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function of shark vertebral cartilage using Polarized Light Microscopy (PLM), Atomic Force Microscopy
(AFM), Confocal Raman Microspectroscopy, and Nanoindentation. Our investigation focused on vertebrae
from Blacktip and Shortfin Mako sharks. As typical representatives of the orders Carcharhiniformes and

Keywords: Lamniformes, these species differ in preferred habitat, ecological role, and swimming style. We observed
Biomineralization structural variations in mineral organization and collagen fiber arrangement using PLM and AFM. In both
Cartilage sharks, the highly calcified corpus calcarea shows a ridged morphology, while a chain-like network is
Bioapatite present in the less mineralized intermedialia. Raman spectromicroscopy demonstrates a relative increase

Atomic force microscopy
Raman microscopy
Nanoindentation

Polarized light microscopy

of glucosaminocycans (GAGs) with respect to collagen and a decrease in mineral-rich zones, underlining
the role of GAGs in modulating bioapatite mineralization. Region-specific testing confirmed that intraver-
tebral variations in mineral content and arrangement result in distinct nanomechanical properties. Local
Young’s moduli from mineralized regions exceeded bulk values by a factor of 10. Overall, this work pro-
vides profound insights into a flexible yet strong biocomposite, which is crucial for the extraordinary
speed of cartilaginous fish in the worlds’ oceans.

Statement of significance

Shark cartilage is a morphologically complex material composed of collagen, sulfated proteoglycans, and
calcium phosphate minerals. This study explores the link between microstructure, chemical composition,
and biological mechanical function of shark vertebral cartilage at the micro- and nanometer scale in typi-
cal Carcharhiniform and Lamniform shark species, which represent different vertebral mineralization mor-
phologies, swimming styles and speeds. By studying the intricacies of shark vertebrae, we hope to lay the
foundation for biomimetic composite materials that harness lamellar reinforcement and tailored stiffness

gradients, capable of dynamic and localized adjustments during movement.
© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text
and data mining, Al training, and similar technologies.

1. Introduction bral cartilage of sharks. Sharks evolved over 450 million years
ago, and their cartilaginous endoskeletons are fine-tuned and op-

Nature serves as an inspirational framework for the design and timized for aquatic locomotion [9,10]. Sharks entirely lack bone
development of composite materials, and the applications for such and instead build skeletons from mineralized cartilage. Their car-

bioinspired materials are far-ranging in the fields of tissue en- tilaginous endoskeleton is a biological composite material com-
gineering, general biomedicine, marine robotics, and more [1-8]. prised of a matrix of collagen fibers (mainly type II), proteogly-
One example of a robust and flexible biomaterial is the verte- cans, and, in calcified cartilage, hydroxyapatite mineral [11-13].

The vertebral column of sharks works as a central spring that
absorbs and releases energy as they swim [12,14,15]. Functional
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Fig. 1. A) Blacktip shark (Carcharhiniform) and Shortfin Mako shark (Lamniform). The approximate regions from which vertebrae were obtained are highlighted. Insets: Lab-
source microCT scans illustrate differences in vertebral mineralization patterns. The centra are composed of double-cone shaped corpus calcarea, which cover unmineralized
arches and intermedialia on side of the cranio-caudally oriented centra. The notochord remnant can be seen in the center of each centrum, as shown in the transverse
cross-sections. (B) Typical sections from sagittal cut (inset) on whole vertebral centra from Blacktip and Shortfin Mako sharks showing interspecific differences in vertebral
cartilage structure. Red dotted lines show typical cuts made for further sample preparation. Images of sharks in (A) adapted from [26].

cartilage can show great variety among species, along the length of
an individual’s vertebral column, and within individual vertebrae
[12,14,16,17].

Previous studies reported on the extensive morphological vari-
ation in vertebral mineralization patterns between shark species
[12,14,16,17]. In this work, we compare selected species from two
orders of sharks: Blacktip shark (Carcharhinus limbatus) from the
order Carcharhiniformes (ground sharks) and Shortfin Mako shark
(Isurus oxyrhincus) from the order Lamniformes (mackerel sharks)
(Fig. 1). Sharks from these two orders differ in terms of preferred
habitat, ecological role, and swimming style. Requiem sharks, of
the Carcharhinidae family under the Carcharhiniform order, are
generally found in epibenthic warm waters along coastal regions
[18-20]. These sharks adopt a carangiform mode of swimming,
in which the wave-like movement that propels the shark forward
is concentrated towards the posterior region of its body. Black-
tip sharks, in their natural swimming habitat, employ a double-
oscillatory movement, such that the anterior and posterior regions
of the vertebral column can move independently about the cen-
tral body axis [21]. Lamnid sharks, on the other hand, employ the
thunniform swimming mode, in which the body wavelengths nec-
essary for forward propulsion are produced near the caudal pe-
duncle [22]. This powerful mode of swimming is fueled in part
by regional endothermy, in which lamnids are capable of localized
thermoregulation, maintaining higher core temperatures compared
to other types of sharks [23,24]. Hydrodynamic analyses of thun-
niform swimming models show that fish of this type can reach
high speeds of steady-rate swimming whilst maintaining excellent
swimming efficiency [25]. The extent to which the posterior re-
gion of the body is used, and the method in which it bends, varies
across shark species [24].

