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Abstract: X-ray micro diffractometry, transmission electron microscopy, environmental scanning
electron microscopy, energy dispersive spectrometry and Fourier transform infrared were employed
to investigate the crystallographic characteristics of the inorganic mineral existing in bones of
Cololabis saira. The results show that the crystal phase in hard tissues of Cololabis saira is
hydroxylapatite (HAP). Chemical composition analysis reveals that the HAP in hard tissues lacks
P and is rich in Ca. Refined lattice parameters of HAP show that a = 0.93622–0.93787 nm and
c = 0.68549–0.69011 nm. The domain sizes calculated from the Scherrer equation are 18.9–20.7 nm
long along the c-axis and about 6.2 nm thick perpendicular to the c-axis, and is well evidenced
by TEM data. The crystallinity of HAP is poor compared with natural HAP. In situ X-ray micro
diffraction patterns measured from raw hard tissue show a very strong reflection from the (002) and
(004) lattice planes on the cross-section of bone and nearly no reflection from the (002) and (004)
lattice planes on elongation surface of bone. Compared with the XRD pattern of standard HAP data
and from the textural index R values, it indicates that the HAP in the hard tissues of Cololabis saira has
a strong preferring orientation along the crystallographic c-axis. This is verified by Fourier transform
infrared on the elongation surface of bone and by selected area electron diffraction of HRTEM on the
section perpendicular to elongation of bone. A quantitative textural degree index DR is proposed.
The crystallographic characteristics of bio-hydroxylapatites (particle size, crystallinity and preferring
orientation) are designed by tissue function and controlled by organic matrix to provide a good
mechanical performance.

Keywords: Cololabis saira; hydroxylapatite; crystallinity; preferring orientation; X-ray micro
diffraction; biological control; mechanical performance

1. Introduction

Fish is one of the most ancient vertebrates. The physical and chemical properties and
crystallographic characteristics of biominerals in hard tissues of fish have theoretically important
guidance value for biomineralization mechanism, mineralogy, crystallography and environmental
sciences studies. The connection between the composition and structural differences with living
environment has been a hot spot for discussion, and there have been abundant research results [1–4].
Some scholars investigated the relationship between scale structure and surface morphology with
fish species [5], some studied the biochemical characteristics of scale [6,7] and some explored the
applications in biological engineering [8]. Only a few research papers on microstructure and mechanical
properties of fish bones were performed [9]. Different mineral properties are designed by mineral’s
chemical compositions and crystal structures. Because organisms control the crystallization of inorganic
phases in different levels [10] and regulate the growth morphology of crystals in three-dimensional
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space, there should exist some differences in texture and crystallinity between minerals originating
from biomineralization and geological processes theoretically. Therefore, understanding the nature
of biomineralization of fish is especially important to mineralogy and biology. The X-ray diffraction
technique (XRD) is a useful tool to obtain information on crystal structure. In recent years, X-ray
micro diffractometry (XRMD) has been preliminarily applied to biominerals [11–13], which provides
a new insight into the microstructure of biomaterials. Here, we focus on the mineral phase,
crystallinity and preferring orientation of minerals in “soft” bones of Cololabis saira by XRMD, and it is
anticipated that this work would offer valuable data for discussing the differences in crystallographic
performance of minerals among hard tissues and provide an effective basis for research and application
of biomineralization.

2. Results

2.1. Phase Analysis

The XRMD results show that the crystal phase in bones is hydroxylapatite (HAP) (see data
in Table 1). Figure 1 shows the morphology of the hard tissues by environmental scanning electron
microscopy (ESEM). The compositional characteristics and concentrations of HAP in hard tissues of
Cololabis saira measured by EDS (TEM) are listed in Table 2. The results show that there are a few
elements such as Mg, Fe, Na, Al and Si existing in hard tissues except for Ca, P and O. Elements Mg,
Fe and Na can substitute for Ca at the VI site of HAP, and Si and Al substitute for P in the IV site of
HAP [14] (p. 871), [15] (p. 296), [16] (p. 1407). Note that Al can substitute for both P and Ca in sites VI
and IV, and here we assume it substitutes for P since the IV site is insufficient. No matter the ratio of
Ca/P or of SiteIV/SiteVI of HAP, all of them are higher than the theoretical value 1.67 [14] (p. 871) of
Ca/P, indicating the chemical compositional characteristics of HAP in hard tissues of Cololabis saira are
relatively lacking in P and rich in Ca. This is verified by a natural HAP that possesses an ideal ratio
1.67 of Ca/P (see the comparison of (c) and (d) in Figure 2).

