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ARTICLE INFO ABSTRACT

This paper explores the structure, composition, and mechanical properties of porcupine fish spines for the first
time. The spine was found to be composed of nanocrystalline hydroxyapatite, protein (collagen), and water
using X-ray diffraction, energy-dispersive X-ray spectroscopy, and thermogravimetric analysis. Microstructures
have mineralized fibrillar sheets in the longitudinal direction and in a radial orientation in the transverse
direction that were observed using light and electron microscopy. Based on the images, the hierarchical
structure of the spine shows both concentric and radial reinforcement. Mechanical properties were obtained
using cantilever beam and nanoindentation tests. A tapered cantilever beam model was developed and
compared to that of a uniform cantilever beam. The tapered beam model showed that while the stresses
experienced were similar to those of the uniform beam, the location of the maximum stress was near the distal
region of the beam rather than at the base, which allows the porcupine fish to conserve energy and resources if
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the spine is fractured.

1. Introduction and background

Spines are stiff, tapered structures that protrude from an organism.
They are found in mammals (e.g. porcupine, echidna, and hedgehog),
plants (e.g. cacti and rose), insects, reptiles, birds, echinoderms, and
fish. While spines can be used offensively, for instance in bees and
wasps, many organisms use spine structures as a form of defense.
Organisms that use spines for defense include porcupines, hedgehogs,
cacti, and sea urchins. Spines are used to deter predators by piercing
and irritating.

Spine structures can be made of a variety of biological materials.
Sea urchin (Fig. la) spines are composed of magnesium calcite
(Berman et al., 1990; Moureaux et al., 2010); lionfish (Fig. 1b) dorsal
spines (Bassett, 1917; Bowes and Murray, 1935; Halstead et al., 1955);
and stingray (Fig. 1c) stings are composed of mineralized collagen
(Halstead and Modglin, 1950; Ocampo et al., 1953); spines and quills
found in hedgehogs, porcupines (Fig. 1d), and echidnas (Fig. le) are
made of keratin (Martin et al., 2015; Vincent and Owers, 1986); cactus
(Fig. 1f) spines are made almost equal parts of crystalline cellulose and
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amorphous hemicellulose, both of which are polysaccharides (Gindl-
Altmutter and Keckes, 2012; Malainine et al., 2003). Meanwhile,
scorpion (Fig. 1g), bee (Fig. 1h), and wasp stingers are made of the
polysaccharide chitosan (Zhao et al., 2016; Zhao et al., 2015).

Many spine structures, including the previously mentioned scor-
pion stinger, are known to be functionally graded materials, which have
gradients in composition or structural characteristics. The squid beak
(Miserez et al., 2008), ancient fish armor (Bruet et al., 2008), and
spider fang (Bar-On et al., 2014) all exhibit compositional gradients
resulting in a gradual transition in Young's modulus. Functionally
graded materials have been found to reduce deformation and damage
at material surfaces and dissipate stress by transitioning to a more
compliant material (Bechtle et al., 2010; Liu et al., 2016; Pompe et al.,
2003).

It is also important to note the multifunctionality that is intrinsic to
biological materials. Spines can be useful to an organism for a variety of
reasons. For example, in addition to protection, the cactus uses its
spines, to prevent water loss in its native desert habitat. Hedgehogs use
their quills not only to deter predators, but also to absorb energy when
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Fig. 1. Various organisms with spine structures. (a) Sea urchin (Su et al., 2000), (b) lionfish (Corsi and Corsi, 2001), (c) stingray (Pedroso et al., 2007), (d) porcupine (Tonge, 2014), (e)
echidna (Tonge, 2013), (f) cactus (Rignanese, 2005), (g) scorpion (Zhao et al., 2016), and (h) honey bee (Zhao et al., 2015). Figures are adapted from cited sources.

they fall from high places (Vincent and Owers, 1986). The lionfish,
stingray, bee, wasp, and scorpion all use venom to supplement their
stings.