Shark vertebral centra can be classified into three major re-
gions, as shown in Fig. 1B and Fig. S1. The highly calcified corpus
calcarea, comprising of the double-cone structure surrounding the
top and bottom of the centra, covers the mineralized intermedi-
alia and unmineralized gaps. The vertebrae of Carcharhiniformes
showcase block-like mineralization patterns, with the neural and
hemal arches inserted and extended into the center as unminer-
alized spaces. Lamniformes have morphologically complex verte-
brae, which feature radiating lamellae with alternating mineralized
and unmineralized regions [11-13]. Previous studies have explored
the structure, composition, and hierarchical organization of tessel-
lated cartilage in elasmobranchs in-depth, and a few recent studies
have characterized certain aspects of shark vertebral cartilage [27-

33]. However, there is still much that is unknown about vertebral
cartilage. Macroscale material properties of bulk vertebral carti-
lage have been studied in-depth in various shark species and show
that the vertebrae centra containing a higher degree of mineral-
ization exhibit a high elastic modulus in bulk mechanical testing
[14]. However, a deeper examination of the material that composes
shark vertebral cartilage is necessary to probe into the reason be-
hind its enhanced mechanical properties. For instance, the spatial
distribution of minerals within different regions of the shark ver-
tebrae and their corresponding nanomechanical properties are yet
to be explored.

In this paper, we investigate the hierarchical organization,
chemical composition and region-specific mechanical behavior of
shark cartilage and compare results from Blacktip and Short-
fin Mako shark. The compositional and ultrastructural founda-
tions of shark cartilage are explored through Polarized Light Mi-
croscopy (PLM), Atomic Force Microscopy (AFM), confocal Raman
microscopy, and Nanoindentation. We hypothesize that the orien-
tation of the collagen fibers, the micro- and nanoscale mineraliza-
tion patterns, as well as the density of chondrocytes and lacunar
spaces affect local mechanical properties. A comprehensive study
of the chemical and nanomechanical properties will help us under-
stand the range of function of the vertebral column, which results
in varied swimming styles and speeds in sharks.

2. Materials and methods
2.1. Sample preparation

Frozen shark vertebrae were obtained for the experiment from
collaborators as segments of continuous vertebrae and stored in
—20°C until use. Vertebrae were obtained from four blacktip sharks
(Carcharhinus limbatus) and three mako sharks (Isurus oxyrinchus). ,
as per availability. Information on samples used for each technique
is presented in Table S1 and information about individual sharks
in Table S2. Individual vertebral centra were left intact as long as
possible until sample preparation. Neural and hemal arches were
excised from the vertebral centra. Vertebrae were cut to smaller
pieces either by hand with a single-edged razor blade or using
a Buehler IsoMet1000 Precision Saw with a 7-inch 15HC IsoMet
Diamond Blade at a speed of 100 rpm, depending on the size of
the centrum. Samples that were cut, if not used immediately, were
stored in elasmobranch Ringer’s solution in the freezer until fur-
ther use.
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2.2. Embedding process

Samples were fixed in 2.5 % glutaraldehyde in H,O overnight
and then dehydrated in a series of ethanol solutions (50 %, 70 %,
90 %, 100 %, 2x and 10 min each). Samples were then transferred
to propylene oxide (2x, 15 min each), then to a 1:1 propylene ox-
ide:EMbed812 resin mixture (without hardener) for an hour, and
a 1:2 propylene oxide:EMbed812 resin mixture (without hardener)
after that and left overnight. The EMbed 812 kit for electron mi-
croscopy embedding (Electron Microscopy Sciences, Hatfield, PA,
USA) was used, following the “medium” hardness formulation.
Samples were then transferred to a 100 % resin mixture (without
hardener) and underwent five 15-min vacuum/release cycles, af-
ter which the samples remained under vacuum overnight. Samples
were cut to the required size, and then transferred to molds with
a fresh batch of resin and DMP-30 hardener and cured in the oven
at 60°C (1-2 days).

2.3. Polarized light microscopy

Freshly thawed samples of shark vertebrae were cut into 20-
40 pum slices using a Leica RM2125RTS rotary microtome. Slices
were placed under a coverslip and viewed using a Leica M125
C stereoscope with a polarizing plate and analyzer attachment.
Bright field and dark field images were collected using a Leica
DMC6200 digital microscope camera. Further fiber directionality
analysis of selected images was carried out using Image]’s Direc-
tionality plugin.

2.4. Atomic force microscopy

750 nm thick slices were collected from resin-embedded sam-
ples using a Leica Ultracut EM UC7RT ultramicrotome and glass
knives made using the Leica EM KMR3 glass knifemaker. Slices
were placed on a glass substrate for imaging. Samples were char-
acterized using an AFM Workshop TT-2 atomic force microscope,
with 50 pym and 15 pm scanners. Samples were scanned in tap-
ping mode using AFM Workshop ACLA-10-W probes with a rect-
angular Sb-doped Si cantilever with reflective Al coating. Drive and
phase images were collected for each sample. Embedded samples
were used here to obtain very flat regions suitable for microscale
examination of shark vertebral cartilage structure using AFM. Im-
ages obtained were post-processed using Gwyddion (v. 2.59) soft-
ware. Standard procedure included mean plane subtraction to level
data and removal of polynomial background. The align rows mod-
ule was further used as necessary.

