystalline materials 4. Specifically, vibrations of –PO3 and –PO2 groups in amorphous 

phosphate phases can be contributing to the broad-band between 1000 and 1300 cm-1. On the 

other hand, the presence of a broad-band around 1490 cm-1 can be related to carbonate ions 

of amorphous carbonated hydroxyapatite phase as reported in 4. Moreover, in both samples 

after 28 days of immersion, a wide band was detected in 1070 cm-1, which has been assigned 

to v1 CO3
2- mode in B-Type carbonate HAp 66.

For the BHAp/Nagel composite, the bands related to Si-O vibrational modes vanished after 

6 days of immersion, this is expected since the mechanism of apatite formation in phases 

containing Si involves the dissolution and precipitation of amorphous Si-phases 4.

These results evidenced the phase transformation from HAp and Nagel into a less crystalline 

carbohydroxyapatite or bone-like apatite. Considering the bands’ linewidths at the same 

immersion periods for both evaluated sample compositions, it is evident that this 

transformation occurred faster in the BHAp/Nagel composite. A summary of the vibrational 

modes detected for both BHAp and BHAp/Nagel composite samples is presented in Table 2, 

where the reported values for stoichiometric and carbonated B-Type HAp are also included 

for comparative purposes.

3.3. Degradation assessment

The concentration of released ions after the degradation test is summarized and compared to 

literature values in Table 3. The effect of BG addition resulted in close to double Ca and Na 

dissolution in comparison with BHAp samples. Additionally, higher released Si content was 

observed for the BHAp/Nagel composite as expected for the BG addition. The obtained 

values for the analyzed species are within the range considered as no cytotoxic even in 

combination with other ions 52,68.

Page 15 of 44

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



It is well known that dissolution of Si ions leads to the formation of a porous SiO2 rich layer 

on the surface of the powder, improving the readsorption of free ions of Ca, Mg and Si in 

solution. As a consequence, a synergistic regulation is generated between the Ca, Si and Mg 

ions during the dissolution process 69. On the other hand, Ca ions tend to facilitate cell 

proliferation, differentiation and mineralization of human periodontal ligament cells 

(hPDLC), osteoblasts and stem cells. Also, extracellular Ca plays a vital role in bone 

remodeling by direct activation of intracellular mechanisms through the stimulation of Ca 

detection receptors in osteoblastic cells 68. Mg acts on the stimulation of cell proliferation by 

promoting the synthesis of DNA, proteins and the regulation of Mg2+ conduction channels 20. 

The differences in ionic release of the samples suggest variations not only in the bioactive 

behavior as discussed in the previous section but also in the biological response at the in-

vitro or in-vivo level. 

4. Conclusions 

The study of biomineralization process from bovine-derived HAp and BHAp/Nagel 

composite allowed to complete/confirm the mechanism of apatite formation:

The formation of a hydrated amorphous matrix allows the ionic exchange between the 

surrounding medium and the material surface. The incorporation of Ca2+ ions into the ceramic 

surface leads to the formation of ACP clusters, which later develop into apatite nanocrystals. 

These embedded nanocrystals are randomly oriented and later coalesce, aided by CO3
2-, 

forming bigger crystals with a preferred orientation to c-axis, the same alignment observed 

in natural apatite growth along collagen fibrils.

The apatite maturation process was monitored by HRTEM & IFFT leading to the following 

remarks:

1) Crystals in the early stage of formation exhibited interplanar distances between 0.238 

and 0.269 nm, while mature apatite crystals reach up to d = 0.34 nm, corresponding 

to the (002) HAp plane.

2) The presence of Na+ in the degradation test favors the substitution of PO4
3- for CO3

2- 

promoting the release of Mg2+ and Ca2+. The new cation-rich surface attracts anions 

from the fluid such as Cl-, F-, which in turn attracts cations and the cycle begins again, 

thus generating a multi-layered growth.
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3) BG addition allows the formation of nanocrystalline Nagel as a secondary phase in 

the 3.75 vol. %BG sample. The apatite formation results from a coupled mechanism 

between the Si-containing and calcium phosphate phases. The Nagel phase 

contributed to an accelerated formation kinetics observed with the apatite 

crystallization process and better adhesion of the apatite layer to the ceramic surface 

observed in the inward growth of apatite into the pores.

4) After 28 days of exposure, the TEM images of the formed scale showed a highly 

periodic arrangement of the apatite crystals embedded in the amorphous matrix, 

which contrasts to the total amorphous characteristics reported for this layer at the 

macroscale.
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Figure Caption

Figure 1. Morphological changes on BHAp ceramics surface before (a,e) and after 6 (b,f), 
14 (c,g) and 28 (d,h) days of exposure to Hank´s solution.

Figure 2. Morphological changes on BHAp/Nagel composite ceramics surface before (a,e) 
and after 6 (b,f), 14 (c,g) and 28 (d,h) days of exposure to Hank´s solution.