Porcupine fish belong to a family within the order
Tetraodontiformes called Diodontidae (Santini et al., 2013). While
the order Tetradontiformes is an extremely diverse group that includes
the boxfish and triggerfishes, the porcupine fish is most closely related
to the families Tetraodontidae and Molidae, which include pufferfish
and ocean sunfish, respectively (Santini et al., 2013). Porcupine fish are
preyed upon by pelagic predators including tuna, dolphinfish, and
wahoo (Aquarium of the Pacific, 2015). Once porcupine fish reach the
adult stage and become too large to swallow, the number of predators
decreases significantly. The main predator of the adult porcupine fish is
the tiger shark.

To protect themselves, porcupine fish, like their pufferfish relatives,
inflate their bodies up to three times their original volume (Brainerd,
1994). During inflation, water or air is pumped into the stomach. In
addition to inflation, porcupine fish also have long spines across their
bodies that are erectile when the fish inflates (Leis, 2006). These spines
are actually modified scales and serve to both irritate the predator and
increase the effective volume of the porcupine fish, making it harder for
predators to swallow.

Apart from general observations, little to no work has been done on
the composition and microstructure of the porcupine fish spine.
However, some work has been done to understand the spine structure
in the family Tetraodontidae. Hertwig et al. (1992) observed that the
dermal spines in Tetraodon steindachneri have bilateral symmetry and
a laminated longitudinal cross-section. The spines of the T. steindach-
neri and Takifugu obscurus can be stained using alizarin red-S, a
histological dye that indicates the presence of calcium (Byeon et al.,
2011; Hertwig et al., 1992). Of note, these spines have a dense outer
layer of collagen around a mineralized core (Hertwig et al., 1992), as
well as numerous concentric circles in the transverse cross-section of
the spines (Byeon et al., 2011).

The composition of porcupine fish spines is largely unknown, since
alizarin red only signifies the presence of calcium, but does not specify
whether the spines contain calcium carbonate, hydroxyapatite, or both
minerals. As modified scales, the spines can be expected to be
compositionally similar to that of other fish scales, comprising highly
aligned type I collagen, calcium phosphate (e.g. hydroxyapatite and
tricalcium phosphate), and in some cases, calcium carbonate (Ehrlich,
2015; Lin et al., 2011; Zylberberg et al., 1992). Sire et al. (2009) noted
that the dermal plates in tetraodontiforms are composed of only bone.
However, the order Tetraodontiformes is so diverse in morphology that
it is unlikely that every modified scale across the order is composi-
tionally identical.

In the porcupine fish, Brainerd (1994) identified three different
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regions of the spine: the spinous process, the lateral processes, and the
axial process. Leis (1978) referred to these regions as the spine shaft,
the lateral arms of the base, and shaft extension, respectively. Spines
generally have bilateral symmetry with two lateral processes, one
spinous process, and one axial process.

This work aims to characterize the composition, structure and
mechanical properties of the spines from two porcupine fish, Diodon
holocanthus (Long-spine) and Diodon hystrix (Spot-fin). The spines
must be able to withstand the force of a predator's jaw to maintain
structural integrity. There are two main hypotheses we have explored:
(1) the composition of the spines will be similar to that of other scales,
meaning that the spines will likely contain collagen and calcium
phosphate mineral, and (2) the morphology and consequent mechan-
ical properties of the spines help prevent spine fracture.

2. Materials and methods

One of each D. holocanthus (Museum ID: SIO 65-679) and D.
hystrix (Museum ID: SIO H52-415) (Fig. 2) were received from the
Scripps Institution of Oceanography. Samples had been fixed with 10%
formalin and post-fixed in 50% isopropyl alcohol and deionized water.
Spines were extracted from the right lateral side of the fish using a

Fig. 2. Photographs of the specimens used in this study, (a) Diodon holocanthus
(slender-bodied long-spine porcupine fish) and (b) Diodon hystrix (round-bodied spot-
fin porcupine fish) samples received from the Scripps Institution of Oceanography.
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Fig. 3. Colorized schematic diagram of a porcupine fish spine where A is the spinous process (red), B are the two lateral processes (pink), and C is the spine base (blue), which includes

the axial process and the connection between sections A and B.

scalpel and surgical scissors to cut away skin and other connective
tissue until the spine could be pried loose. Spines of both species were
initially compared using optical microscopy and found to have the
same structure as shown in Supplementary Materials, therefore both
spines were used for imaging and compositional analysis while only D.
holocanthus spines were used for mechanical testing for consistency.
Individual spines were stored in 50% isopropyl alcohol and deionized
water.