2.5. Confocal Raman microscopy

20-40 pm thick slices were collected from frozen, unembedded
shark vertebrae samples using the rotary microtome and placed
under a coverslip with water and sealed to create a make-shift
fluid cell. Spectra were collected with a Horiba Xplora Raman
microscope, using a 532 nm green laser and a 100x oil objec-
tive with a numerical aperture of 1.25. A 600 gr/mm grating
and a CCD detector were also used. Obtained mapping data were
then background-corrected using the adaptive background correc-
tion module in Spectragryph (v1.2.15), and then analyzed using
Cytospec (v.2.00.06) software. Background-corrected spectra were
vector normalized prior to carrying out cluster analysis. Vertex
Components Analysis (VCA) was performed to unmix hyperspec-
tral data and determine three endmember spectra. FWHM maps
for the v; (phosphate) peak at 907-992 cm~! were obtained using
an interpolation factor of 16.
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2.6. Nanoindentation

Unembedded shark vertebral samples were cut and planed us-
ing a rotary microtome whilst maintaining either cone-to-cone
(parallel to direction of biological strain) or arch-to-arch (per-
pendicular to direction of biological strain) orientation. Individual
pieces were glued to a flat petri dish and immersed with Elasmo-
branch Ringer’s solution prior to data collection. Sample thickness
ranged from 0.3 to 2.5 cm, much thicker than the expected inden-
tation depth. Nanoindentation measurements were obtained using
a Hysitron BioSoft nanoindenter with a 0.1 um radius Berkovich
tip. Nanoindentation data was collected in load-control mode. In-
dentation protocol consisted of a loading segment with a load-
ing rate of 50 uN/s and maximum load of 1000 uN, an unloading
segment at - 50 uN/s up to —1000 uN, and a retraction step at
—2 pm/s for 10 s. Samples were assumed to have a Poisson’s ratio
of 0.3 for further analysis. A Hertzian model was applied, and the
elastic modulus was determined for each measured curve. Statis-
tical analyses were carried out using OriginPro software (v. 2022).
Around 10-20 measurements were obtained for each dataset; de-
tails are presented in Table S4 and S5. Outlier data were identified
and removed using the interquartile range (IQR) method, where
IQR is defined as the range between the first quartile (Q1) and the
third quartile (Q3). Data points falling fall below Q1 - 1.5 x IQR
or above Q3 + 1.5 x IQR were considered outliers and excluded to
ensure data consistency.

2.7. Statistical analysis

Statistical analyses were carried out using OriginPro software
(v. 2022). We used nonparametric statistics as only 10 out of 24
datasets failed to reject normality as determined using Shapiro-
Wilk tests. Nonparametric Kruskal-Wallis ANOVA followed by
post-hoc Dunn tests were carried out at a 0.05 significance level
to determine whether means in each group (data from anterior
and posterior vertebrae of both sharks for each combination of re-
gion (corpus calcarea/mineralized intermedialia/unmineralized in-
sertions) and direction (parallel/perpendicular)) were significantly
different.

3. Results and discussion
3.1. Polarized light microscopy

The intrinsic birefringent properties of ordered collagen allow
for the examination of collagen-rich shark vertebral cartilage us-
ing polarized light microscopy. Fig. 2 shows polarized light mi-
crographs taken of posterior vertebral cartilage from Blacktip and
Shortfin Mako sharks. We found stark differences in the organiza-
tion of collagen in the unmineralized gaps between the two sharks.
Across the intermedialia and the unmineralized insertions, there
was a uniform distribution of fibrillar collagen bundles in Mako
vertebrae that was absent in that of the Blacktip shark. At the
mineralized-unmineralized interface of Blacktip shark cartilage we
see more obviously the presence of the chondrocyte cells and lay-
ers of collagen under polarized light. However, in thinner slices
of around 3 pm, there is no apparent long-range arrangement of
the collagen fibers in the Blacktip shark and the clear fibrillar ar-
rangement prevalent in Mako sharks is absent (Fig. S2). Recently,
Stock et al. observed a preferred collagen fiber orientation in un-
stained Blue and Mako shark cartilage under polarized light [34].
These structural differences within different regions of the verte-
bra were explored further using atomic force microscopy. Similar
features were observed in sections obtained in directions perpen-
dicular to those in Fig. 1 (Fig. S3).
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Fig. 2. Low-angle dark-field (A,D) and bright-field (B and C, E and F) polarized light micrographs of the interface between mineralized intermedialia, m, and unmineralized
insertions, u, in Blacktip (A-C) and Mako (D-F) sharks. Angle between polarizing plate and analyzer indicated for each column. Inset: Illustration shows how slices were

obtained. Scalebars equal 200 pm.
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Fig. 3. Different regions of vertebral cartilage from Blacktip and Mako sharks examined using Atomic Force Microscopy. Illustration shows how slices were obtained. Scalebars

equal 10 pm.