Table 1. XRD data of HAP in bones of Cololabis saira (nm).

hkl 01-086-0740 a B1 B2 P1 P2

100 0.80991 0.80803 0.80965
101 0.52444 0.52713 0.52779
111 0.38677 0.39296 0.39089
002 0.34410 0.34312 0.34432 0.34335 0.34432
102 0.31670 0.31664 0.31679 0.31563 0.31631
210 0.30612 0.30867 0.30485
211 0.27970 0.27851 0.27902
112 0.27715 0.27852 0.27770 0.27748
202 0.26222 0.26374 0.26212
212 0.22871 0.22997 0.22792 0.22801
130 0.22463 0.22495
103 0.22072 0.22102 0.22077
113 0.20595 0.20677 0.20655 0.20601 0.20666
203 0.19960 0.20058 0.19801 0.19996
222 0.19339 0.19427 0.19431
213 0.18357 0.18433 0.18274 0.18342
004 0.17205 0.17220 0.17225 0.17147 0.17187
322 0.16349 0.16469 0.16349
124 0.14998 0.15046 0.15057 0.150541
502 0.14656 0.14599 0.14562
304 0.14509 0.14519 0.14557
523 0.12896 0.12968
234 0.12624 0.12611
144 0.12328 0.12374 0.13209

a: ICDD [17], B1: raw bone sample “fishbone”, B2: raw bone sample “161212”, P1: “normal powder” ground from
raw bones, P2: “fried-powder” ground from bones after heating at 300 ◦C for an hour.
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Figure 1. ESEM images of hard tissues of Cololabis saira. (a) two bones with sizes of 9.8 × 0.33 mm and 
13.7 × 0.38 mm, note: fixing matter is overlying the two bones; (b) a closer look (×1200) at the part 
within the white square of (a). 

Table 2. EDS data (atom %) of HAP in bones of Cololabis saira. 

Element QDY-45-1 QDY-45-2 QDY-26 
O 68.00 63.05 57.17 

Na - - 0.45 
Mg 1.28 1.25 1.52 
Fe 0.20 - 0.16 
Ca 18.72 22.29 25.87 
Al - 0.49 - 
Si 1.21 0.3 - 
P 10.59 12.58 14.84 
Σ 100 100 100 

VI/IV 1.71 1.76 1.89 
Ca/P 1.76 1.77 1.74 

QDY: abbreviation of Chinese word Cololabis saira, -: undetectable. 
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Table 2. EDS data (atom %) of HAP in bones of Cololabis saira.

Element QDY-45-1 QDY-45-2 QDY-26

O 68.00 63.05 57.17
Na - - 0.45
Mg 1.28 1.25 1.52
Fe 0.20 - 0.16
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Figure 2. Lattice fringes and energy spectrum of hard tissues of Cololabis saira. (a) lattice fringe of 
HAP in bone, white lines mark domain sizes of hydroxylapatite on nanoscale; (b) details of two 
domain sizes in (a); (c) corresponding energy spectrum of (a); (d) energy spectrum of natural HAP 
in eclogite (sample B208) with Ca/P = 1.671 obtained by electron microprobe analysis (EMPA). 

2.2. Lattice Parameters 

Refined lattice parameters of HAP by Unitcell (version 1.0, University of Cambridge, 
Cambridge, UK) are listed in Table 3. It shows that the HAP in the bones of Cololabis saira has lattice 
parameters a = 0.93622–0.93787 nm, c = 0.68549–0.69011 nm and V = 0.52050–0.52517 nm3. 

Table 3. Lattice parameters of HAP in bones of Cololabis saira. 