Deproteinization was achieved by placing the spine in a 2.6%
sodium hypochlorite solution for two days. The solution was changed
each day. Samples were then rinsed gently with deionized water to
remove excess sodium hypochlorite solution. After rinsing, samples
were dehydrated using hexamethyldisilazane.

2.1. Compositional analysis

X-ray diffraction (XRD) was performed on one D. hystrix spine
sample that was deproteinized. The sample was split into sections A, B,
and C as shown in Fig. 3, and ground to a powder using a mortar and
pestle. XRD was then performed on the powders (Bruker D2 Phaser,
Bruker, Billerica, MA, USA) using CuKa radiation. Pattern analysis was
completed using DIFFRACplus software (Bruker, Billerica, MA, USA).

XRD patterns were matched using standard data from a PDF card.
The crystallite size was found using the Scherrer equation

D= 0. 9421
pcosd

1)

where D is the average crystallite size, A is the X-ray wavelength
(0.15406 nm), B is the full width at half of the maximum intensity, and
0 is the Bragg angle. Three of the peaks with highest intensity were
used to calculate the average crystallite size.

Six samples of D. holocanthus spines prepared for thermogravi-
metric analysis (TGA) (SDT Q600 Simultaneous TGA/DSC, TA
Instruments, New Castle, DE, USA) were first step-wise rehydrated
by placing the samples in solutions of 25%, 12.5%, and 0% isopropyl
alcohol and deionized water for 10 minutes in each solution. Samples
were then put in deionized water again and left overnight. Samples
were cut into three sections A, B, and C (Fig. 3) with excess water
removed by dabbing with a tissue before testing. Samples were then
heated from room temperature to 800°C at a rate of 10°C/min in air.
Values of mass were taken from the temperature closest to those given
by Bigi et al. (1991). The percentage of mass loss was calculated by
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dividing leftover mass by original mass of the sample. All calculated
values are given as mean + standard deviation.

Fourier transform infrared spectroscopy (FTIR) was used to
determine whether collagen was the structural protein present in the
D. holocanthus spine. An Agilent Cary 680 spectrometer (Agilent
Technologies, Inc., La Jolla, CA, USA) was used in reflection mode
with a KBr beamsplitter, a mid-IR source, and a mercury cadmium
telluride detector in nitrogen atmosphere. The spot size was 100 um
and the frequency range tested was from 700 to 4000 cm™..

2.2. Microstructural characterization

For x-ray microscopy (XRM) the whole D. holocanthus sample was
kept in a jar of 50% isopropyl alcohol and deionized water and then
imaged (Skyscan 1076 p-CT scanner, Bruker, Kontich, Belgium) with a
voxel size of 12.56 pm and an acceleration voltage of 100 kV, resulting
in 2,187 projection images. Spine samples were first rehydrated,
stained with osmium tetroxide, dehydrated, and embedded in Spurrs
resin. Spurrs resin was used because of its low viscosity and ability to
infiltrate mineralized samples better than other resins. Samples were
then imaged (Xradia 510 Versa, ZEISS, Jena, Germany) with a voxel
size of 11.02 pm and an acceleration voltage of 40kV for 3,200
projection images. XRM results were processed using Amira® software
(FEI, Oregon, USA).

In preparation for scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS), D. hystrix spines were step-wise
dehydrated with 75%, 90%, 95%, and 100% isopropyl alcohol for
10 minutes each. Samples were then critical point dried using a critical
point dryer (Autosamdri-815, Tousimis, Rockville, MD, USA) or
chemically dried using hexamethyldisilazane (HMDS). Samples were
sputter coated with iridium at 85 pA for 7 seconds to reduce charging
using a sputter coater (Emitech K575X, Quorum Technologies Ltd,
East Sussex, UK). Spines were then imaged using an environmental
SEM (FEI/Philips XL-30, FEI, Hillsboro, OR, USA). EDS was per-
formed using an ultra-high resolution SEM (FEI SFEG, FEI, Hillsboro,
OR, USA).