3.2. Atomic force microscopy

The structural differences between the corpus calcarea, miner-
alized, and unmineralized regions of posterior vertebrae of Black-
tip shark and Mako shark, as examined using AFM, are presented
in Fig. 3. In both sharks, the corpus calcareum shows a ridged
morphology and an overall thicker mineralized network compared
to the intermedialie. Especially, the denser oriented network in
the Blacktip vertebrae corroborates with previous microCT studies,
where the corpus calcarea appeared brighter due to its greater lin-
ear attenuation coefficient compared to the intermedialia [33,35].
The intermedialia of both samples appear to have a chain-like wo-
ven network of mineralized fibers, which could be beneficial for
dissipating stress away from points of compression, minimizing
point fractures. Network structures, such as open-cell foams or

honeycomb structures, are known to be advantageous for energy
dissipation [36,3]. The unmineralized regions of the two sharks,
however, are strikingly different, especially evidenced by the pres-
ence of needle-like fiber bundles throughout this regime in Short-
fin Mako (Figs. 3F, 4 and S7), which is consistent with the uni-
formly distributed fibrillar collagen bundles visible in polarized
light microscopy (Fig. 2). The unmineralized region of the Blacktip
shark vertebrae lacks this microstructural feature.

The circular spaces in the unmineralized region of the Mako
shark appear to be empty lacunae. The paired space in Fig. 3F
especially lends credence to this claim, as it is similar in shape
to lacunae in which isogenous chondrocytes are found. The sizes
of these lacunae are similar to that of other elasmobranchs [37].
While it is possible that the lacunae in this region are simply
empty, contributing to potential poro-viscoelastic behavior of the



JID: ACTBIO

D. Raja Somu, M. Fuentes, L. Lou et al.

[m5G;October 14, 2024;16:53]

Acta Biomaterialia Xxx (XXXx) XxX

307 nm

250

200

150

100

50

Fig. 4. AFM image of mineralized intermedialia in Mako shark vertebrae showing fibrillar structure of collagen bundles.

Table 1
Major peak assignments in mineralized vertebral cartilage of Blacktip and Mako sharks.

Peak Assignment References

430 cm™! v,(P0O4)3~ of apatite [38]

587 cm™! v4(P04)3~ of apatite [38]
skeletal C-0O-C from sulfated GAGs [39]

859 cm™! v(C-C) proline ring (collagen) [40,41]

943 cm™! v(C-C) hydroxyproline (collagen) [40]
C-0-C link skeletal modes GAG [39]

962 cm™! v1(P0O4)3~ of apatite [38]

1004-1007 cm™! vs(C-C) of phenylalanine collagen [40]
v1(HPO4)?~ in apatite [38]

1073 cm™! v5(S=0) of GAG (1065 cm™!) [39]
v3(P0O4)3~ of apatite ~1070 cm~! if B-type subst. in apatite [38]

1105 cm™! v1(C03)?~ for A-type subst. in apatite [38]

1250 cm~', 1270 cm~!  Amide Il v(C-N) and §(N-H) of collagen [39,42-44]

1390 cm™! 8(CH,) in collagen [45]

1429 cm™! CH3 deformation [44]

1459 cm™! vas COO~ Lys, 8(CH;) in collagen [43]

1671 cm™! Amide I v(C=0) of collagen [40,43-45]

material under stress, it is also possible that they did not hold on
to cellular material due to poor fixation prior to embedding or due
to cryogenic artefacts.

3.3. Confocal Raman microscopy

Raman spectroscopic data of shark vertebrae samples detail
compositional variations at the microscopic level. Here, hyperspec-
tral mappings generated by confocal Raman microscopy were ob-
tained from the mineralized intermedialia of a posterior vertebra
both from Blacktip (Fig. 5A-C) and Shortfin Mako shark (Fig. 5D-
F). Both mappings highlight the overall chain-like fibrous net-
work formed by the mineralized collagen fibers in this region of
shark vertebral cartilage. Through vertex component analysis per-
formed on each map, regions of local variation in chemical compo-
sition were distinguished. Distribution of the different endmember
components and comparison of spectra between the two sharks
are also presented in Figs. S5 and S6. Major bands and their as-
sociated source within the examined cartilage are presented in
Table 1.

The main peaks associated with the presence of apatite at 430
cm~1, 587 cm~1, 962 cm~!, and 1073 cm~! assigned to v,(PO4)3~,
v4(P04)3~, v1(P0O4)3~, and v3(PO4)3~, respectively, were present in
the mineral network of the intermedialia in both sharks. Bioapatite
is made of carbonate-substituted hydroxyapatite, as seen in other
naturally found bioapatite sources. Here, the presence of the shoul-
der at around 1105-1107 cm~! could originate from the v(CO3)*~

band from an A-type carbonate substitution. Previous macroscale
mechanical studies of shark vertebrae have shown that the de-
gree of mineralization influences material properties of shark ver-
tebrae, such as stiffness and toughness [12,14]. Major peaks at-
tributed to collagen, such as the 859 cm~!, 1250 cm~! and the
1671 cm~! assigned respectively to the v(C-C) band of the proline
ring, the Amide III band (v(C-N) and §(N-H)), and the Amide I
band (v(C=0)), were present throughout the mineralized networks
of both shark species.