Parameters B1 B2 P1 P2 
a/nm 0.93787 0.93740 0.93636 0.93622 
c/nm 0.68892 0.69011 0.68549 0.68823 

V/nm3 0.52479 0.52517 0.52050 0.52242 
B1: fishbone, B2: 161212, P1: normal powder, P2: fried-powder. Additional meanings see Table 1. 

2.3. Crystallinity 

The term crystallinity denotes the degree of completeness of a crystal (including ordering 
degree in short- or long-term, crystal size and stoichiometric perfection) in the sense of 
crystallography. Considering the case of a crystalline being of ordering in long-term with 
stoichiometric perfection and in larger crystal size, it can be treated as good crystallinity; otherwise, 
it called poor crystallinity if ordering in the short-term with stoichiometric imperfection and in 
small crystal size. For the purpose of application, the crystallinity of a mineral could be simply 
represented by the crystallite size or equivalent to the FWHM of a typical reflection of XRD pattern 
concerned. In general, the bigger the crystal is, the better the crystallinity, and the sharper and more 
isolated the XRD reflections are. In recent years, many researchers have demonstrated this 
consideration of crystallinity in their publications—for example, broad XRD peak means low 
crystallinity [18,19], narrower XRD peak indicates an increase in the crystallinity [20], the 
appearances of narrow and different XRD peaks mark more crystalline [21], and the lower XRD 
peak indicated a lower degree of crystallinity [22], etc. 

Sillen and Sealy [23] proposed that the full width at half maximum (FWHM) of the 0.344 nm 
(002) peak could reflect the crystallinity of hydroxylapatite. From the Scherrer equation, it is known 
that the crystal size of HAP along the c-axis can be calculated from the FWHM of the (002) reflection, 
and that the broader the (002) peak is, the shorter the crystal of HAP along the c-axis. Therefore, this 

Figure 2. Lattice fringes and energy spectrum of hard tissues of Cololabis saira. (a) lattice fringe of HAP
in bone, white lines mark domain sizes of hydroxylapatite on nanoscale; (b) details of two domain
sizes in (a); (c) corresponding energy spectrum of (a); (d) energy spectrum of natural HAP in eclogite
(sample B208) with Ca/P = 1.671 obtained by electron microprobe analysis (EMPA).

2.2. Lattice Parameters

Refined lattice parameters of HAP by Unitcell (version 1.0, University of Cambridge, Cambridge, UK)
are listed in Table 3. It shows that the HAP in the bones of Cololabis saira has lattice parameters
a = 0.93622–0.93787 nm, c = 0.68549–0.69011 nm and V = 0.52050–0.52517 nm3.

Table 3. Lattice parameters of HAP in bones of Cololabis saira.

Parameters B1 B2 P1 P2

a/nm 0.93787 0.93740 0.93636 0.93622
c/nm 0.68892 0.69011 0.68549 0.68823

V/nm3 0.52479 0.52517 0.52050 0.52242

B1: fishbone, B2: 161212, P1: normal powder, P2: fried-powder. Additional meanings see Table 1.

2.3. Crystallinity

The term crystallinity denotes the degree of completeness of a crystal (including ordering degree
in short- or long-term, crystal size and stoichiometric perfection) in the sense of crystallography.
Considering the case of a crystalline being of ordering in long-term with stoichiometric perfection and
in larger crystal size, it can be treated as good crystallinity; otherwise, it called poor crystallinity if
ordering in the short-term with stoichiometric imperfection and in small crystal size. For the purpose
of application, the crystallinity of a mineral could be simply represented by the crystallite size or
equivalent to the FWHM of a typical reflection of XRD pattern concerned. In general, the bigger
the crystal is, the better the crystallinity, and the sharper and more isolated the XRD reflections
are. In recent years, many researchers have demonstrated this consideration of crystallinity in their
publications—for example, broad XRD peak means low crystallinity [18,19], narrower XRD peak
indicates an increase in the crystallinity [20], the appearances of narrow and different XRD peaks mark
more crystalline [21], and the lower XRD peak indicated a lower degree of crystallinity [22], etc.