Spine samples used for histology were first rehydrated and stained
with osmium tetroxide. After staining, samples were washed and
stepwise dehydrated with ethanol and then acetone. Samples were
then embedded in Spurrs resin and sectioned using a microtome (Leica
Ultracut UCT Ultramicrotome, Leica Microsystems, Wetzlar, Germany)
into 250 nm slices and 80 nm slices for histology and transmission
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Fig. 4. Schematic of spine cantilever beam test. The clamp is 25.5 mm in width, epoxy is
~3.5 mm in thickness and 8 mm in width. Spines are ~5-6 mm in length.

electron microscopy (TEM), respectively. Histology samples were
stained with Toluidine blue and then imaged with an optical micro-
scope (Nikon Eclipse E600FN, Nikon, Tokyo, Japan) using a digital
single-lens reflex camera (Nikon D300 DX, Nikon, Tokyo, Japan). TEM
samples were placed on a copper grid, stained with Sato lead to
increase contrast, and imaged (JEOL 1200EX, JEOL Ltd. Tokyo,
Japan).

2.3. Mechanical properties

To prepare samples for cantilever beam testing, spines were
rehydrated with the same method as used for TGA and the spine base
was embedded in a two-part epoxy (in EpoxiCure 2, Buehler, Lake
Bluff, IL, USA) with the spinous process protruding from the epoxy.
The samples were left to cure at room temperature overnight and then
sanded down to dimensions to fit in the mechanical testing clamps that
were 7.7 mm in thickness, 25.6 mm in width, and 25.4 mm in height.
An instrumented load frame (Instron 3342, Instron, Massachusetts,
USA) was used to perform cantilever beam tests with a 50 N load cell
with the setup shown in Fig. 4. The rate of crosshead displacement was
0.003 mm/s.

Nanoindentation was performed on dried samples of D. holo-
canthus spines using a nanoindenter (TI-950 Tribo-Indenter,
Hysitron Inc., Minneapolis, MN, USA). Samples were first embedded
in epoxy and the surface was polished to a mirror finish using 0.05 um
diamond polishing media. A nanoindentation map of the spinous
process longitudinal cross-section was created using a cube corner
probe tip with indentation depth of 300 nm, 75 um spacing between
indents, and a trapezoidal 10-10-10 s load-hold-unloading displace-
ment function. Nanoindentation data was analyzed using the Oliver-
Pharr method (Oliver and Pharr, 1992).

3. Results and discussion

The D. holocanthus specimen had a body length of ~9 cm and the
number of spines on the fish was ~222. The D. hystrix specimen had a
body length of ~19 cm with ~410 spines. Leis (1978) counted the
number of spines in certain areas and rows of spines in other areas, but
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Table 1

Comparison of elemental composition between spine base (center) and spinous process
from energy dispersive X-ray spectroscopy analysis given in atomic percentage. Fig. 3
shows the locations of (A) and (B).

Element (A) Spine base (at%) (B) Spinous process (at%)
C 57.9 16.3
(0] 29.7 40.1
P 12.1 25.3
Ca 0.4 239

did not report overall number of spines for fish. The difference in the
number of spines may reflect the size difference of the two species,
where D. hystrix are ~40 cm (Sanches, 1991) and D. holocanthus are
~15 cm (Prado et al., 2004). D. holocanthus spines were ~6.4 mm in
length and ~1 mm in diameter.