Across the cartilage tissue of the vertebral centra, however,
there are variations in the amount of mineral and organic ma-
terial. This is especially evident in the 990-1150 cm~! region,
where the unmineralized inclusions have a peak at around 1065
cm~!, whereas the more mineralized regions in the map have
a prominent peak at 1075 cm~! (Fig. S5). The 1065 cm~! peak
is assigned to the 0—S—O symmetric stretch from sulfated glu-
cosaminoglycans (GAGs), specifically chondroitin-6-sulfate, present
in shark cartilage. While not directly influencing stiffness at the
macroscale [12], it is hypothesized that GAGs inhibit cartilage cal-
cification [13,46] in vitro [47] through interaction with sulfate moi-
eties, as well as in biological tissues, such as shark jaw [42] and
vertebrae [12]. In the current investigation, Raman spectromicro-
scopic data is consistent with a relative increase of GAGs with re-
spect to collagen and a decreased abundance of GAGs in mineral-
rich zones. Apart from modulating mineralization though interfa-
cial adsorption, proteoglycans in human cartilage occasionally in-
tersect with collagen fibrils and act as an interlock across long
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Fig. 5. Raman spectroscopy mapping of mineralized cartilage from posterior vertebrae of Blacktip (A-C) and Shortfin Mako (D-F) sharks (A,D). Chemical map of region
obtained by integrating peak at 960 cm~!, assigned to v;(PO4)*~ of bioapatite. (B,E) Composite image generated by vertex component analysis of Raman mapping after

post-processing spectra, showing relative spatial distribution of three endmembers.

(CF): Endmember spectra from mappings B and E, respectively, highlighting major bands

attributed to apatite, glucosaminoglycans, and collagen. Displayed spectra normalized for peak maxima. Scalebars correspond to 10 pum.

distances [48], enabling the tissue to return to its original shape
after expansion and boosting energy absorption. Similarly, cross-
linking GAGs in shark vertebral cartilage may improve toughness,
resulting in a composite material with tunable mechanics.

Hoenig and Walsh described the presence of lacunar cartilage
canals in several species of sharksding Mako sharks and a few
species of Carcharhiniforms [49]. The presence of these canals was
further examined by Morse et al.,, who found the channels to be
flanked by microrods on either side [50]. In the present study, we
found unmineralized pockets on the order of 20-30 um, suggest-
ing that either the canals can be much smaller than previously
described or that there are other regions of non-mineral material
scattered throughout the intermedialia. Such insertions were ab-
sent in our examinations of the corpus calcarea regions. It has been
hypothesized that the presence of cartilage canals in the interme-
dialia could serve biological purposes, such as providing nutrition
to the inner-cartilage region. The placement and prevalence of the
inclusions observed here render it possible that these smaller re-
gions of low mineral content fulfill a mechanical function in ad-
dition to serving as local reservoirs of nutrition. Previous research
has found that cartilage canals are especially prevalent near the
intermedialus-calcareum interface [49], which could be a region
that undergoes more stress compared to the deeper regions of the
intermedialia during the complex bending motion that sharks un-
dertake during locomotion.

We examined the degree of crystallinity of the mineralized car-
tilage from the posterior region of both the Mako and Blacktip

sharks through mapping the change in the full width at half max-
imum (FWHM) of the v; peak of the apatite mineral at 960 cm~!,
as seen in Fig. 6. We find that the sparsely mineralized regions as
well as the curved areas in the microstructure, towards the edges
of mineral-rich regions of cartilage, are less crystalline, as indicated
by a greater FWHM. This makes sense, as in the regions where the
mineralized network needs to curve, there could be greater stress
demand. In-vitro studies show that hydroxyapatite formation is in-
hibited in the presence of proteoglycans extracted from elasmo-
branchs [13]. The less-crystalline curved areas in the map have a
higher GAG: Apatite ratio (Table S3), supporting the claim GAGs
are involved in actively guiding and modulating mineralization of
shark vertebral cartilage.

3.4. Nanoindentation

We found differences in the local micromechanical properties of
the vertebral cartilage of Blacktip and Mako sharks. Here, we ex-
amined localized mechanical properties, e.g., elastic modulus, be-
tween the two sharks in anterior and posterior vertebrae, mea-
sured parallel and perpendicular to the primary direction of bio-
logical strain. During swimming, sharks perform complex move-
ments that will expose their vertebrae to multidirectional strain,
e.g., bending, torsion, shear, etc. Fig. 7 shows the overall summary
of the obtained data. Representative load-displacement curves
were used to determine elastic moduli are shown in Supplemen-
tal Figs. S8 and S9.
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Fig. 6. Selected regions from Raman mappings of Blacktip (A and B) and Mako (C and D) were used to examine changes in crystallinity within the mineralized matrix. (A,C)
show the chemical map of region obtained by integrating to v,(PO4)3" peak from apatite at 960 cm-'. (B,D) are maps of the full-width at half maximum (FWHM) for the

960 cm! apatite peak. Scalebars correspond to 10 pm.

