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Members of subclass Elasmobranchii possess cartilage skeletons; the centra
of many species are mineralized with a bioapatite, but virtually nothing is
known about the mineral’s organization. This study employed high-
energy, small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS, i.e. X-ray diffraction) to investigate the bioapatite crystallography
within blocks cut from centra of four species (two carcharhiniform families,
one lamniform family and 1-ID of the Advanced Photon Source). All species’
crystallographic quantities closely matched and indicated a bioapatite
closely related to that in bone. The centra’s lattice parameters 2 and ¢ were
somewhat smaller and somewhat larger, respectively, than in bone. Nano-
crystallite sizes (WAXS peak widths) in shark centra were larger than
typical of bone, and little microstrain was observed. Compared with bone,
shark centra exhibited SAXS D-period peaks with larger D magnitudes,
and D-period arcs with narrower azimuthal widths. The shark mineral
phase, therefore, is closely related to that in bone but does possess real
differences which probably affect mechanical property and which are
worth further study.

1. Introduction

Elasmobranchii include the sharks, skates and rays, and the vertebrae and their
main load-bearing components, the centra and other skeletal components
consist of cartilage (types I and II collagen, proteoglycans [1,2]). All sharks
known to the authors from orders Carcharhiniformes and Lamniformes contain
centra whose cartilage is reinforced with biomineral, albeit a few species are only
partially mineralized. These vertebrae experience tens of millions of cycles of
swimming-related loading [3], this loading alternates compression of the left
side of the centra with compression of the right side (figure 14) and strain
magnitudes can reach 3-8% [5], an enormous level for mineralized tissue!,
especially considering that the centra do not appear to have a remodelling
mechanism like that in bone for removing accumulated microdamage.

Each centrum contains an hourglass-shaped structure (the corporus calcerea,
in geometrical terms, a double napped right cone) whose axis is parallel to the
axis of the vertebral column. The cranial and caudal cone walls are supported
by the intermedialia. Intermedialia structure differs between lamniforms and
carcharhiniforms: the former possesses two dozen or more, relatively thin
plates (lamellae, figure 1b) and the latter four much thicker wedges (figure 1c).
Loading is along vertebral column axis (‘vca’ in figure 1, i.e. the centrum’s
axis) and consists of asymmetric compression (figure 1a). Simple compression
stress—strain curves have been measured from intact centra from lamniforms
and from carcharhiniforms [7], and, to the present authors, the data look more
like that of an elastomer than a mineralized tissue like bone.

© 2022 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. (a) Schematic of the swimming motion of a shark showing the caudal portion of the animal and centra within. The anatomical directions are indicated at
the top of the panel. In the top portion of the panel and from left to right, the tail is shown swept to the left, at a neutral orientation and swept to the right. The
bottom panel shows the resulting compression of a centrum; the grey ‘X’ within each of these centra represents the projection of the double cone (corpus calcera).
The vertebral column axis ‘vca is labelled. (b,c) Laboratory microCT-derived three-dimensional rendering of lamniform and of carcharhiniform shark vertebral centra,
respectively, derived from data in Morse et al. [4]. These are from a shortfin mako and a sandbar shark, respectively, and the internal structures are similar to but not
identical to those in the blocks examined in the present study. The top row shows a view from above of each centra; a sector facing the viewer is rendered
transparent so that the cone wall cross-section can be seen. The bottom row shows the same volume but with the clipping plane through the midplane of
each centra; this allows the intermedialia structure to be appreciated. The scale bars at the left of each image are 10 mm. L—Iamella, W—wedge,

cw—cone wall, i—intermedialia.

The two major types of mineralized cartilage in sharks,
vertebral centra and tesserae (e.g. in the jaws), form via differ-
ent mineralization processes [8], and Urist [9] and Dean et al.
[10] found that the mineral in both tissues is a form of
hydroxyapatite (hAp) similar to the bioapatite reinforcing
bone, a biocomposite with a different matrix, type I collagen.
Since the data of this paper were collected, energy-dispersive
(X-ray) diffraction (EDD) of intact shark centra confirmed
recently that bioapatite was the mineral phase present and
revealed interesting crystallographic texture [11,12]. These
studies did not report lattice parameters, and it is unclear
whether the mineral is hAp (a relatively pure phase contain-
ing low levels of impurities) or carbonated apatite like that
found in bone and tooth. For this reason, the mineral phase
in shark centra is designated ‘bioapatite’ to avoid implying a
certain composition range. One goal of the present study is
to measure accurate lattice parameters for several sharks
from Carcharhiniformes and Lamniformes. Because tesserae
[13] and bone, another collagen-based mineralized tissue,
both are hierarchically structured, it is reasonable to hypoth-
esize that similar ranges of structure make up the tissue of
shark centra, and describing mineral phase nano-organization
is the second goal of the present study.

Wide-angle X-ray scattering (WAXS, i.e. X-ray diffraction)
and small-angle X-ray scattering (SAXS) are used here to
quantify bioapatite lattice parameters and other nanostruc-
tural characteristics for several shark centra. X-rays scatter
from the atoms within a specimen, and this scattering
reinforces along certain directions depending on the X-ray
wavelength and on the periodicities within and orientation
of the scatterers. The reinforced scattering produces peaks
in intensity described by Bragg’s law (see equations (2.1)
and (2.2) in Materials and methods). In WAXS, the period-
icities are those of the atoms within the unit cells of any

crystalline phase present, and the directionality and relative
intensity of different diffraction peaks provide a ‘fingerprint’
of the material; see [14] for example. Typically, periodicities
investigated with WAXS range from 0.5 to 10 A. In SAXS,
the scattering is from an array of objects like nanoparticles
(or macromolecules) with spacings approximately 5-100 nm,
and directionality of scattered intensity indicates concen-
tration of scatterer orientations. The terms ‘wide angle” and
‘small angle’ are relative terms because the magnitude of the
angles depends on the X-ray wavelength (Bragg’'s law,
equations (2.1) and (2.2) below).