Sillen and Sealy [23] proposed that the full width at half maximum (FWHM) of the 0.344 nm (002)
peak could reflect the crystallinity of hydroxylapatite. From the Scherrer equation, it is known that the
crystal size of HAP along the c-axis can be calculated from the FWHM of the (002) reflection, and that
the broader the (002) peak is, the shorter the crystal of HAP along the c-axis. Therefore, this proposal
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is actually based upon the crystallographic principle. For more detail, the Scherrer equation is given
as follow:

D = Kλ/(β·cosθ), (1)

where λ is the wavelength of X-ray used, K is the Scherrer constant, β denotes the FWHM of the
(hkl) reflection (in radian) and θ the diffraction angle of the (hkl) reflection. As the Scherrer constant
is a function of particle shape [24,25], and HAP has a shape of a hexagonal prism (a = 0.94 nm and
c = 0.69 nm produces a hexagonal prism of 1.9 nm in diameter by 0.69 nm in height), it is actually a
platelet-like particle in shape and not a cube; thus, we take the unit as the Scherrer K constant for the
calculation of domain size of HAP [25] (p. 656). For the same reason, the FWHM of the (100) reflection
of powder HAP is taken into account for evaluating the thickness of HAP along [100]. X-ray micro
diffraction data of the (002) reflection and domain size and the powder XRD data of HAP in bones of
Cololabis saira are listed in Table 4.

Table 4. FWHM (∆◦2θ) and domain size (nm) of HAP in the bones of Cololabis saira.

Planes B1 B2 P1 P2

FWHM100 - - 1.513 0.965
Size100 - - 6.0 9.6

FWHM002 0.511 0.482 0.524 0.675
Size002 19.4 20.7 18.9 14.4

B1: fishbone, B2: 161212, P1: normal powder, P2: fried-powder, -: invisible. For additional meanings, see Table 1.

The domain size of HAP obtained from XRD is verified by TEM observation. Figure 2 shows
the lattice fringes of HAP in bone from the P2 powder and its corresponding energy spectrum by
TEM. It is known that a lattice fringe reflects the coherent domain of one HAP crystal; thus, from
the observations under TEM, we directly obtained the crystallite size of HAP in a range from
several nanometers to dozens of nanometers, which well agrees with the results of XRD analysis
described above.

2.4. Crystal Orientation

It is widely accepted that XRMD can obtain most structure information of biominerals by
non-destruction measurements. The XRMD patterns of HAP measured from the cross-section of
bones of Cololabis saira display different characteristics from powder patterns of HAP as well as from
the standard HAP pattern of ICDD 01-086-0740 [17] (see Figure 3). These 00l peaks from the XRMD
patterns become the highest (002) and the second highest (004) reflections while the (211) peak ranks
only in the third one. However, for the powder patterns of HAP (P1, P2), reflection (211) is the highest
peak and nearly triple the height of the (002) peak. Compared with the decreasing order from the (211)
to the (300) to the (112) reflections of HAP of ICDD 01-086-0740 [17], our XRMD patterns imply that
the HAPs in the bones of Cololabis saira preferred orientation growth. The XRMD pattern measured
from the elongation surface of the raw bone shows another characteristic that all 00l reflections have
nearly disappeared, indicating that the elongation direction is normal to the crystallographic c-axis
(see pattern B3 in Figure 3).

Low [26] proposed a textural index R to describe the orientation distribution of hydroxylapatite
in enamel and dentin with the following Equation:

Rhkl = [I(211)/I(hkl)]/Khkl, (2)

where Khkl is the intensity ratio of the (211) to the (hkl) reflections of HAP cited from ICDD data
and I(hkl) is the measured intensity of the (hkl) reflection of HAP. When R = 1.0, the HAP particles
are randomly distributed, whereas R 6= 1.0 indicates that HAP particles prefer orientation or form
texture. In the work, we employ this index to analyze the orientation of the HAP particles in bones of
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Cololabis saira (Table 5) and quoted these high intensity data K(002) = 2.77, K(102) = 8.93, K(112) = 2.29,
K(213) = 3.1 and K(004) = 7.41 from a natural HAP of ICDD 01-086-0740 [17].
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on the elongation surface of fishbone, P1: normal powder, P2: fried-powder. For additional meanings
of B1, B2, P1 and P2, see Table 1.