We found the unmineralized insertions in the centra to be sig-
nificantly less stiff, with elastic moduli of at least an order of mag-
nitude lower than the intermedialia and the corpus calcarea, as ex-
pected from the absence of hard mineral inclusions. This result ap-
plied to both shark species in the anterior and posterior position
of the vertebral column, as well as parallel and perpendicular to
biological strain. It is noteworthy that the unmineralized regions
of Blacktip shark are significantly stiffer than Shortfin Mako when
tested parallel to the main direction of biological strain. We con-
clude that the primary factor resulting in an increase of cartilage
stiffness appears to be the presence of apatite mineral in the ma-
trix.

Our nanomechanical data suggest that the corpus calcarea is
stiffer in the anterior region of the vertebral column compared to
the posterior in Mako shark vertebrae. In anterior vertebrae, it ap-
pears that the stiffness of the Mako and Blacktip sharks are not
significantly different. However, the cones of the posterior verte-
brae of the Mako shark are less stiff than that of the Blacktip shark.
Overall, among the three intra-vertebral regions examined here,
the corpus calcarea produced the most uniform values for elastic
modulus, which could be related to its high degree of calcifica-
tion. X-radiograph and microCT studies showed a greater linear at-
tenuation coefficient in the cones for Blacktip, indicating a higher

degree of mineralization of the corpus calcarea [33,35]. Since the
mineral in this region is more densely arranged compared to the
intermedialia, it is possible that the thicker mineral framework is
more easily accessible to the indenter tip in both perpendicular
and parallel orientations. The stiffness of the mineralized inter-
medialia in both anterior and posterior regions of both sharks are
comparable between the two shark species when measured in the
direction parallel to biological strain. In the perpendicular direc-
tion, however, vertebral intermedialia in the anterior region of the
Mako shark has an elastic modulus of around 2 GPa, which is much
stiffer than the posterior region of the Mako shark and the Blacktip
shark in both anterior and posterior regions. Previous studies have
found that orientation of c-axis in apatite crystals in shark verte-
bral cartilage in the corpus calcarean and intermedialia are radial
and longitudinal, respectively [51]. The previously reported c-axis
alignment in apatite is known to play a crucial role in the overall
mechanical properties of biological and synthetic composites con-
taining apatite mineral, as composites tend to be stiffer along the
direction of alignment [52-55]. We observed a larger variation in
elastic moduli when measured in the parallel direction compared
to the perpendicular direction. The elastic stiffness of fiber rein-
forced composites, such as shark vertebral cartilage, also depends
on the fiber orientation angle, with the highest elastic modulus
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Fig. 7. Box plots showing elastic moduli of different regions of Blacktip (BT) and Shortfin Mako (MK), obtained from nanoindentation measurements in directions both
parallel (top) and perpendicular (bottom) to the direction of biological strain of whole vertebrae. Each box plot displays minimum, first quartile, median, third quartile,
maximum, and outliers. Empty circles represent outliers and empty squares represent the mean value in each the dataset. Means not sharing any letter are significantly
different at the 5 % level of significance via post hoc Dunn test. Insets: schematics showing parallel (top) and perpendicular (bottom) direction of indentation.

expected parallel to the fiber direction [56]. Our PLM and AFM data
have demonstrated that the collagen fiber orientation varies both
locally as well as between species (Fig. S4). Despite the radial ori-
entation of crystals in the corpus calcarea [51], this region shows
a similarly high modulus of around 2 GPa in Shortfin Mako, sur-
passing all other tested regions in both shark species, which could
be explained by its higher degree of calcification than in the in-
termedialia. In both the anterior and posterior region of the ver-
tebral column, the unmineralized gaps of the Mako shark verte-
brae are less stiff compared to that of the Blacktip shark when
measured parallel and perpendicular to the major direction of bi-
ological strain. In both directions, the mean elastic moduli of the
Blacktip shark are over twice that of the Mako shark. The rel-
ative homogeneity of the unmineralized region compared to the
corpus calcarea and intermedialia is emphasized in the narrower
spread of elastic modulus values obtained for this region of the
vertebrae.

From previous bulk compression tests, we expected an in-
creased stiffness in the tail of the lamnid Mako shark to sup-
port lateral body undulations [35]. However, we found that on the
nanoscale, anterior mineralized vertebrae of the Mako shark ap-
pear stiffer, which could be due to several reasons: While the lo-
calized material properties of the anterior vertebrae are as such, its
hierarchical arrangement, in comparison to the posterior vertebrae,
could be sufficiently different to cause dramatic differences in its
overall mechanical properties. It is known that the unmineralized
portion of the vertebral cartilage is responsible for its extraordi-
nary high yield point around 12 % strain, suggesting that shark ver-
tebrae can deform dramatically before failure [12,14]. Additionally,
it is possible, especially for the Mako shark, that whilst individ-

ual lamella, which were focus of this investigation, were less stiff
along the tail, that their larger number in the posterior vertebrae
contributes to radial reinforcement during bending and an even
distribution of stress. This assumption is backed by a higher min-
eral content in posterior compared with anterior centra [12]. Ad-
ditionally, the tail of the shark is instrumental in producing thrust
in the swimming process compared to the anterior region of the
body [57]. The Mako’s thunniform swimming mode requires the
body to remain stiff, while the tail is oscillating, whereas Black-
tip sharks engage the entire body in undulatory movements dur-
ing swimming. It is possible that the posterior region of the ver-
tebral column therefore undergoes a more complex form of bend-
ing compared to the anterior region. Previous studies of leopard
and bamboo sharks show that their heterocercal tail undergoes tor-
sional bending and twisting that is crucial in the sharks’ ability to
make quick-turn maneuvers [58]. Since much of the movement in
the shark species examined in this study are concentrated towards
the posterior vertebrae, it is possible that applied stresses would
be at least equal if not higher for the fast-swimming Blacktip and
the even faster-swimming Mako. To meet these demands, it is fea-
sible that the posterior region needs to be equipped to deal with
multi-directional stresses that accompany torsional twisting move-
ment that could occur during quick-swimming maneuvers.