Many mineralized tissues have been studied with WAXS
and/or SAXS including mammalian bone, e.g. [15], and fish
bone, e.g. [16,17]). Because the present WAXS/SAXS study
is the first on shark centra bioapatite, and shark tesserae dif-
fraction studies [10,18] provide limited information, we use
bone and its well-known structural hierarchies [19] as a tem-
plate against which to compare the shark data. The bioapatite
crystal system is hexagonal with lattice parameters 2 and c,
and bone’s bioapatite contains significant carbonate which
affects the values of a and c; see [20]. Bone’s type I collagen
matrix is reinforced by an array of bioapatite nanoparticles
(crystallites), and WAXS peak width analysis provides a
robust measure of these crystallites’ sizes [15] and of micro-
strain (gradients in lattice parameters within the irradiated
volume), if present. Microstrain is typically significant in
bone and, if ignored, leads to erroneous values of crystallite
size [14]. Peak positions in WAXS patterns allow precise
measurement of lattice parameters and inference of compo-
sitional variation, e.g. [20], something which may relate to
physiology of bioapatite production.

In long bones, collagen fibrils align along the bones” axes,
the direction of principal stress, and the bioapatite c-axes tend
to be parallel to the collagen fibril axes in bone. The tendency
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Table 1. List of species from which vertebral tissue was studied. Abbreviations used for the orders (families) are Carcharhiniformes = C (Carcharhinidae = (a,

Sphymidae = Sph); Lamniformes = L (Lamniidae = La).

shark order / family
Galeocerdo cuvier C/(

tiger shark

Sphj)ina e S Sphﬂ

great hammerhead

Sphyrna lewini C/ Sph
scalloped hammerhead

lamng nasss L/1a

porbeagle

of a certain crystallographic axis to lie along a specific direction
in a specimen is termed crystallographic texture, and texture in
long bones’ cortices results in elastic moduli along the longi-
tudinal anatomical direction being 1.8 times greater than that
for the transverse direction [21]. As described below, such crys-
tallographic texture is readily quantified in both WAXS and
SAXS patterns. For WAXS of bone, texture is most evident in
azimuthal intensity variation along 00.2 and 00.4 diffraction
rings.? In SAXS, well-defined peaks are present: these peaks’
periodicity relates to the mean bioapatite particle spacing
along the collagen fibre axis, the D-period, e.g. [15], and direc-
tionality of the scattered intensity, like in WAXS, also reveals
texture of the mineral phase.

The present study reports results of WAXS and SAXS on
blocks cut from centra of four different species (two families
of Carcharhiniformes and one family of Lamniformes). These
results are the first on multiple levels of nanostructure of the
subclass Elasmobranchii and fill, therefore, a very important
gap in our knowledge of biomineralization. The WAXS
results (and their importance) include

1) determination of bioapatite lattice parameters (lattice par-
ameters different from those of bioapatites of mammals
indicate different composition and different physiological
processes during biomineralization),

2) presence and type of bioapatite crystallographic texture
(presence/absence of texture and its strength can indicate
evolution and/or development in response to in vivo
loading),

3) bioapatite crystallite size and microstrain (the size of rein-
forcing particles affects the strength and fracture
resistance of composite materials including those from
nature).

The SAXS results include

4) values of D-period which is the mean spacing of the bioapatite
nanoparticles (the spacing and arrangement of reinforcing
particles affects composite mechanical properties), and

5) the extent of preferred orientation of bioapatite nanoparti-
cles and its direction relative to the vertebrae’s anatomical
axes (see item 2 above).

The two goals of this exploratory study are to uncover
commonalities/differences between the shark species and
to investigate the extent to which the shark mineral phase

block i.d.

sample id orient
1355 axial Tg2c

axial Tg2d

i S T

nappe m
SCH322 axial 9

vertex 4

axial L2d

and mineral particle arrangement are similar to the bioapatite
and its nanoparticles’ arrangement in bone, the most
extensively studied collagen-based bioapatite composite.

2. Materials and methods

Vertebral mineralized tissue from one adult each of four species
was studied: Galeocerdo cuvier (tiger shark), Sphyrna mokarran
(great hammerhead), S. lewini (scalloped hammerhead), and
Lamna nasus (porbeagle). The first three are carcharhiniforms
(two families and three species), and last is a lamniform shark
(table 1, two blocks from each species). Each frozen abdominal
centrum (one per species) was clamped in the sample holder of
an Isomet 1000 slow speed saw (Buehler, Lake Bluff, IL, USA),
and a diamond wafering blade and water irrigation were used
to cut a series of approximately 2.6 mm thick slabs from each
centrum (orientations indicated in figure 24). These slabs were
placed briefly in water until the slab could be cut into bars.
Some bars were cut with the wafering saw and some with a
razor blade tapped with a hammer; synchrotron microcomputed
tomography (microCT), data not shown, revealed cutting
damage extended no farther than a few tens of micrometres
into each block. The spacing and orientation of these cuts
varied from specimen to specimen (figure 2b; see electronic sup-
plementary material, figure S1 for more detailed information).
Six of the blocks were ‘axial’, i.e. with their longest axis parallel
to the vertebral column axis (table 1). Another block was cut in
the ‘nappe’ orientation, long direction along the cone’s nappe
and contained cone wall tissue: contrast in sections used for
age determination differs between cone and intermedialia
tissue [22], and scans of the axial blocks were expected to
sample intermedialia tissue. One block was cut with a transverse
axis and contained the cones’ vertices, the earliest portion of the
centrum to form; examining this answer whether the bioapatite
differed from later formed material. The bars were kept wet
and placed into small plastic tubes filled with 50% ethanol and
wedged into place with polymer foam.

