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Does Crystallinity of Extracted Bone Mineral Increase over Storage Time?
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It was recently shown that the crystallinity of extracted bone mineral samples from the fin bones of 
zebrafish could increase over storage time. This would have implications in many studies in which the 
samples need to be stored until analysis. The aim of this study was to further evaluate if the crystallinity 
of extracted bone mineral increases over storage time. The extracted mineral was a biological bone-like 
apatite produced in osteoblast cell cultures. The overall characterization of the mineral was done by energy 
dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy, and high-resolution transmission 
electron microscopy. In order to evaluate possible changes in crystallinity over storage time, the same 
sample was analyzed by X-ray diffraction immediately after mineral extraction and after 18 months of 
storage. In conclusion, no statistically relevant changes were observed over storage time, although the 
occurrence of a slight increase in crystallinity could be discussed in the stored mineral sample.
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1.	 Introduction
The mineral phase found in bone can be generally 

described as a poorly crystalline, non-stoichiometric, 
CO

3
2–-containing hydroxyapatite1,2. However, the 

nanostructure of bone mineral may comprise not only poorly 
crystalline apatite, but also amorphous materials, especially 
amorphous calcium phosphate (ACP), which may act as a 
precursor phase of the apatite nanocrystals3-5. In this context, 
the overall crystallinity of bone mineral may reflect the 
relative proportions of crystalline and amorphous minerals. 
For instance, the increase in bone mineral crystallinity 
described during tissue maturation could be related to the 
transformation of ACP into apatite, leading to an increase in 
the relative proportion of crystalline to amorphous minerals3.

The mechanism by which poorly crystalline bone 
apatite is formed remains under dispute; however, recent 
studies have suggested that a sequence of non-classical 
crystallization stages, in which the collagen matrix play 
an essential role, may be involved in apatite nucleation 
and growth4,6,7. According to this model, ions from the 
surrounding matrix fluids would form pre-nucleation clusters 
and aggregate into round ACP nanoparticles, which would 
crystallize and act as precursors to the apatite nanocrystals. 
The formation of a disordered calcium phosphate precursor 

may occur within intracellular vesicles of osteoblast cells, 
as shown in the developing mouse calvaria and long bones5. 
The formation of intracellular calcium phosphate was also 
recently described in osteoblast cell cultures, both within 
intracellular vesicles and mitochondrial granules8. ACP 
nanoparticles of 10-20 nm in diameter were described 
in the forming fin bones of zebrafish3,4, while crystalline 
round nanoparticles of about 2-3 nm in diameter were 
found in early stages of chicken bone crystal growth9 and 
in the newly formed bone around biomaterials10. Crystalline 
nanoparticles were also seen in murine femoral trabecular 
bone, being proposed to act as nuclei for the apatite 
nanocrystals11. The subsequent fusion of these crystalline 
nanoparticles would originate the plate-like bone apatite 
nanocrystals9. This fusion is in line with observations that 
bone apatite material is polycrystalline, which suggests 
the existence of multiple independent crystallization sites 
among the nanocrystals10-12.

While studying the forming fin bones of zebrafish, 
Mahamid et al.3 noticed that the extracted mineral phase 
showed a slight increase in crystallinity over storage time. 
The authors made this observation by depositing the mineral 
sample onto marked transmission electron microscopy 
grids and analyzing the same region immediately after 
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extraction and again after storage of the grid for one 
week at room temperature. They examined the mineral by 
selected area electron diffraction (SAED) in a transmission 
electron microscope, and showed that the freshly extracted 
mineral from young, forming bones comprised particles 
with different degrees of crystallinity, including some that 
produced typical poorly crystalline diffraction patterns 
and other showing diffuse rings, indicating the presence of 
an amorphous material. Interestingly, by analyzing these 
latter particles after storage, they identified a slightly more 
crystalline sample, presenting faint spots corresponding to 
the (002) reflection of hydroxyapatite crystals.

In light of this observation by Mahamid  et  al.3, it is 
important to evaluate in more detail if the crystallinity of 
extracted bone mineral increases over storage time. Such 
change in the bone mineral phase could have relevant 
implications for many studies, since the mineral samples 
often cannot be fully characterized immediately after 
extraction and/or need to be stored for further analyses.