Table 5. Values of textural index R.

Plane B1 B2 P1 P2

002 0.05 0.03 1.08 0.83
102 0.23 0.29 1.03 0.95
112 0.49 0.51 1.00 1.01
213 0.53 0.52 1.11 1.07
004 0.04 0.04 1.02 0.92

B1: fishbone, B2: 161212, P1: normal powder, P2: fried-powder. For additional meanings, see Table 1.

From Table 5, it is easy to read out that all R values do not equate to 1 except the R of the (112)
lattice plane of powder “P1”, which means not only these HAP particles of bones (including (00l) and
(hkl) lattice planes) prefer orientation but also HAP particles from random powder prefer orientation
too. This is a question. We know that it is difficult to prepare a hundred percent random powder
for ball-unlike particles; however, it is widely accepted that a random preparation must approach
or be close to hundred percent random orientations. This leads to the needing to know how heavy
the preferring orientation is. For the purpose of clear indication, here we propose a “textural degree”
index DR to quantitatively describe the degree of preferring orientation:

DR = 100 × |1 − Rhkl|/1, (3)

where Rhkl can be calculated from Equation (2). From Equation (3), it is deduced that the larger the DR
is, the heavier the degree of preferring orientation.

Table 6 lists all DR values corresponding to those Rs in Table 5 and from which it is easily
understood that DR = 96.93% (corresponding to R = 0.03) has a much stronger preferring orientation
than that of DR = 6.83% (corresponding to R = 1.08). Figure 4 is the plot of DR vs. lattice planes from
which the DR values of powders are much lower than those of bones, and they are separated from
each other by at least 39% ∆DR and for powder group DR < 17% while the bone group DR > 47%.
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Table 6. Values of textural degree index DR (%).

Plane B1 B2 P1 P2

002 95.33 96.93 6.83 16.89
102 76.55 70.88 2.89 5.33
112 51.20 49.28 0.06 1.03
213 47.22 48.37 10.80 6.55
004 96.11 96.30 1.63 7.55

B1: fishbone, B2: 161212, P1: normal powder, P2: fried-powder. For additional meanings, see Table 1.
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3. Discussions

3.1. Substitution in HAP

HAP is the most stable thermodynamics phase of calcium phosphates under the body fluid
environment [27]. Generally, HAP has a formula of M5[ZO4]3(X), where the M site is occupied mainly
by Ca+2 and less by large cations such as Mg+2, Sr+2, Ba+2, Pb+2, K+1, Na+1, Fe+2, Mn+2, REE, etc. The Z
site is occupied mainly by P+5 and less by small cations As+5, Si+4, S+6, C+4, and the X site must be
occupied mainly by OH−1 and less mixed with F−1, Cl−1 or CO3

−2. Structurally, a = 0.94166 nm and
c = 0.68745 nm [14] are the cell parameters of HAP with an ideal formula Ca5[PO4]3(OH). However,
when a substitute happens, e.g., Si+4→ P+5 in the Z site (here→means replace), Ce+2, Na+1→ Ca+2 in
the M site and F−1 → OH−1 in the X site, it will change the structure of HAP and result in a = 0.94202
nm and c = 0.69157 nm for HAP with the formula of Ca4.557Na0.02Ce0.423(P2.595Si0.405)O12.664F0.335H0.664;
For pure fluorapatite Ca5[PO4]3(F), the cell parameters are a = 0.93973 nm and c = 0.68782 nm. Statistics
from published natural apatite data [14–16], these replacements in M and Z sites will make an increase
along the c-axis but not significantly change with the a-axis; on the contrary, the substance of OH−1

in the X site by Cl−1 will obviously make an increase along the a-axis and decrease along the c-axis.
A unit cell of HAP contains ten Ca2+ at 0, 1/2c, 1/4c and 3/4c of the hexagonal prism, two hydroxyls
at the center zone of the unit cell and six P−3 at 1/4c and 3/4c. Previous research showed that the
HAP in biominerals usually lacks Ca2+ or riches in CO3

2− [28], if CO3
2− replaces a part of PO4

−3

(type B), it can cause the a-axis to obviously decrease, and, if CO3
2− replaces a part of hydroxyls