The blocks were studied at beamline 1-ID, the Advanced
Photon Source (APS) with 71.676 keV photons and with a
0.120 x 0.120 mm beam (figure 2c); there is an aperture within
the WAXS detector array which allows WAXS and SAXS patterns
to be collected simultaneously. The distance of the specimen to the
WAXS detector 2 (a GE-41RT detector, with 0.200 mm isotropic
pixels, oriented to capture a mostly horizontal portion of the
Debye cone) was nominally 1.650 m; the sample-SAXS detector
(Pixirad2, with 0.056 mm isotropic pixel dimensions) separation
was nominally 6.000 m. For WAXS, detector panel 2 collected dif-
fracted intensity from a range of bioapatite crystals spanning the
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Figure 2. (g) Transverse cross-sections near the centre of a carcharhiniform
centrum (left, blue shark) and of a lamniform centrum (right, shortfin mako).
Mineralized cartilage ‘mc’ and unmineralized cartilage ‘uc’ are indicated. The
red boxes indicate the position of the sections from which the blocks in this
study were cut, and the red arrows in the carcharhiniform cross-section point
to the position of blocks Tg2c and Tg2d from the tiger shark. (b) Schematics
of a longitudinal section of a carcharhiniform centrum (left) and a lamniform
centrum (right) labelled with the positions of blocks cut from the section; the
direction of the arrow indicates the vertical orientation of the block during
WAXS/SAXS scanning. The axially oriented blocks were Tg2¢, Tg2d, L2c,
L2d, 9 and f. The vertex block and nappe blocks were 4 and m, respectively.
Note that the lamniform section is derived from micro(T data from a shortfin
mako with the smaller diameter porosity not shown; the amount of void
space in the intermedialia varies considerably across the section (bar L2c con-
tains considerable interlamellar space whereas L2d contains more solid). (c)
Schematic of the data collection at beamline 1-ID, APS, with the following
indicated: positioning axes x and y, specimen rotation axis «, WAXS detector
(GE panel 2) and SAXS detector (CCD detector).

horizontal direction. For SAXS, the incident beam was positioned
near one corner of the detector; scattering over a full 360° azi-
muthal range could be collected out to the second-order
D-period peak and the azimuthal angular range decreased at
higher angles.

The data were collected under a mail-in mechanism: APS
SARS-CoV-2 site access restrictions prevented the corresponding
author (S.R.S.) from being present. The consequence was that the
area scanned in each specimen could not be adjusted by the
experimenter (S.R.S.) familiar with the specimen’s anatomical
position of origin. Each block inside its tube and surrounded
by ethanol was placed on the sample positioner with the
block’s long axis vertical (arrow in figure 2b), parallel with the
instrument’s - rotation axis (figure 2c). The block was posi-
tioned with the beam near the centre of the specimen’s long
axis. The goal was to sample the intermedialia of each block
except for nappe-oriented block (m) which consisted of cone
tissue and for the cone vertex block (4) which was the complex
structure where the cones come together and contained the

earliest formed mineral; as discussed below cone wall material
was sampled in blocks other than m.

At w=0° (vertical axis position, figure 2c), each specimen was
translated across the beam with SAXS patterns recorded (3s
exposure) every 59-63 pm, depending on the scan, and with the
WAXS pattern recorded as an average for the entire scan. The
goal was not to map positional differences but to ensure collection
of patterns representative of each block. Note that the WAXS and
SAXS measurements averaged structure within the approximately
3 mm sample thickness. After data were collected for each block
with @ =0°, the specimen was rotated to @ =180°, and the trans-
lation series recorded for a second time. For each position,
comparison of diffraction patterns (WAXS) recorded at these two
angles allows very precise correction for displacements of the
centre of mass from the nominal sample position [23].

Slight detector tilts were corrected, and the precise distance
from the specimen rotation axis to each detector were determined
by collecting patterns from two standards at @ = 0° and at & = 180°.
A ceria standard (NIST SRM 674a) and an Au-coated Si grating
were employed for WAXS and SAXS, respectively. After tilt correc-
tion, the WAXS and SAXS patterns (concentric rings in the radial
coordinate system, azimuth 7 versus radius from the incident
beam position) were converted a Cartesian coordinate system
(n along the y-axis and ring radius along the x-axis, converting
the rings into straight lines) and then to azimuth versus d-spacing
(WAXS) or versus D-period (SAXS) using Bragg's law,

A =2dnasinf or (2.1)
nA = 2Dsin 6, (2.2)

respectively, where 2 is the X-ray wavelength, hkl are the indices of
the different periodicities within the crystal lattice, 7 is the order of
scattering peak (periodicities of D, D/2, D/3, ... often produce
measurable intensities) and 6 is the Bragg angle, e.g. [14]. Azimuth
n=180° is horizontal and 7=90° is vertical and parallel to the &
rotation axis. After azimuthal integration, the discrete bioapatite
WAXS peaks 00.2, 22.2, 00.4 and 21.3 were fit with a pseudoVoigt
function with a mixture of 50% Lorentzian-50% Gaussian charac-
ter, and do1, doo2, A2, dooa and d»g 3 were calculated from the
peak positions for both @=0° and »=180°> The average of
d(w=0°) and d(w = 180°) was computed in order to eliminate any
effect of slight variation between each sample’s centre of mass
and the rotation centre [23]. After these data were tabulated, an
unusually large variation in dgo» was noted, and fitting was
repeated including the nearby 20.1 peak. Because peak position
accuracy generally increases at larger angles/radii from the detec-
tor centre, lattice parameter ¢ was calculated from dy 4 and lattice
parameter a from the value of ¢ and the values of dx,, and do1 3
using the normal formulae [14].