3.1. Compositional analysis

EDS was used to identify elements in two regions of the spine: the
spinous process and the central part of the spine base. Values in
Table 1 were calculated with the Iridium Ultra software (eumeX
Instrumentebau GmbH, Heidenrod, Germany) using the ZAF algo-
rithm, which calculates the mass and atomic percentages using the area
under the spectroscopy curves, atomic number, absorbance, and
fluorescence of the sample. From the high carbon content and
extremely low calcium content, it is reasonable to assume that the
center of the spine base is mostly, if not completely, composed of
organic material. The composition of the spinous process implies that it
has a mixture of organic and mineral material. The organic component
of the porcupine fish spines is most likely collagen, which is found in
many other fish spines (Ikoma et al., 2003b; Zhu et al., 2012;
Zylberberg et al., 1992). Given the high atomic percentage of phos-
phorus in the region with high concentrations of calcium, the porcu-
pine fish spine likely contains calcium phosphate mineral in the form of
hydroxyapatite (Ca;o(PO4)s(OH)»), B tricalcium phosphate (f —TCP)
(Caz(P0O4)2), or a mixture of both based on previous work on fish bone
(Hamada et al., 1995; Urist, 1961) and scales (Ikoma et al., 2003a;
Meinke et al., 1979).

XRD was used to confirm the presence of hydroxyapatite in the
porcupine fish spine. As seen in Fig. 5, the peaks of each region of the
spine match the standard XRD pattern for hydroxyapatite (PDF 01—
076-0694) (Elliott et al., 1973) and are consistent with those seen in
other scales (Ikoma et al., 2003a; Lin et al., 2011). The broad peaks in
the pattern indicate that the sample is nanocrystalline. Crystallite sizes

D. hystrix
Section A (spinous process)

D. hystrix
Section B (lateral processes)

T T T T T T

D. hystrix
Section C (spine base)

PDF 01-076-0694
Cas(PO,);0H

do |||.I||| i
40 45 50 55

20

Fig. 5. X-ray diffraction pattern of different sections of the D. hystrix spine. From top to
bottom: XRD pattern for sections A, B, and C of the spine (Fig. 3) and the standard XRD
pattern for monoclinic hydroxyapatite powder diffraction file number 01-076-0694
(Elliott et al., 1973).
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Fig. 6. Representative thermogravimetric curves for different sections of D. holocanthus
spines from sections A, B, and C (Fig. 3). Water loss occurred between room temperature
to approximately 250°C. Collagen decomposition and combustion occurred from 250°C
to 700°C. The remaining mass after the sample has reached ~700°C is the mineral.

were calculated with the Scherrer equation (Eqn. (1)) using peaks
(221), (380), and (242) since they were the most pronounced peaks in
the spectra. The average values for the crystallite sizes are ~20.1 nm,
~20.4 nm, and ~20.8 nm for the spinous process, lateral processes, and
spine base, respectively. Due to the broad peaks of the material used, it
is difficult to say whether § —TCP is present in the porcupine fish spine
in small quantities. It is of note that while some fish scales (e.g., crappie
and bass) have been known to contain calcite (Ehrlich, 2015), no calcite
was found in the porcupine fish spines.

TGA revealed that each section of the spine has a different
composition of mineral, protein and water. Fig. 6 shows three
representative TGA curves for the spinous process, the lateral pro-
cesses, and the spine base, which includes the axial process. Mass loss
between room temperature and 250°C corresponds to water loss (Bigi
et al., 1991; Jankovi¢ et al., 2009) and mass loss from 250°C to 700°C
corresponds to collagen decomposition and subsequent combustion
(Bigi et al., 1991). Compositions by weight percentage of sections A
(spinous process), B (lateral process), and C (axial process) are
summarized in Table 2, where values are given as mean + standard
deviation. Excess tissue was difficult to completely remove from
sections B and C resulting in variations in protein and water content.
Section C has the largest amount of protein and water, while section A
has the most mineral.

3.2. Meso- and micro-structural characterization

X-ray microscopy images from a D. holocanthus specimen are
shown in Fig. 7a,b. The spines create a layer of subdermal armor as a
result of lateral processes that extend beneath one another (Fig. 7a).
Fig. 7c-g shows that each spine is composed of three distinct parts and
corroborates previous observations (Brainerd, 1994). The axial process
(C) is markedly shorter than the lateral processes (B), which allows the
spine to be erected during inflation (Fig. 7c-e). A thin layer of less
dense tissue surrounding the dense spine mineral can be seen, which
was observed by Hertwig et al. (1992) for the T. steindachnerti spine. A
density gradient can also be seen on the spine, where the section A is
denser than sections B and C (Fig. 7e). This confirms the results from

Table 2
Thermogravimetric analysis of D. holocanthus spines in sections A. B and C (Fig. 3).
Values of weight percentage are given as average + standard deviation.