(type A), the effect is the opposite, and there is no effect on the c-axis for those replacements [29].
Hench and Wilson [30] demonstrated that the variation of lattice parameters in bioceramics, especially
the parameter a-axis is related to the replacement of trace elements in crystal structure. The deviation
of lattice parameter of HAP in bones is attributed to the replacement among ions and the situation
of defection in structure such as structural empty, lattice fault, folding, etc., which cause changes of
chemical bands and interaction among ionic groups (electrostatic interaction) of HAPs, and leads to
lattice parameter variation.
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Compared with the natural sample [17], our data reveal that the cell dimensions of HAP is
0.4–0.58% short along the a-axis and−0.34–0.29% difference along the c-axis, respectively. It is revealed
from IR data (Figure 5) that CO3

−2 exists in the HAP of bones of Cololabis saira, and the CO3
−2 mainly

takes place at the Z site of PO4
−3. The substitution of PO4

−3 by CO3
−2 (type B) in HAP will cause the

a-axis to decrease. The replacement of PO4
−3 by CO3

−2 (type B) and its cause of decrease along the
a-axis well agrees with the refined cell dimension of the a-axis (from ideal a = 0.94166 nm decreasing to
0.93622–0.93787 nm or about 0.49% reduced on average). The EDS test confirms that there are many
elements such as Mg, Fe, Na, Al and Si in the HAP of bone of Cololabis saira. Analogous to natural
HAP, these cations Mg+2, Na+1, and Fe+2 could occupy the M site in HAP and Al+3 and Si+4 occupy
the Z site, and partly replace the Ca and the P, respectively. Those replacements at the M site do not
cause variation along the c-axis very much, such as c = 0.68549–0.69011 nm or as 0.05% of the ideal
c-axis (0.68745 nm) of natural HAP [14], and it is only about a tenth of the variation along the a-axis.
Because of the replacement of PO4

−3 by CO3
−2 in the Z site, the ratio of Ca/P will increase relatively

and results in the relative lack of P and richness in Ca. These cell dimensional variations caused by the
replacements in M and Z sites confirm that those elements of Mg, Na, Fe, Al and Si detected by EDS
in the hard tissues are from the HAPs in the bones of Cololabis saira rather than from collagen. It was
reported from previous work on the hard tissues of freshwater Lateolabrax japonicus [31] that the Mg+2

was only found on the scale of freshwater Lateolabrax japonicus. It is likely that the chemical properties
of living water such as seawater and fresh water have a major impact on elements absorbed and their
concentrations in scale and bone [6]. HAP composes the major part of hard tissues of fishes, and its
chemical composition and structural characteristic are closely associated with the biomineralization
process and life activities. This close relationship with biomineralization and the environment could
be a good point for further investigation of HAP in fish bones.
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3.2. Particle Size and Crystallinity

The particle sizes of the HAPs in bones of Cololabis saira are in nanoscale. Many studies
showed that the calcium phosphate formed in organisms under mild conditions possesses nanoscale
features [32], high surface activity and ultrastructure [33] generally. Nano-mineral particles in bones
are selected to ensure optimum breaking strength and maximum tolerance of flaws [34]. This means
that the nano-HAPs can provide excellent mechanical properties to biological tissue for ensuring life
activity and working correctly.

The mineral crystallinity can be roughly analyzed through X-ray diffraction patterns. In general,
if the XRD pattern has many sharp peaks and their FWHMs are narrow, the mineral crystallinity is
good and mineral crystal particles are big (coherent domain) and have better crystal form. In this
work, no matter the powder XRD patterns or the in situ XRMD patterns of HAPs, all XRD reflections
are wider in FWHM (>0.48◦∆2θ). It turns out that the crystals thickness along the c-axis of HAP in
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bones is 18–21 nm long and particle sizes in other directions are less than this limit. The increasing
of the enamel hardness [35] is attributed to the increase in thickness of the crystallites, that is, the
increasing in thickness makes the crystal particles have better mechanical properties to reduce wear.
It is well known that biominerals’ nucleation and growth reply on protein chain templates are under
the control of polysaccharides and polypeptides; therefore, the HAPs crystallinity in bones is controlled
by organisms in order to adapt to different mechanical behaviors.