The full-width at half-maximum intensity (FWHM) were
determined from the fit of the 20.1, 00.2, 22.2, 21.3 and 00.4
peaks. The coherently scattering domain size (crystallite size
Lpx.1) was calculated from the Scherrer equation,

(KN
Bk =

~ (Lnkicos 6)’ 2.8)

where By is the experimentally measured peak FWHM (rad 26)
corrected for instrumental broadening and K= 0.9 [14]. Note that
common domain shapes have 0.85 <K less than 0.95; the use of
0.9 introduces an error no greater than 10%. Instrumental broaden-
ing was measured with a LaBg reference specimen (NIST SRM
660a) and was constant at about 2.5 detector pixels over the 26
range studied. Note that if B * cos 6 varies significantly with sin
6, then microstrain (gradients or ranges of d-spacing within the
volume sampled by the X-ray beam) is present and broadens the
diffraction peaks [14], and equation (2.3) is accurate for crystallite
sizes only when one accounts for microstrain. Unlike in bone
specimens, the shark specimens showed negligible microstrain.
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Figure 3. (a) WAXS pattern of block Tg2d showing the two-dimensional dis-
tribution of intensities intercepted by GE detector 2. The 00.2 and quadruplet
(g, unresolved 21.1, 11.2, 30.0 and 20.2) reflections are labelled, as are the
radial r and azimuthal 7 directions. In (a,b), the lighter the pixel, the greater
the intensity. (b) Cartesian transformed pattern from (a) showing azimuth
vertically and d horizontally. (c) Azimuthally averaged plots of intensity (in
arbitrary units) as a function of d for shark mineralized tissue (top) and
for canine bone (bottom). The 22.2 and 00.4 reflections are also labelled.

For the SAXS patterns, values of D at w = 0° and @ = 180° were
averaged to determine each block’s value. In a representative
block (Tg2c, tiger shark and axial orientation), SAXS patterns
from 30 positions were averaged to allow the higher order
D-period peaks to be characterized. The D-period peaks from the
shark centrum blocks were arcs, and the azimuthal FWHM of
the D-period arcs (4n p) were quantified. Although the goal of
these experiments was not to determine positional variations
within the centra, this variation affected interpretation of the
results, and videos were made of the series of SAXS patterns
(each frame was a successive position) for each block.

3. Results

A typical WAXS pattern appears in figure 3a in the as-
collected, polar coordinate system (radius r versus azimuthal
angle 7) and in figure 3b after transformation to Cartesian
coordinates (azimuth n versus d-spacing). The diffraction
rings are continuous, and, except for the 00.2 and 00.4
rings, there is little azimuthal variation of intensity visible
in the angular range sampled by the detector. The one-
dimensional WAXS pattern extracted from figure 3b by
azimuthal averaging is presented in figure 3c and is very
similar to the pattern for canine bone shown for comparison.
Like the two-dimensional pattern (figure 3a), the one-dimen-
sional WAXS pattern is typical of the other blocks of shark
centra. The 00.2 and quadruplet ‘q" of closely spaced 21.1,
11.2, 30.0 and 20.2 reflections are indicated; the quadruplet
peaks, nominally d =2.816, 2.776, 2.734 and 2.628 A, respect-
ively, from powder diffraction file entry 86-1201, are
characteristic of a hexagonal crystal system. The quadruplet
peaks in the pattern from shark mineralized cartilage and
that from bone (figure 3¢) cannot be resolved, a common
observation for mineralized, bioapatite-containing tissue
except tooth enamel, e.g. [15,24]. Note that instrumental
broadening differed between the patterns of figure 3c and
the 00.2 peak widths cannot be compared by inspection.

Table 2 shows that all four shark species (and all eight
blocks) had virtually identical d-spacings for five peaks that
had appreciable intensity and which did not suffer serious
overlaps with other strong peaks. These were the 20.1, 00.2,
22.2, 21.3 and 00.4 reflections. Lattice parameters a and c
for all eight samples also differed very little (table 3), and
the mean lattice parameters were ¢ = 6.894 +0.002 A and a=
9.420 +0.009 A for all eight specimens.* Expressed another
way, the standard deviation of ¢ was about 0.03% of the
mean and of 2 was about 0.1% of the mean.

Table 2 also gives peak widths for 20.1, 00.2, 22.2, 21.3
and 00.4. As shown in table 3, the bioapatite crystallite size
L. along the c-axis direction is similar for seven of the eight
samples (range 53 <L. (nm) <65 with a mean of 60 +7 nm
and one outlier of 73nm for Tg2c, tiger shark, axially
oriented block). Crystallite sizes for one mixed hk.I index
peak, 22.2, are also tabulated in table 3 and were similar for
all blocks except one of the tiger shark blocks (range 25 <
Ly, » (nm) <38 with mean 33+11 nm and one outlier of
56 nm for Tg2c, tiger shark, axially oriented block).

Crystallographic texture in mineralized tissues typically
manifests in azimuthal intensity variation in 00.[ diffraction
rings. With only detector panel 2 recorded, the azimuthal
range of the 00.2 reflection is too small to reveal texture,
but the 00.4 reflection has a range An ~ 65° (figure 3b), and
this suffices to reveal the presence and absence of texture.
In figure 3b (Tg2d, tiger shark intermedialia, axially oriented
block), the 00.4 ring is visibly more intense at 7=130° than
at 7=180°. Quantitatively, Ipp4~ 130 arb. units with a back-
ground intensity of approximately 90 arb. units at 7=130°
whereas Ipp4~ 110 arb. units with background intensity of
approximately 100 arb. units at = 180°.

Figure 4 shows a typical SAXS pattern from a centrum
block. The two-dimensional pattern of figure 42 shows two
strong D-period peaks (vertical white arrows) and additional,
higher order peaks at the edge of visibility. At azimuths
normal to those of the D-period peaks, a halo of strong scat-
tering extends well beyond the two D-period peaks
(figure 4a); this halo is quite narrow azimuthally. Figure 4b
shows a plot of SAXS intensity versus g, the magnitude of
the scattering vector, for sample Tg2c (tiger shark, axial
block); this plot sums 30 patterns across the specimen and
is based on intensity integration over azimuths +10° from
horizontal. Six regularly spaced D-period peaks are clearly
visible in figure 4b; the spacing between peaks is nearly
identical and corresponds to an average D = 66.8 nm.