A B c

(wt%) (wi%) (wit%)
Water 18£1.2 36+15.2 59 £ 6.2
Protein 19+0.6 25+4.2 23 + 27
Mineral 63+1.4 39£15.0 17 £ 7.2
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TGA, since the more mineralized regions are denser. The dorsal and
ventral views of the spine (Fig. 7f,g) show that the spine transitions
from a circular to a triangular cross-section from the distal to proximal
end.

SEM was used to observe the mesostructure from a D. hystrix
freeze-fractured spine. Fig. 8a shows the fractured spine surface, where
the distal end of the spine is pointing toward the right. The location of
the fracture is shown in the inset image. From the fracture surface a
layered structure can be observed, and each layer was subsequently
imaged in more detail. Fig. 8b shows the outer connective tissue, which
attaches the spine to the skin. The core (Fig. 8c) was found to be
mineralized using XRD and EDS carried out on the spine longitudinal
cross-section in Section 3.1. The step-like fracture surface of the core
implies a layered internal structure. Finally, a porous and fibrillar layer
is sandwiched between the mineral core and connective tissue, shown
in Fig. 8d. This layer is composed of smaller fibrils shown in Fig. 8e,
and the fibrils form a porous sheet of ~2 pm thickness with fibrillar
strips of ~2 pm joined by fibrillar bridges. A structure similar to the
porous, fibrillar layer is found in the scales of the sea bream Pagrus
major as described in Tkoma et al. (2003a). An overall schematic
diagram of the spine layers is shown in Fig. 8f.

Fibrils identified in the proximal end of the spine have banding that
indicate the presence of collagen (Fig. 9a) with d-spacing measuring
~67 nm. FTIR spectra (Fig. 9b) taken along the longitudinal cross-
section of the spine confirmed that these fibrils are composed of
collagen, which has an amid I peak at ~1650 cm™, amide II peak at
~1560 cm™, and a three-peak cluster centered at ~1245 cm™ (Vidal
and Mello, 2011). The polished longitudinal cross-section of the distal
end of the spine (Fig. 9¢) shows that the material is longitudinally
aligned. Deproteinization was used to determine which areas of the
spine are mineralized and the mineral structure in those areas.
Previous studies have shown that bone deproteinized with diluted
NaOCl solution retained the structure of the mineral after treatment
while removing collagen (Chen et al., 2011; Chen and McKittrick,
2011). After deproteinization, a mineralized sheet with mineralized
bridges joining the sheet together was observed (Fig. 9d), verifying that
the fibrils are mineralized collagen.

In the transverse direction, stained histological images show
circumferential connective tissue and the porous, fibrillar layer, with
a core mineralized region that has a radial pattern (Fig. 10a), corro-
borating what was seen by SEM. Toluidine blue stains acidic compo-
nents such as nucleic acids and proteins including collagen. The dark
core, radial lines are mineralized collagen. Mineralized, fibrillar sheets
have been observed in a variety of fish scales and dorsal spines,
including those of the goldfish (Zylberberg and Nicolas, 1982), cobitid
fish (Reddy, 2006), and chondrichthyan fishes (i.e., dogfishes, horn
sharks, and ghost sharks) (Clarke and Irvine, 2006). Using back-
scattered electron microscopy, a concentric ring pattern was also seen
in the transverse cross-section (Fig. 9b). These growth rings have
widths that range from 2 to 7.5 um per ring. Growth rings are
commonly seen in many other fish scales and have been often used
to distinguish the age of a fish by correlating mass increase per year
with width of growth rings (de Albuquerque et al., 2011). However, no
work has been done to determine the age of porcupine fish using spine
growth rings.