Some variations in mechanical properties can also be attributed
to overall differences in how distinct portions of the vertebral
column are utilized during aquatic locomotion. In the undulatory
swimming mode that propels Blacktip sharks, vertebrae are en-
gaged in bending mode such that opposite sides of the centra un-
dergo tension and compression. Studies have shown, however, that
the tendons and musculature engaged in thunniform swimming
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would keep the vertebrae closer to the tail under permanent com-
pression, allowing for more powerful swimming [57,59].

The nanoindendation measurements in this portion of the study
were conducted in Elasmobranch Ringer’s solution to mimic the bi-
ological medium. The mechanical properties of soft biological tis-
sues depend on the level of hydration and chemical environment
(e.g. seawater or buffer) [60]. Indenting the sample in wet con-
ditions was carried out since the results are closer to physiolog-
ical conditions. In previous studies of mechanical characterization
of cartilage in other systems (such as bovine articular cartilage),
it was found that repeated thawing and freezing cartilage samples
could somewhat affect their mechanical response [37,61,62]. How-
ever, due to the way in which samples are obtained and shipped,
the relative scarcity of the samples, and the different capture dates
for the sharks, freezing and thawing are unavoidable. To mitigate
freezing artefacts, samples were, to the extent that they could
be, left frozen as a whole centrum, without excision of arches
and sheath, in order to minimize damage from ice crystals to the
deeper cartilage. Regardless, we find these values starkly different
enough from the macroscale stiffness of whole vertebrae that it
warrants further study.

3.5. General discussion

Previous macroscale mechanical testing studies have shown
that the strain in the vertebral column that accompanies lateral
bending is partially relaxed by the vertebrae themselves, and not
simply by the intervertebral joints, and that the centra themselves
play a mechanical role during aquatic locomotion [15]. Through an
examination of the micro- and nanostructure of the shark vertebral
cartilage matrix, we expand on current knowledge of the chemical
composition and possible mechanical roles of the hierarchical or-
ganization of the vertebral centra.

We observed oriented fibril bundles in the unmineralized and
mineralized portion of the Mako shark in PLM, and further ex-
amined them using AFM. It appears that while superficially sim-
ilar on the microscale, there are ultrastructural differences in the
mineralized and unmineralized regions with regards to fiber orga-
nization. In the mineralized region, for instance, the lacunae are
aligned along the direction of the fibers, and elongations are ori-
ented parallel to the fiber direction (Fig. S7). However, in the un-
mineralized region, there was more variety in the direction of the
lacunae. This could suggest that the unmineralized gaps are better
equipped to handle stress loaded in multiple directions compared
to the intermedialia.

AFM and PLM confirm the major structural differences between
the unmineralized region of the Blacktip shark and Mako shark.
The presence of distributed fibrillar bundles and increased lacu-
nae in Mako Shark could explain the lower elastic modulus of
the unmineralized region of the Mako shark compared to that of
the Blacktip shark, measured in the direction parallel to biologi-
cal strain. The presence of these needle-like insertions could help
dissipate local stress and therefore make for an overall less rigid
material as the deformation spreads out over a larger area. In this
way, we can link the microstructure of the different intraverte-
bral regions to biomechanical differences observed. An examina-
tion of these bundles using polarized Raman microspectroscopy
contributes further evidence as to the composition of these fiber
bundles (Fig. S10).