Figure 5 shows a representative SAXS pattern for each of the
blocks; the patterns recorded during translation appear in
the electronic supplementary material, videos. In each pattern,
the orientation of the vertebral column axis is indicated by the
green arrow in the upper left corner, and the number in
the lower right corner gives the maximum intensity for that
panel. Blocks from all four species produce D-period arcs; the
axis of symmetry of one pair of arcs is indicated by the yellow
arrow in panel Tg2d. A single pair of arcs (on either side of
the incident beam) appears for the tiger shark blocks (Tg2c
and Tg2d), for one block of the scalloped hammerhead (9)
and for one porbeagle block (L2d). The SAXS patterns of two
blocks, f (great hammerhead) and 4 (scalloped hammerhead),
show two pairs of D-period arcs; these are labelled ‘1" and "2
and occur at azimuths about 90° apart. The arcs from great
hammerhead block m are too faint to reliably quantify (frame
868 of electronic supplementary material, video S4 shows one



Table 2. Summary of mean d-spacings (R) for dy, dy, ds, dy and dg (hkJ 20.1, 00.2, 22.2, 21.3 and 00.4, respectively) for the four species and eight blocks n
scanned and of peak FWHM in units of detector pixels. The sample column gives the sample designation, and the column ‘orient’ gives the anatomical
orientation of the block. The mean values and their standard deviations (s.d.) over all samples appear at the bottom of the table.

FWHM (pix)

8

=

8

Y

]

2

=

orient g : k : : 201 002 =

a8

G. cuvier Tg2c axial 3.49% 3.442 1.945 1.842 1.722 6.8 58 12 6.8 9.1 =
Tg2d axial 3.494 3.444 1.944 1.842 1.723 8.0 6.3 122 6.9 9.5 : E

S. mokarran f axial 3.49% 3.446 1.943 1.842 1.724 8.2 6.3 11.6 6.8 9.2 ; i
m nappe 3.495 3.447 1.943 1.842 1.724 7.8 7.0 134 7.8 1.5 &

S. lewini 4 vertex 3.494 3.444 1.946 1.843 1723 8.0 6.4 122 74 9.3 ;
9 axial 3.49% 3.444 1.947 1.842 1.724 83 7.2 134 74 10.8 : Lg

L. nasus L2c axial 3.49% 3442 1.943 1.841 1.724 8.0 74 13.7 79 13.0 ;
L2d axial 3493 3.443 1.943 1.842 1.723 7.8 6.8 13 8.6 127 ; g

mean 3.4% 3.444 1.945 1.842 1.724 79 6.7 1.9 75 10.7 : E

s.d. 0.001 0.002 0.002 0.001 0.001 0.5 0.6 21 0.6 16 : :

' 2

P

Table 3. From WAXS: lattice parameters a and ¢ in A from 00.4, 22.2 and 21.3 peaks; aystallite size L. in nm along the hAp c-axis (average of values for 00.2
and 00.4 hAp reflections) and crystallite size Ly, in nm for the hAp 22.2 peak. From SAXS: 7p max—azimuthal orientation of the maximum intensity of the D-
period peak(s) in degree (°), An p—azimuthal FWHM of the D-period peak(s) in degree (°), Ny—number of D-period peaks quantifiable in a single pattern,
D-period values in nm where subscript denotes order of the peak. The superscripts ‘a’ denote SAXS data where the fit of the D-period peak was poor (sample
m); ‘b’ in the row of mean values indicates means excluding the unreliable SAXS values for sample m. Each block was regarded as an independent sample
because we do not assume lattice parameter, crystallite size azimuthal arc widths and invariant within each centrum.

shark sample orient a 4 L, Ly, 1D max Anp Np D, D;
G. cuvier Tg2c axial 9.425 6.890 73 56 176 28 2 67.0 67.0
Tg2d axial 9.419 6.894 65 29 156 24 2 67.8 67.0
S. mokarran f axial 9.413 6.900 65 29 151 28 2 67.3 67.3
m nappe 9.416 6.897 55 25 174° 4 1 64.5 -
S. lewini 4 vertex 9.434 6.893 61 29 108 32 2 67.8 67.9
9 axial 9.431 6.895 56 38 94 30 2 67.8 67.5
L. nasus L2c axial 9.410 6.893 53 23 - - ~ — -
L2d axial 9.414 6.893 53 34 182 29 2 67.2 67.3
mean 9.420 6.894 60 33 2P 6768
s.d 0.009 0.002 7 1 3
of the more prominent D-period peaks for this block), and no Azimuthal FWHM of SAXS D-period peaks is a direct
arcs are visible for porbeagle block L2c. measure of the range of bioapatite nanoparticle (and the under-
For most of the blocks, careful examination of the SAXS lying cartilage or type I collagen) orientations. If the scatterers
patterns reveals first- and third-order D-period peaks with are isotropically oriented (i.e. all orientations are equally
intensities high enough to allow quantification of D. Values probable), complete rings result. If certain orientations
of D for all of the blocks were between 67 and 68 nm (table 3) predominate, this manifests as incomplete rings or arcs of
except for the block without D-period arcs (L2¢) and for high intensity which indicate the preferred orientations. There-
block m whose very low-intensity peaks could not be unreli- fore, the smaller the value of azimuthal FWHM, the tighter the
ably fit and yielded D=64.5nm. The azimuthally narrow range of orientations (stronger the crystallographic texture).
scattering halo (e.g. the orange arrow in panel Tg2c) contains The array of bioapatite particles in the shark centra have
the highest intensity of each pattern, and the halo appears in strong preferred orientation: the SAXS D-period peaks for six
the same azimuthal orientation relative to the D-period arcs of the eight blocks (all four species) have narrow azimuthal
for all of the samples (about 90° from the centre of the arcs). FWHM with a mean value Anp =28 + 3° (table 3). The low-
Although the D-period arcs for some blocks (Tg2c, Tg2d, f, 4 intensity scattering from the nappe-oriented block of the
and 9) appear more intense than the others in figure 5, this great hammerhead (m) and axially oriented block of the

probably relates to the volume sampled. porbeagle (L2c) prevented measurement of Anp. The azimuth
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Figure 4. (a) Typical two-dimensional SAXS pattern from shark centra block Tg2c with intensity illustrated by colour (in order of decreasing intensity: white, orange,
red, purple and indigo). The two vertical white arrows show the strongest D-period peaks. (b) Plot of intensity as a function of magnitude of the scattering vector ¢
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using integration over azimuths + 10° from horizontal; the plot averages 30 patterns collected on sample Tg2c.