3.3. Orientation of HAP

The SEM technique can help well for describing micro particles. Figure 6 demonstrates the
relationship between elongation and hard tissues of bone and the appearance of HAP clusters on the
section of bone. A parallel relationship between elongation and tissues was observed whilst plenty of
HAP clusters about <1 µm in diameter are gathered and surround by tiny tissues. This indicates the
growing style of HAP in bone that tissues separate, enclose and weave HAP particles and let them
form a series of clusters parallel to the elongation of bone.
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Figure 6. SEM image of HAP in bones of Cololabis saira. (a) micrograph of HAP particles observed on
section surface perpendicular to the c-axis. (b) HAP clusters observed on elongation section surface
parallel to the c-axis.

The in situ XRMD patterns of HAPs are different from standard ICDD data of HAP. The main
reason is that biominerals have the characteristics of preferring orientation; in other words,
these biomineral particles usually grow around or tend to grow parallel to a particular direction.
This leads their in situ XRMD patterns to becoming special orientation ones: the intensities of these
reflections become stronger (crystallographic planes perpendicular to preferring orientation) or weaker
(crystallographic planes parallel to preferring orientation) while others become relatively weaker or
stronger. The X-ray powder diffraction records the patterns from powder particles, which is distributed
randomly and results in losing the power of recording textural information such as heterogeneous
distribution and stresses, whilst the in situ XRMD is of the power to overcome this difficulty, and it
protects the original structure information of minerals from destroying and helping to investigate the
crystal growth orientation through diffraction patterns. Figure 3 clearly demonstrates that (i) the XDMP
patterns (B1, B2), measured on the section perpendicular to the elongation of bone, have very strong
reflections of (00l) indicating HAP particles preferring along the c-axis; and (ii) the pattern (B3),
measured from the surface parallel to the elongation of bone, is of no reflection of (00l), indicating
HAP particles growing perpendicular to the elongation direction of bone or parallel to the c-axis;
(iii) the powder patterns (P1,P2) possess some intermediate intensity of (00l) indicating a random
distribution of reflections. This is the first evidence of HAP in bone preferring c-axis growth.
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Recent FRIR investigation on HAP [36,37] reveals that the bands of OH−1 of FTIR vary from along
the c-axis (E//c) (bands 3540 cm−1 standing up while 746 cm−1 is disappearing) to perpendicular
to the c-axis (E⊥c) (bands 746 cm−1 occurring while 3540 cm−1 is disappearing) whilst the pair
bands of CO3

−2 at ~1428/1455 cm−1 from the maximum difference to nearly equal. The FTIR
spectra perpendicular to the c-axis of HAP in bone (B2) was obtained by using an ATR technique
in which the OH−1 bands at 746 cm−1 occur (no bands at 3540 cm−1) and the pair bands of CO3

−2

at ~1428/1455 cm−1 appear equally (see Figure 5). This is the second evidence that the elongation
(surface) of bone is parallel to the c-axis of HAP particles; in other words, HAP particles grow mostly
along the c-axis. However, the FTIR spectra parallel to the c-axis of HAP was not successful due to
section preparation. Instead, a super thin section perpendicular to the elongation of bone was obtained
with the help of a Leica EM UC6 Ultramicrotome (Vienna, Austria), from which a typical selected
electron diffraction pattern was derived which indicates the section surface being normal against the
c-axis of HAP (see Figure 7). This again verifies the growing style of HAP preferring along the c-axis
and is the third piece of evidence.