Compositional variations within individual centra, which have
not been the focus of the present study, could also contribute
to the micromechanical properties of shark vertebral cartilage.
For instance, Mako shark vertebrae has been shown to incorpo-
rate higher amounts of zinc across ontogeny compared to some
Carchaniform species including Blacktip shark [63,64]. A study by
Raoult et al. showed that the accumulation of strontium in the
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vertebral cartilage of White Shark (Carcharodon carcharias) aligned
more closely with traditionally assessed visual growth bands com-
pared to calcium [65]. Zinc was found to be primarily deposited in
the intermedialia and to a much smaller extent in the corpus cal-
carea [63]. As such, many previous studies on the elemental dis-
tribution in vertebral cartilage have focused on aging and envi-
ronmental factors rather than potential influence on microstruc-
ture and mechanics. PLM, AFM, and Raman spectroscopic map-
pings from mineralized and unmineralized cartilage tissues reveal
stark interspecies similarities and variations in structural morphol-
ogy and fiber arrangement. PLM data indicates a preferred collagen
fiber orientation in the unmineralized cartilage of Shortfin Mako,
which was not observed in Blacktip cartilage tissue. Further in-
vestigations are necessary to shed light on the hierarchical colla-
gen arrangement across shark species. Using Raman chemical map-
pings, we found an inverse relationship between GAG and min-
eral abundance and a lower degree of bioapatite crystallinity in the
presence of GAGs, supporting their role in inhibiting apatite miner-
alization and cross-linking the organic matrix. In cartilaginous ma-
terials, collagen fibril bundles are thought to be the major tensile
element, whereas bridging proteoglycans ensure that the tissue re-
sists extensive compression and expands back to its original shape
after load removal, but this aspect warrants further investigation.
The intermedialia region in both species was interspersed with
lacunar cartilage canals that either serve as a nutrient reservoir
or distribute local stresses along the interface. In accordance with
bulk compression tests from whole vertebral centra [35], it is evi-
dent that a larger mineral content correlates with higher vertebrae
stiffness, yet little has been known about how individual structural
elements contribute to the cartilage mechanics that dictate swim-
ming styles and speeds employed among shark species. Macroscale
and region-specific mechanical testing indicate that vertebral carti-
lage stiffness and strength depend on the abundance [14], distribu-
tion and orientation of bioapatite mineral. Based on nanomechani-
cal testing, we conclude that the degree of mineralization is partic-
ularly relevant in the highly calcified corpus calcarean. We specu-
late that the thunniform swimming mode of Shortfin Mako sharks
requires extraordinary stiffness in the anterior region of the verte-
bral column. The Carcharhiniform and Lamniform sharks studied
here represent different mineralization morphologies, swimming
styles and speeds, but given the limited number of species investi-
gated, the conclusions cannot necessarily be extended to sharks in
general. Using nanoindentation under near-native conditions, we
found that Young’'s moduli from mineralized regions (corpus cal-
carean and intermedialia) are positively correlated with local min-
eral density. However, with values on the order of few GPa, lo-
cal Young’s moduli of the mineralized zones exceeded bulk mea-
surements for whole vertebrae sections by a factor of 10 [35]. As
expected from fiber-reinforced composites, the mechanical proper-
ties determined along the direction of biological strain were signif-
icantly higher than perpendicular to it. Intriguingly, unmineralized
Blacktip shark cartilage was found to be substantially stiffer than
Mako cartilage, which could be related to differences in the struc-
tural arrangement of the collagen fibers observed in PLM and AFM.
In particular, the arrangement of fibers in the unmineralized re-
gions of Mako centra and in the mineralized regions of Mako and
Blacktip centra are reminiscent of discontinuous but aligned fiber-
reinforced composites, which generally have lower stiffness com-
pared to composites with continuous unidirectional fibers in the
main load direction [56]. It is possible that the lower stiffness as-
sociated with this kind of fiber arrangement adopted by this carti-
lage region is a tradeoff between mitigating crack propagation and
handling multidirectional stresses.

The biomechanics of the vertebral column reflect differences
in ecological requirements, morphology, and behavior. Carcharhini-
formes, such as Blacktip, are fast swimming, agile sharks that in-
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habit inshore and offshore waters, often nearshore around river
mouths, bays, mangrove swamps, and estuaries [18-20]. Field ob-
servations found Blacktip sharks maneuver through shallow coastal
waters to avoid predation [66]. Shortfin Makos, on the other hand,
have adapted to engage in high-speed bursts and maintain high
swimming speeds when migrating across oceans [67]. Further-
more, Blacktip and Mako sharks differ in steady-swimming kine-
matics: In non-lamnids, the wave of muscle activation tends to
travel faster than the wave of muscle contraction, resulting in vary-
ing forces along the long body axis [68]. In lamnid sharks, such as
Shortfin Mako, red muscle activation remains constant along the
body, and red muscle shortening is synchronized with bending of
posterior body parts [69].

4. Conclusions

Shark cartilage is a complex multi-scale composite material
containing collagen type-II fibers, glucosaminoglycans, and carbon-
ated apatite mineral. Previous research showed that the mineral
content and macro-scale arrangement in mineralized vertebral car-
tilage greatly varies among species, among vertebrae in an in-
dividual shark, and along the length of the body [12,14,16]. In
this study, we present a systematic and structured characteriza-
tion of vertebral cartilage from typical Carcharhiniform and Lam-
niform shark species, Blacktip and Shortfin Mako, in which either
mineralized blocks or radiating lamellae alternate with unminer-
alized regions, respectively. Based on our experimental data, in-
travertebral regiospecific micro- and nanoscale variations in miner-
alization patterns and chemical composition translate into different
nanomechanical responses. We conclude that previously reported
interspecies differences in bulk mechanical response are primarily
attributed to the mineral content and microscale hierarchical ar-
rangement of the mineralized regions. This in-depth microscopic
and spectroscopic investigation provides deeper insights into the
interplay between hard minerals and viscoelastic fibers in carti-
lage from the vertebral column, which may be related to the ex-
traordinary speed of cartilaginous fish. Taken together, this study
enhances our understanding of structure-function relationships in
hierarchical biological materials, particularly the mechanical re-
sponse of complex multi-component systems made from fibers and
nanoparticles. By studying the intricacies of shark vertebrae, we
hope to lay the foundation for biomimetic composite materials that
harness lamellar reinforcement and tailored stiffness gradients, ca-
pable of dynamic and localized adjustments during movement.
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