Fig. 10c is a TEM image of spine transverse cross-section and shows
that the radiating mineralized, fibrillar sheets that have a thickness of
~2 um, as well as bridges that periodically connect these sheets. Layers
of radially aligned, unmineralized collagen fibrils alternate between
these sheets. The growth front of the spine can also be observed. The
thickness of the mineralized, fibrillar sheets matches the thickness of
the fibrillar strips observed in SEM (Fig. 8e). Observing that the
mineralized core is both longitudinally aligned and radially symmetric,
one can conclude that there are porous sheets of longitudinally aligned,
mineralized collagen that are arranged radially with respect to the
transverse cross-section.
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less
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Fig. 7. X-ray microscopy images of D. holocanthus: (a) lateral and (b) anterior view. X-ray microscopy images of D. holocanthus spine: (c) anterior view, (d) left lateral view, (e)
longitudinal cross-section, (f) dorsal view, and (g) ventral view. Unlabeled scale bars are 500 um. Spine coloration represents density of the sample. Red symbolizes regions of highest
density and blue represents regions of lowest density. The anterior view and left lateral view of the spines show different sections A, B, and C of the spine (defined in Fig. 3).

Putting together all the microstructural information, it can be seen
that the spine (D. holocanthus), which is ~10 mm long and ~ 1 mm in
diameter, has the structure described in Fig. 11. In the longitudinal
direction, mineralized collagen strips are connected by mineralized
bridges to form radially aligned sheets (shown in orange) of thickness
~2 um. Alternating between the mineralized collagen sheets are
unmineralized collagen fibril layers with thicknesses of ~0.5 pm that
are oriented orthogonally with respect to the mineralized, fibrillar
sheets and are radially aligned (shown in green). In the transverse
cross-section, there are concentric growth rings of 2 to 7.5 um widths.
The radial and concentric structures observed in the spine cross-
sections may benefit the spines mechanically by deflecting cracks and
strengthening the spine during bending.

3.3. Mechanical properties

Nanoindentation was performed on the longitudinal cross-section
of the D. holocanthus spinous process. The Young's modulus and
hardness values were calculated with the values from the force-
displacement curves of each indent using the Oliver-Pharr method
(Oliver and Pharr, 1992). Surrounding the spine is epoxy with a
Young's modulus of 3.13+0.22 GPa and hardness of 0.208 +
0.02 GPa. It has been shown previously in bone that embedding
indentation samples in epoxy results in a minor increase in hardness
(Evans et al., 1990; Hoffler et al., 2005) and little to no difference in
Young's modulus (Hoffler et al., 2005; Zysset, 2009).

Young's modulus and hardness maps (Fig. 12) demonstrate that the
spines have a stiffness and hardness gradient across the spinous
process. Young's modulus of the spine was found to range from 6.8
to 20.5 GPa and the hardness ranged between 290 to 820 MPa.
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Multiple linear regression analysis performed on nanoindentation data
found that the distance along the spine from the base, radial distance
from the spine center, and their interaction are significant predictors of
Young's modulus with p < 0.0005, p=0.020, and p=0.019, respectively.
For hardness, only distance along the spine was a statistically
significant predictor with p <0.0005. These results confirm that the
spine is a functionally graded material where the outside of the spine as
well as the region near the tip is stiffer and harder than the rest of the
spine. Revisiting the XRM images of the spine cross-section (Fig. 7e),
one can see that higher density implies greater mineralization, which
results in higher stiffness and hardness. A gradient in mechanical
properties increases interfacial toughness and prevents failure between
materials of different moduli (Bruet et al., 2008; Miserez et al., 2008).
In the case of the spider fang, the stiffening of the fang near the tip is
used to reinforce the fang at the location of maximum stress (Bar-On
et al., 2014). The porcupine fish spine likely employs both strategies
using material property gradient to prevent failure.

3.4. Modeling mechanical behavior and mechanical tests

Mechanical models were developed and used to calculate maximum
tensile strength, maximum strain, and Young's modulus for spines
tested using a cantilever beam test. Two models of the porcupine fish
spine are compared: the spine as a uniform cylindrical beam and the
spine as a tapered beam with a circular cross-section (both shown in
Fig. 13) that better represents the shape of the spine. While some
curvature is observed in the spine (Fig. 7d), linear tapering was
assumed based on Fig. 7c for simplification of the mathematical model.
Pis a point load at the end of the beam, L is the length of the beam, d is
the diameter of the cylindrical beam, dp is the larger diameter of the
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(d). Porous; Fibrillar-Layer
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Porous, Fibrous Tissue
Layer