Figure 3. Cross-section micrographs showing the apatite layer thickness and composition 
after 14 and 28 days of immersion in Hank´s solution of (a,b) BHAp and (c,d) 
BHAp/Nagel composite ceramics. The arrows indicate the apatite growing into the 
pores.

Figure 4. XRD pattern plotted between 20 – 52 2θ (º) of a) BHAp and b) BHAp/Nagel 
composite ceramics after 0, 6, 14 and 28 days of immersion. 

Figure 5a. High resolution TEM images, Inverse FFT (I) and FFT (II) of BHAp before 
bioactivity test.

Figure 5b. SAED pattern of BHAp before bioactivity test.

Figure 6a. High resolution TEM, Inverse FFT (I) and FFT (II) images of BHAp/Nagel 
composite before bioactivity test. 

Figure 6b. SAED pattern of a nanocrystalline region of BHAp/Nagel composite before 
bioactivity test. 

Figure 7. High resolution TEM images of BHAp after 6 days of exposure in Hank´s solution, 
showing in a) morphology of the particles composed by b) crystalline zones (inset 
FFT image) and c) an amorphous matrix. 

Figure 8. High resolution TEM images showing a) BHAp/Nagel composite particles after 6 
days of immersion and b) closer look to the amorphous matrix. I and II show FFT 
images and profile of the marked zones.

Figure 9. High resolution TEM of a) BHAp particles after 28 days of exposure, b) zoom on 
the elongated crystals c) closer look to the interface between amorphous matrix 
and crystalline zone (inset FFT). 

Figure 10. a,b) High resolution TEM images of different areas of BHAp particles after 28 
days of immersion with apatite nanocrystals embedded.  II and III show FFT 
images and IFFT of the marked zone I.

Figure 11. High resolution TEM of different areas of BHAp/Nagel composite particles after 
28 days of exposure. 

Figure 12. a,b) High resolution TEM images of different areas of BHAp/Nagel composite 
particles after 28 days of immersion. I-II show FFT images of the marked zones, 
and III corresponds to IFFT of region I.

Figure 13. Raman spectra of a) BHAp and b) BHAp/Nagel composite after different periods 
of immersion in Hank´s solution.
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Table caption

Table 1. Lattice parameters, crystallite size, cell volume, Ca/P ratio, goodness coefficient 
(𝛘2) and structure factor (Rf) obtained from Rietveld refinement, for BHAp and 
BHAp/Nagel composite samples before and after immersion

Table 2. Comparison of Raman band assignments reported for stoichiometric HAp, 
carbonated HAp Type B, and experimental values from BHAp and BHAp/Nagel 
composite after 0, 6, 14 and 28 days of immersion in Hank´s solution

Table 3. Ionic concentrations in the soaking solution before and after the degradation test. 
The concentrations considered cytotoxic are included for comparative purposes. 
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Preferred growth orientation of apatite crystals on biological 

hydroxyapatite enriched with bioactive glass: a biomimetic behavior

July Andrea Rincón-López 1, Jennifer Andrea Hermann-Muñoz 1, Núria Cinca-Luis 2, 

Beatriz Garrido-Domiguez 2, Irene García-Cano 2, Jose Maria Guilemany-Casadamon 2, 

Juan Manuel Alvarado-Orozco 3,4*, Juan Muñoz-Saldaña 1*

1 Centro de Investigación y de Estudios Avanzados del IPN, Unidad Querétaro, Libramiento Norponiente 
#2000, Querétaro, Qro., C.P. 76230, México. 
2 Centro de Proyección Térmica (CPT). Dpt. Ciència dels Materials i Química Física, Universitat de 
Barcelona, c/Martí i Franquès 1, E-08028 Barcelona, Spain. 
3  Centro de Ingeniería y Desarrollo Industrial, Av. Playa Pie de la Cuesta No. 702, Desarrollo San Pablo, 
Querétaro, Qro., C.P. 76125, México.
4 Consorcio de Manufactura Aditiva, CONMAD, Av. Pie de la Cuesta 702, Desarrollo San Pablo, 
Querétaro, México.
*  Corresponding authors:  juan.alvarado@cidesi.edu.mx, jmunoz@cinvestav.mx

This contribution presents morphological, structural and chemical transformations during the 
biomineralization process of BHAp enriched with Vitryxx® bioactive glass, where the 
mechanism of mineral matrix formation at the nano- and micro-scale is discussed. A highly 
periodic arrangement of the apatite crystals at the local level was observed with an 
accelerated apatite crystallization process due to the presence of Nagel phase.
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[Si]
0.14 ±

0.01
1.06 ±

0.00
9.59

±
0.02

<20
<33.36

>170
[Ca]

0.51 ±
0.12

39.95 ±
1.49

81.34 ±
3.23

<320
<104.69

>400
[M
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0.17 ±

0.04
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10.49 ±

0.10
<24

<13.13
>35

[P]
0.71 ±
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0.00
-

-
-

[N
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5.65 ± 0.38
25.42 ±1.62

65.16 ±
2.94

-
-

-
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