great
hammerhead

scalloped
hammerhead porbeagle

max

3100 gRutid

Figure 5. A typical SAXS pattern from each specimen; the area shown is 100 x 100 detector pixels. See also electronic supplementary material, videos S1-S8. Each
column consists of patterns from the two blocks of each species’ centrum, with the block identified at the lower left of each panel and the maximum intensity
(counts) in the pattern at the lower right corner. The green arrow in the upper left corner indicates each block’s vertebral column’s axis relative to the SAXS detector.
The horizontal dashed line labels azimuthal angle 77 = 0°, 77 increases counterclockwise and ‘B’ identifies the beam stop. The white arrow identifies a prominent,
first-order D-period arc, and an orange arrow labels a highly directional halo of strong scattering normal to the axis of the centre of the D-period arcs. ‘An’ indicates
the azimuthal FWHM intensity of a D-period arc, and 1" and ‘2’ label two sets of arcs in the pattern from block f (great hammerhead).

n at which the maximum D-period peak intensity occurs,
TIbmax, Was quite variable (table 3) and is discussed below.

With the exception of two blocks (4 and Tg2d), the
D-arcs remained in the same orientation for all positions in
the translation scan (electronic supplementary material,
videos S1-58). The arcs for block 4 (scalloped hammerhead
vertex block) rotated 30-35° (monotonically) over approxi-
mately 2.9mm translation (electronic supplementary
material, video S5). The arcs for block Tg2d (tiger shark
axial block) rotated a small amount, less than 10° (electronic
supplementary material, video S2).

4. Discussion

Even though the ancestors of sharks and of mammals
diverged approximately 420 Ma [25], the mineralized tissue
of sharks and of bones are both bioapatite nanoparticle-
reinforced composite materials based on collagen matrices.

Previous studies showed shark centra and tesserae contained
a bioapatite similar to that in bone [8-11,18], but quantitative
data on the mineral phase (precise and accurate lattice par-
ameters and crystallite size) and its nanoscale organization
within the cartilage matrix were lacking. Given the different
collagen-based matrices (bone’s type I collagen fibrils—
triple helices of two al chains and one o2 chain versus
shark’s type II collagen fibrils—triple helices of three ol
chains [26]), one could only speculate whether there were sig-
nificant differences in the two bioapatites’ crystal lattice
parameters, nanoparticle sizes and nanoparticle organization,
characteristics which can affect tissue mechanical properties.
The present study is important, therefore, because it provides
the first detailed crystallographic data for the phylogenetic
subclass Elasmobranchii. Further, the present WAXS/SAXS
data suggest that the centrum bioapatite does not vary
appreciably across the two orders sampled but does differ
from bone’s bioapatite.
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4.1. Lattice parameters a and ¢; crystallite size L; D
The bioapatite lattice parameters of the shark centra averaged
2=9.420+0.009 A and c=6.894+0.002 A. For comparison,
mean bioapatite lattice parameters for bone of 10 mammalian
and one avian species were 9.441 <a (A) less than 9.484 and
6.895<c (A) less than 6.907 [27]; for different anatomical
sites in (ancient) humans with very different body habitus,
Foley et al. [28] reported 9.430<a (A) less than 9.443 and
6.885 < ¢ (A) less than 6.890; for archeological human second
metacarpal bones, Park et al. [29] found 9.430<a (A) less
than 9.446 and 6.878 <c¢ (A) less than 6.895. Therefore, the
shark species had a slightly smaller and c slightly larger than
these terrestrial species. Inorganic hAp can incorporate up to
approximately 22 wt% carbonate, and an increase of
1.66 wt% carbonate produces a decrease in a of 1x 107> and
a much smaller increase in c [30], suggesting that shark cen-
trum bioapatite contains somewhat more carbonate than
bone. Incorporation of impurities into the bioapatite of miner-
alized tissue reflects the physiological conditions at the time
the tissue was formed, and the difference between the shark
tissue and bone may provide important clues as to differences
in mineralization of cartilage (type II collagen+type I
collagen + proteoglycans) versus type I collagen.

The WAXS peaks for shark centra were slightly narrower
than is typically seen for bone. The c-axis crystallite sizes L
for the shark centra tissue averaged 60 nm, larger than the
approximately 40 nm typically seen by the authors (J.S.P.,
J.D.A. and S.R.S.) for bone, e.g. [15,29]. Further, microstrain
appeared to be absent in the shark centrum whereas the
authors (J.S.P., J.D.A. and S.RS.) always see substantial
microstrain in bone. Omelon et al. [18] published diffraction
patterns from powdered shark tesserae tissue and reported
c-axis crystallite size of approximately 15 nm, in comparison
with cortical bone values. However, the diffraction peaks
were quite weak and microstrain was not considered. Tes-
serae are much more mineralized than centrum tissue, and
the present authors expect that microstrain would be found
in shark tesserae.

One or more blocks from each species showed strong
D-period arcs to either side of the beam stop. In two blocks, f
and 4, two pairs of arcs were observed, and the D-period arc
azimuthal orientations are interpreted below. Values of D
were in the range of 67-68 nm (table 3), except for block m
(D = 64.5 nm) where the D-period arcs were too weak for accu-
rate measurement and block L2c where arcs were not observed.
The D values for shark centra were, therefore, somewhat larger
than values determined by SAXS for other mineralized tissues,
e.g. D approximately 65 nm in mineralized equine articular
cartilage [31] and D approximately 65 nm in human metacar-
pal bone [29]. Note the authors are unaware of SAXS studies
of tessellated elasmobranch tissue, so it is unknown whether
the D periodicity exists in this tissue.