2.	 Material and Methods
The biological bone-like mineral used in this study was 

produced in cell culture systems using F-OST osteoblast 
cells, previously isolated from the endosteal region of 
murine femurs13. The F-OST osteoblast cell cultures 
were recently shown by a variety of methods to produce 
a mineralized matrix with many bone-like ultra-structural 
and mineral phase features, being a suitable  model for 
bone mineralization studies14. The cells were cultured for 
28 days in Dulbecco’s Modified Eagle’s Medium (DMEM) 
containing 10% fetal bovine serum (FBS) and antibiotics 
(100 U/mL penicillin and 100 mg/mL streptomycin) at 37 °C 
in a humidified 5% CO

2
 incubator. In order to accelerate 

matrix formation and mineralization, the medium was 
supplemented with 50 mg/mL ascorbic acid and 10 mM 
b-glycerophosphate.

The mineral produced in osteoblast cell cultures was 
extracted and analyzed as previously described14. Briefly, 
the mineral was extracted by removal of the organic matrix 
based on methods found to preserve main features of the bone 
mineral component3,15. The organic matrix was degraded by 
exposing the cell cultures to a 5% NaClO solution for about 
10 minutes in continuous motion in a vortex mixer. The 
suspension was centrifuged, the supernatant was discarded, 
and the mineral pellets were washed three times with Milli-Q 
water and twice with 100% ethanol, and dried overnight at 
40 °C. It is important to mention that this extraction and 
drying procedures could have led to slight changes in the 
original mineral component. The mineral extracted from five 
cell cultures was pooled into one powdered sample before 
analysis. The overall characterization of the mineral samples 
was done by the combination of methods described below, 
aiming to confirm the bone-like nature of the mineral phase 
produced in osteoblast cell cultures.

For energy dispersive X-ray spectroscopy (EDS), a 
small amount of the mineral was mixed with 100% ethanol, 
deposited on formvar-coated copper grids, and analyzed 
in an FEI Titan 80-300 transmission electron microscope 
equipped with an EDAX EDS System, at 300 kV. For Fourier 
transform infrared spectroscopy (FTIR), about 1 mg of the 

extracted mineral was mixed with 100 mg of KBr, pressed 
into a thin disc, and analyzed in a Shimadzu IRPrestige-21 
spectrometer. For high-resolution transmission electron 
microscopy (HRTEM), a small amount of the mineral was 
mixed with 100% ethanol, sonicated, deposited on Ted Pella, 
Inc ultrathin carbon film supported by a lacey carbon film on 
400 mesh copper grids, and observed in a JEM 3010 URP 
microscope at 300 kV, operating at the Brazilian Synchrotron 
Light Laboratory, Campinas, Brazil.

To compare the crystallinity of the mineral over storage 
time, the same exact sample was analyzed by X-ray powder 
diffraction (XRD) immediately after extraction and over 
18 months of storage. The mineral sample was stored in 
a dry, powdered state at room temperature under ambient 
conditions in a closed Eppendorf microtube. XRD was 
chosen for this analysis because it directly accesses the 
long-range structural order of a relatively large amount 
of material, allowing estimation of the overall degree of 
crystallinity of the mineral samples.

Briefly, about 60 mg of extracted mineral was analyzed 
in a PANalytical X’Pert PRO diffractometer using CuKa 
radiation (l=1.5418 Å). The patterns were acquired with a 
step size of 0.02° 2θ and counting time of 5 sec/step. The 
diffraction peaks were indexed based on comparison with 
standard Powder Diffraction Files (PDF) from the PDF-2 
database of the International Centre for Diffraction Data 
(ICDD), particularly, with that of hydroxyapatite (ICDD 
PDF 9-432). Crystallinity analysis was done based on the 
full width at half maximum (FWHM) of the (002) reflection, 
obtained by fitting the peak with a Lorentz function using the 
OriginPro software version 8. The degree of crystallinity Xc 
was estimated using the FWHM b

1/2
 in degrees, employing 

the following Equation 16:

3

1/2

0.24Xc =
b 	 (1)

The range of each measurement was estimated using the 
step size value as the uncertainty of the calculated FHWM, 
similar to that described previously17. Differences were 
considered relevant when the value range did not overlap.

3.	 Results
The general characteristics of the extracted mineral 

phase found in this study were in line with results previously 
described in the herein employed in vitro bone mineralization 
model14. Briefly, EDS analysis showed Ca and P as main 
components of the mineral, with small amounts of Mg 
and Na also seen (Figure 1a). The mineral was identified 
by FTIR as a poorly crystalline, CO

3
2--containing apatite, 

presenting bands typically described in hydroxyapatite 
phases18 (Figure  1b). The ν

3
PO

4
3– (1200‑900  cm–1) 

appeared as a broad band with a discrete shoulder; the 
ν

1
PO

4
3– (980‑940 cm–1) band was mostly overlapped with 

the ν
3
PO

4
3–; and the ν

4
PO

4
3– (650-500 cm–1) was partially 

resolved into two broad peaks. These shapes of the PO
4
3– 

bands indicate the low crystallinity of the minerals. The 
presence of CO

3
2– was attributed to the clear bands of the 

ν
3
CO

3
2– (1600-1350 cm–1) and ν

2
CO

3
2– (890-850 cm–1). 