The textural index R by Low [26] and the textural degree index DR indicate that the HAPs in
bones of Cololabis saira have a strong (47–96%) preferring orientation along the crystallographic c-axis.
The preferring orientation of biominerals is determined by the function of the hard tissue [38], it makes
the physical properties the best anisotropism in nano-size [39] and possesses the lowest surface free
energy [40] and can resist the damage from the outside [41]. During the biomineralization, HAPs are
controlled strictly by organic molecules and prefer orientation along the crystallographic c-axis nearly
parallel to the collagen fibers’ axis [42,43]. In summary, the preferring orientation of biominerals is
designed by the organic matrix in order to form tissue function and mechanical properties.
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Figure 7. (a) image of HAP in bones of the Cololabis saira. Squares in dashed color lines indicate
the selected areas for FFT; (b) inverse FFT; and (c) FFT pattern indicating the [001] view direction;
in other words, the surface of the super thin section is perpendicular to the crystallographic c-axis;
(d) correlation image of FFT and IFFT.
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4. Materials and Methods

We bought a Cololabis saira from the market, collected bones (B1 and B2), washed them with clear
water and put them on a shade place and let them be air-dried naturally. These bones were prepared
for testing. Natural powder (P1) ground from raw bones and “fried powder” (P2) ground from bones
after heating at 300 ◦C for an hour were prepared for comparison.

The instrument used for XRMD analysis is an X’Pert PRO MPD (PANalytical) diffractometer
(Almelo, The Netherlands) with a spinning platform and a super detector (X’Celerator). It is equipped
with 165 × 0.2 mm (length × diameter) monocapillary optics. Helping with a microscope, any part of
the material tested can be adjusted and measured under the point focus. We selected a cross-section
of bones for XRMD measurement. The detection parameters of the instrument were operated as
follows: Cu Kα radiation and working at 45 kV and 40 mA, a 0.017◦2θ step size, a 2000 s scan time per
step and a 10–95◦2θ scanning range in continuously scanning mode. After measurement, software
X’Pert Highscore Plus (version 3.0, PANalytical, Almelo, The Netherlands) was used to deduct the
background, strip Kα2 component, search peaks and match with the diffraction pattern from ICDD
2005 [17]. CrystalDiffract (version 6.6.5, CrystalMaker Software Ltd., Oxford, UK) was used to simulate
the ICDD pattern. Fitting techniques were used to deconvolute peak overlap. The instrumental
broadening was stripped when calculating the particle size. Lattice parameters were refined by
Unitcell (version 1.0, University of Cambridge, Cambridge, UK) after indexing. A field emission
scanning electron microscope (FEI Quanta 2000F, Hillsboro, OR, USA) was employed to obtain the
microscopic information of morphology and was working at 15 kV. Electron microprobe analysis
(EMPA) was performed on a JXA-8100 electron microprobe (Tokyo, Japan) at 15 kV acceleration voltage
and 10 nA beam current, a 1 µm beam diameter, a PRZ correction, and a calibration against mineral
standards of GB/T17359-1998A-B, Beijing, China. A transmission electron microscope (JEM-2100F,
Tokyo, Japan) with energy dispersive spectrometer was used and was working at 200 kV to analyze the
crystal size and lattice fringe. Sample preparation for a TEM test was made by pipetting suspensions of
fried powder onto carbon-coated copper mesh. A Leica EM UC6 Ultramicrotome was used to cut the
super thin section (~70 nm) of bone normal to elongation of bone. An infrared test was performed with
a Fourier transform infrared spectrophotometer (Spectrum Spotlight 200 FT-IR microscopy, Waltham,
MA, USA) in ATR for raw bone and with a KBr wafer (sample 0.9 mg with KBr 153.4 mg) for bone
powder in the scanning range of 400–4000 cm−1 with a 4 cm−1 spectral resolution.

5. Conclusions

The crystal phase in hard tissues of Cololabis saira is hydroxylapatite. The chemical composition of
HAP is rich in Ca and poor in P, and there are two kinds of replacements in HAP structure: Ca replaced
by Mg, Fe, Na and P by Si and Al. HAP particles reach the nanoscale and the crystallinity is poor.
The XRMD patterns display very strong (00l) reflections of HAP from vertical sections of bone and
no (00l) reflection from elongation surfaces of bones, the OH−1 bands standing up and disappearing
in their strength/vibration positions together with the double equal v3 bands of CO3 occurring in
the FTIR spectra from the elongation surface of bone, and the hexagonal SAED pattern of HRTEM
from cross-sections of bones distinctively prove that the HAPs in bones of Cololabis saira have a strong
feature of preferring orientation along the c-axis.
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