The sample blocks were in a solution of 50% ethanol as a
preservative, hardly the centra’s in vivo environment. The
authors” (S.R.S., ] D.A. and ]J.S.P.) past work on bone, data
not shown, reveals ethanol immersion would not have chan-
ged any of the quantities measured with WAXS (lattice
parameters and crystallite size) nor would this immersion
change the crystallographic texture revealed by WAXS. The
hydration state of the cartilage would be affected, and perhaps
D, the spacing of the bioapatite nanoparticles derived from the
SAXS peaks, might also change. However, the nearly 4%

difference in D between the shark centra tissue and bone (67—
68 versus 65 nm) cannot be explained by this effect.

In the shark centra, the SAXS halo extends quite far along
the azimuthal direction normal to that of the D-period peak
maximum intensity; in fact, the halo can extend well
beyond the second D-period peak (figure 4a) and much
farther than halos in bone SAXS patterns. The axis of the
SAXS halo indicates the direction of the smallest dimension
of the scatterers producing the halo [32]; this size is much
smaller than D. For bone and dentin, the smallest dimension
of the bioapatite particles (halo direction) is well known to be
perpendicular to the nanocrystals’” maximum length along
the unit cell c-direction [33]. In the shark centra, like in
bones, the scatterers are bioapatite nanoparticles, but the
WAXS and SAXS data do not reveal whether the shark
centra particles are nanoscale needles or plates; normally
one must rely on techniques such as transmission electron
microscopy to make this distinction.

4.2. (rystallographic texture

Over the sample positions studied and the range of azimuths
sampled for axially oriented block Tg2d, the intensity of the
00.4 diffraction ring varied significantly: there was a monotonic
increase in intensity from 7 =180° to 130°. The azimuthal 00.4
intensity variation was also present in the other five blocks of
this study. Constraints of running under COVID-19 protocols,
dictated that only one GE detector panel was used. Given the
resulting limit of WAXS azimuthal coverage with one detector
panel positioned to the side of the incident beam (so that SAXS
could be collected simultaneously), the texture of the mineral
phase is best discussed using the SAXS data.

The azimuthal FWHM of the sharks” D-period arcs (25—
30°) is much narrower than those the authors (S.R.S., ]J.S.P.
and ].D.A.) typically measure for human, canine and
bovine cortical bone (approx. 60-70° [15,23,29]). In the pres-
ent study, the X-ray beam averages over approximately
3 mm of tissue thickness and, if microstructure varies along
the beam path, it is possible that the shark nanoparticles
are even more tightly aligned than is apparent from these
data. The higher alignment of bioapatite nanoparticles (and
underlying cartilage) in shark tissue than in bone (and its
type I collagen) could be intrinsic to the different matrices
(cartilage, a mixture of types I and II collagen and proteogly-
cans, versus type I collagen), but further work would be
required to establish or refute this relationship. Too little is
known about shark cartilage (mineralized and unminera-
lized) to inform the present discussion, but mammalian
articular cartilage (which consists of mineralized and unmin-
eralized zones) is highly aligned to resist loading and it is not
unreasonable to hypothesize that the relatively tight nanopar-
ticle alignment (compared with bone) reveals something
important about microstructural patterns of loading. The
SAXS halo, like the D-period peaks, has a much narrower azi-
muthal range than that seen in bone.

Visual inspection of blocks Tg2c and Tg2d reveals that
most of the length of the blocks is unmineralized cartilage
(the gap region in figure 24, red arrows). However, the
volumes at each end of these blocks consist of cone wall
material, and this mineralized tissue occupies the entire
cross-section. Electronic supplementary material, videos S1
and S2 show that all of the SAXS patterns recorded in the
scan across block Tg2c (spanning about 2.44 mm) and
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across Tg2d (spanning about 2.46 mm) appear similar to that
in figure 5 (upper left SAXS pattern), and this demonstrates
that the Tg2c and Tg2d patterns are from the cone wall. For
blocks Tg2c and Tg2d, the axis of the pair of D-period arcs
are roughly normal to the axis of the centrum, with the devi-
ation from 90° being attributable to tilt of the blocks within
the tubes. In other words, the bioapatite c-axes of the tiger
shark cone walls are perpendicular to the vertebral column
axis, in agreement with EDD mapping results for a blue
shark centrum [11,12] (another carcharhiniform). The SAXS
pattern of L2d (figure 5) also appears to be from cone wall
material and has the same c-axis orientation.

In additional to the results on the bioapatite cone wall
texture, Park et al. [12] and Stock et al. [11] found that the
intermedialia bioapatite also contained strong crystallo-
graphic texture, with c-axes being oriented along the
centrum axis, i.e. at 90° to that in the cone walls. Because
the axis of the D-period arcs for block 9 (scalloped hammer-
head) is parallel to the centrum axis, the present authors
identify these patterns as being from the intermedialia. The
patterns from blocks 4 (scalloped hammerhead) and f (great
hammerhead) have two sets of D-period arcs, whose axes
are azimuthally 90° apart. The sampled tissue apparently
contains both intermedialia and cone wall material.

Some of the SAXS data demonstrate that the centra’s
crystallographic texture has gradients beyond the simple
cone wall/intermedialia differences noted by [11,12]. The
D-period arcs for two blocks (4 and Tg2d) rotate azimuthally
with position (electronic supplementary material, video S2
and S5) by 30-35° over approximately 2.9 mm translation
and less than 10°, respectively. Spatial gradients in texture
between intermedialia and cone is not unexpected and is con-
sistent with curvature of intermedialia growth bands
[4,22,34]. Additional scattering studies designed to map tex-
ture on the 50-100 pm scale would be very informative, for
example, reconstructing virtual slices through similar-sized
centrum blocks using WAXS/SAXS tomography [35,36] or
mapping carefully selected thin sections [20]. The EDD
maps of intact centra [11,12] lack the spatial and azimuthal
angle resolutions required to quantify texture gradients,
and the EDD instrument does not sample the small-angle
regime. The WAXS/SAXS approach is complementary, there-
fore, to the EED approach and might even be extended to
intact centra using conical [37] or spiral slits [38].