Closer analysis of the CO
3
2– bands indicates the presence 
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of CO
3

2– replacing both PO
4

3– (type-B substitution) and 
OH– groups (type-A substitution), with a higher content 
seen in PO

4
3--sites, as previously describe in more detail14. 

Broad bands of the ν
1
H

2
O and ν

3
H

2
O (3700-2500 cm–1) 

and ν
2
H

2
O (1700-1600 cm–1) were also seen. Peaks of the 

ν
1
OH– (3572 cm–1) and ν

L
OH– (630 cm–1) were not observed 

in the FTIR spectra, similar to results on bone apatite19. 
Observation of the mineral by HRTEM confirmed the poor 
long-range structural order of the mineral, which comprised 
nanocrystalline particles in conjunction with amorphous 
materials (Figure 1c, arrow and asterisk, respectively).

In order to evaluate if the crystallinity of the extracted 
bone-like mineral could change over storage time, the same 
sample was analyzed by XRD immediately after mineral 
extraction and after 18 months of storage. In both cases, 
the mineral was identified as a poorly crystalline apatite, 
yielding XRD patterns very similar to those described for 
bone mineral1 (Figure 2a). Due to the low crystallinity of the 
samples, the patterns comprised broad, overlapping peaks, 
indexed, according to the ICDD PDF 9-432, as reflections 
from hydroxyapatite lattice planes. Among these, only 
the (002) reflection was an isolated, well-defined peak, 
and was used to compare the long range structural order 
of the samples. For this purpose, the (002) reflection was 
investigated by curve-fitting analysis (Figure 2b), and the 
FWHM values obtained were employed to estimate mineral 
crystallinity. No statistically relevant changes were noticed 
in the degree of crystallinity of the mineral after 18 months 

Figure 1. General characterization of the mineral sample. (a) EDS 
spectrum. Ca and P were main components of the mineral. (b) FTIR 
spectrum. The mineral was identified as a poorly crystalline, 
CO

3
2–-containing apatite. (c) HRTEM micrograph. The mineral 

comprised both nanocrystalline particles (arrow) and amorphous 
materials (asterisk).

Figure  2. XRD analyses of the mineral sample over storage 
time. (a) XRD patterns of the initial sample (1) and of the same 
sample after 18 months of storage (2). Both patterns showed 
similar features, comprising broad, overlapping peaks indexed as 
reflections of hydroxyapatite planes (ICDD PDF 9-432). The (002) 
reflection was the only isolated, well-defined peak, being used to 
further analysis. (b) Curve-fitting analysis of the (002) reflection 
of the initial sample (1) and the same sample after 18 months of 
storage (2). Dotted line: experimental peak; Full line: fitted peak. 
The FWMH values obtained by this analysis were used to estimate 
the degree of crystallinity of the samples, as presented in Table 1.
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of storage (Table 1). However, a possible slight decrease in 
the FWHM of the (002) reflection, and hence an increase in 
the crystallinity of the mineral over time may be discussed.

4.	 Discussion
The mineral phase analyzed in this study was quite 

similar to that described in native bone tissue, defined as 
a poorly crystalline, non-stoichiometric, CO

3
2–-containing 

hydroxyapatite1,2. Similar results were presented in more 
detail in a previous characterization of the mineral phase 
produced in the in vitro biomineralization model used in this 
study14. This model was herein found suitable for its purpose, 
allowing evaluation of the changes in the long-range structural 
order of a bone-like apatite over storage time. Although no 
relevant changes were noticed in this study, it was possible 
to recognize a slight, statistically insignificant increase in 
the degree of crystallinity of the mineral after 18 months 
of storage. An increase in the crystallinity of the mineral 
over time would be in line with that previously shown in the 
extracted mineral from the forming fin bones of zebrafish3.