4.3. Implications of the small-angle X-ray scattering/
wide-angle X-ray scattering observations for centra

mechanical functionality

Vertebrae’s responses to in vivo loading can be simulated
numerically by combining geometry with tissue properties
or can be measured experimentally, e.g. [5,7]. The present
WAXS/SAXS data relate to tissue-level constitutive proper-
ties which might be useful in modelling or in inferring
tissue properties via analogy with similar mineralized tis-
sues. Experimental three-dimensional X-ray-scattering-based
strain mapping is outside the scope of this paper, but these
methods are related to the WAXS/SAXS data and are
discussed at the end of this subsection.

The present WAXS/SAXS data show that the bioapatite min-
eral and its nanostructural organization (lattice parameters 2 and
¢, crystallite size L. nanoparticle spacing D, crystallographic

texture) vary little, on the average, across the orders Lamni- n

formes and Carcharhiniformes. The limited data also suggest
that bioapatite added early in the shark’s lifetime (closer to the
centrum axis) does not differ significantly from material added
later: bioapatite characteristics for radially adjacent blocks
(tiger shark and porbeagle shark) and for a vertex block (scal-
loped hammerhead) are virtually identical. More specimens
from more species need to be studied, however, before this ten-
tative conclusion is firmly established. Even if each centrum’s
mean bioapatite lattice parameters/crystallite sizes do not
change with age, lattice parameters/crystallite sizes may oscil-
late about the mean values, i.e. at different positions within
each growth band, as was seen across other mineralized tissues’
growth bands [20]. The present experiments collected a single
average WAXS pattern for each block, and a differently designed
WAXS study is required to address this latter possibility.

Macrostructure, microstructure and tissue-level mechanical
properties all contribute to functionality of hierarchically struc-
tured mineralized tissues such as bone [19], shark tesserae
[13,39-41] and shark centra [2,4]. Despite recent additions to
the literature on the mineralized cartilage of shark centra, e.g.
[2,4,5,7,8,11,12,22,34], this tissue remains much less investi-
gated than bone or tessellated tissue. Although shark tesserae
are the closest mineralized tissue to those of centra tissue, tes-
serae contain just under 10 vol% soft tissue/porosity [41]
whereas centra cones contain approximately 60 vol% and
centra intermedialia approximately 75 vol% soft tissue/ poros-
ity [11], suggesting that it would be inaccurate to extrapolate
centra tissue materials properties from tesserae data. Centrum
bioapatite mineral’s lattice parameters a and c, crystallite size L.
and nanoparticle spacing D are close enough to those of bone
(less than 1% and less than 5% differences for lattice parameters
and D, respectively, and L. 50% larger than that the authors
typically measure for bone at this beam line but within the
range reported for bone), that it may be possible, as a zero-
order approximation, to extrapolate trends observed in bone
tissue to shark centrum tissue. Two examples are Young's
modulus increase as bone mineral content rises [42] and
Young’s moduli increase along anatomical directions with
strong c-axis preferred orientation [21].

Previously published three-dimensional EDD maps of an
entire blue shark (carcharhiniform) centrum showed the bio-
apatite c-axes within the cone walls were perpendicular to the
vertebral column axis, and the c-axes within the intermedialia
were parallel to the vertebral column axis [11,12], and produced
the hypothesis that the two c-axis orientations (and the co-oriented
cartilage fibrils) serve different functions: in the cone wall, the c-
axes were aligned to resist radial deflection of the cone walls,
thereby constraining the fluid-filled intervertebral capsule, and,
in the intermedialia, to resist axial compression and to support
the cone walls [11,12]. The present observations of D-period arc
orientations of the cone wall and intermedialia are consistent
with the blue shark observations, extend the earlier observations
to additional carcharhiniform and lamniform species and suggest
that the pattern of two orthogonal textures within the cone walls
and intermedialia may be a basal character of mineralized shark
centra. Further investigation is needed, especially of the spatial
gradients in texture observed in two blocks.

One can imagine three-dimensional numerical models of
centra under load based on microCT-derived geometry (e.g.
[4]) and on directionally dependent Young’s moduli. Such a
model would allow virtual testing in simple compression
and also in bending. MicroCT-based three-dimensional
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modelling is a standard approach with bone [43-45].
Recently, a preliminary EDD strain mapping report appeared
on in situ loading of an intact carcharhiniform centrum [46],
and it appears that this approach will provide valuable
insight. One expects comparison of actual three-dimensional
strain maps with results of numerical modelling will advance
understanding of shark centrum functionality.

Mineralized cartilage also occurs in mammalian joints,
its microstructure is well known, e.g. [47]. SAXS has revealed
D-period peaks from articular cartilage similar to those of
bone [31], and WAXS from this cartilage appears similar
to bone [48]. This suggests that it would be fruitful to study
shark centra with techniques like those applied to mammalian
cartilage and that insights gained into shark centra cartilage
might apply to the mammalian cartilage and bone and vice versa.
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Endnotes

For human femoral cortical bone, Martin et al. [6] estimate that bone
will fail at 9.3x10° cycles at peak physiological compressive strain of
0.2%.

’Here the abbreviated Miller-Bravais indexing system is used to
emphasize the hexagonal crystal system of hAp and of the bioapatite
[13].

®Note that the Miller-Bravais indexing system (hkil where -i=h+k) is
used in its abbreviated form hk.I to emphasize the hexagonal crystal
system [14].

“Here and elsewhere quantities following “+” are the standard devi-
ation of the mean.

relevant strains. J. Exp. Biol. 221, 188318. (doi:10.
1242/jeb.188318)

studies on fish bones. Am. J. Physiol. 144, 632—636.
(doi:10.1152/ajplegacy.1945.144.4.632)
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