It may be proposed that a possible increase in the 
crystallinity of extracted bone mineral over storage 
time could be associated with two main processes. 
The first, suggested by Mahamid  et  al.3, could involve 
the crystallization of a transient ACP precursor phase 
present in the mineral material. The conversion of this 
metastable amorphous phase into poorly crystalline bone 
apatite would increase the proportion of crystalline mineral 
relative to amorphous material, and hence increase the 
overall crystallinity of the mineral sample. The second 
process could be related to a direct increase in the degree of 
crystallinity of the initially poorly crystalline phase. These 
processes could occur individually or simultaneously, having 
somewhat different effects on the XRD patterns of the 
mineral. In the present study, since the XRD analyses were 
based on the (002) reflection of the crystalline apatite phase, 
the latter scenario may be more closely associated with 
the slight, statistically insignificant increase discussed to 
occur in the crystallinity of the mineral sample over storage 
time. In order to evaluate the proportion of crystalline to 
amorphous materials, the XRD patterns should be refined 
(e.g., by Rietveld refinement), which was not possible in this 
study due to the low resolution of the patterns.

It is important to consider that not all bones are the 
same, presenting, for instance, differences in structure and 

composition among distinct bone types, maturation stages, 
and animal species and age. Thus, extracted mineral samples 
from different bones or even regions within the same bone 
could have distinct behaviors over storage time. For instance, 
in the forming fin bones of zebrafish, the immature portions 
were found to present relatively higher amounts of ACP than 
the mature segments, which were more crystalline3. In this 
context, it is possible that the extracted mineral from the 
immature portions of the fin bones could present a higher 
relative increase in crystallinity over storage time than that of 
the mineral extracted from the mature segments. This result 
could be related to the different amounts of ACP found in 
the tissues, such that the more ACP is present in bone, the 
more noticeable would be its subsequent crystallization in 
the overall crystallinity of the extracted mineral sample.

In order to compare the results shown herein with those 
described previously by Mahamid  et  al.3, it is important 
to point out some relevant differences between these two 
studies, especially regarding the use of different model 
systems and analytical strategies. As discussed above, 
minerals from different bones may have distinct behaviors 
over storage time. In this context, it is conceivable that the 
in vitro mineralization model used in the present study could 
produce a mineral content slightly different than that found in 
the young forming bones used by Mahamid et al.3, resulting 
thus in differences in the changes observed in the degree of 
crystallinity of the minerals over storage time. Moreover, 
care should be taken when comparing results obtained herein 
by XRD with those obtained by Mahamid et al.3 by SAED. 
While XRD analysis results in the overall characterization 
of a relatively large amount of powdered sample, SAED 
results in the punctual analysis of mineral particles at the 
nanometer scale. For this reason, it is possible that, due 
to the small amount of amorphous material present in the 
overall mineral samples, bulk XRD analysis might not fully 
reproduce observations made locally by SAED in particles 
from young forming bones where relatively larger amounts 
of a metastable amorphous phase crystallizes into apatite 
over time, as those described by Mahamid et al.3.

In conclusion, no statistically relevant changes were 
observed in the crystallinity of the extracted bone-like 
mineral over 18 months of storage, although a slight 
increase could be discussed to occur in the XRD-evaluated 
crystallinity of the sample over time. In this context, it 
appears that the mineral extracted from the cell cultures 
employed herein could be relatively safely stored in a 
dry, powdered state for future analyses, which can be 
advantageous in numerous studies in the bone mineralization 
field. However, it is important to explicit that this conclusion 
might not be generalized, and, as discussed above, different 
types of bone mineral (e.g., from young forming bones 
vs. from mature bones) analyzed at distinct scales (e.g., 
overall measurements by XRD vs. local measurements at 
the nanometer scale by SAED) could yield slightly different 
results. Additionally, it should be mentioned that care should 
be taken when comparing stored samples with those recently 
extracted, and that it would be interesting to investigate in 
more detail, for instance, by Synchrotron XRD, the possible 
change in the mineral crystallinity over storage time in 
mineral samples extracted from different types of bones and 

Table 1. Crystallinity analysis of the mineral sample over storage 
time. The FWHM of the (002) reflection was obtained by curve-
fitting analysis of the XRD peaks (see Figure 2b). No statistically 
relevant changes were observed in the mineral sample after 
18 months of storage. However, the occurrence of a slight increase 
in the crystallinity of the stored sample may be discussed. FWHM 
are presented as calculated values ± step size; crystallinity degrees 
are estimated as calculated values ± range.

FWHM of the 
(002) reflection (º)

Crystallinity degree 
(arbitrary units)

Initial sample 0.44 ± 0.02 0.81 ± 0.02

Sample after 18 
months

0.41 ± 0.02 0.83 ± 0.03
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in cases in which whole bones were stored and the mineral 
were extracted at a later date.
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