Mineralized Core

Fig. 8. Scanning electron micrograph of freeze-fractured D. hystrix spine layered structure. (a) Surface of the spine (distal end pointing right) shows the layers that make up the spine.
Inset image shows location on spine where sample was fractured. The boxed areas in (a) correspond to images shown in (b), (c) and (d). (b) Connective tissue, (c) mineralized core, and
(d) porous, fibrillar layer. (e) Boxed region (E) in (d) and shows the fibrils that make up the fibrillar strips (outlined by yellow dotted lines) seen in (d). (f) Overall schematic diagram of
the layers in the spine.
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Fig. 9. (a) Scanning electron microscopy image of banded fibrils located in the spine base of D. holocanthus. The banded structure is indicative of collagen. The boxed region (B) in (a) is
the collagen for which the Fourier transform infrared spectrum is shown in (b). Scanning electron micrographs of the D. holocanthus spine structure. (c¢) Longitudinal cross-section of
spine showing longitudinal alignment. The inset diagram shows where spine was cut (along dotted line) and location on spine that image was taken (boxed area). (d) Deproteinized spine
showing mineralized strips (outlined by yellow dotted line) and mineralized bridges (indicated by yellow arrows) between them.
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Fig. 10. (a) Light microscopy image of a spine cross-section that was embedded in epoxy
and stained with toluidine blue with schematic diagram of the D. hystrix spine transverse
cross-section (inset). (b) Back-scattered electron microscopy image of cross-section of a
D. hystrix spine in section A (shown in Fig. 3). A radially aligned pattern and growth
rings can be observed. Inset image shows transverse cross-section that the micrograph is
taken from. (c) Transmission electron micrograph showing the transverse cross-section
of a spine. Inset image shows the portion of the transverse cross-section that the
micrograph is taken from. Dark columns are mineralized collagen embedded in a fibrillar
matrix. Features pointed out using arrows include mineralized collagen bridges between
mineralized sheets, radially aligned collagen, and radially aligned, mineralized collagen
sheets. Bracket shows mineral growth front.

tapered beam, d 4 is the smaller diameter of the tapered beam, and 8 =
d,/dp is the tapering ratio. Equations for the maximum tensile stress
and strain and the Young's modulus for the two models are shown and
derived in Supplementary Materials. In order to compare mechanical
properties using the uniform beam and tapered beam models, a
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diameter d of the uniform cross-section beam was calculated by
equating the volumes (V) of the two types of beams. Equations for
solving for d are in Supplementary Materials.

After testing five D. holocanthus spine samples, the equations for
the two different models were applied to the data. It can be observed
from Table 3 that for an average tapering ratio =0.21 + 0.04, the
average maximum tensile stresses are 612 + 81 and 760 +286 MPa
for the uniform and tapered beam models, respectively. The maximum
tensile strengths are not significantly different (student t-test, p =
0.39). Young's modulus values are 12.9 + 3.2 and 11.1 + 3.4 GPa for
uniform and tapered beam models, respectively, and are not signifi-
cantly different (student t-test, p = 0.46), which are similar to the
nanoindentation results (6.8—20.5 GPa). Strain at failure was found to
increase significantly from 4.8 + 0.4 to 6.8 + 1% from the uniform beam
to the tapered beam (student t-test, p = 0.011). The Young's moduli of
both the tapered beam and the uniform cylindrical beam models also
correspond well with values found in nanoindentation (E =
6.8~20.5 GPa). Values from nanoindentation are likely higher than
those calculated from mechanical tests, since the nanoindented sam-
ples were dried and cantilever test samples were hydrated. It is well
known that dehydrated samples have higher stiffness (Nyman et al.,
2006).

Fig. 14 demonstrates the relationship between stress in the uniform
beam and in the tapered beam with respect to distance from the base.
Lines with the same color represent models with the same volume for a
certain f value, while the shaded region shows the range of stress for
actual values of beta in the porcupine fish spine. For an average spine
length, base diameter, and maximum load applied, f=0.2 results in
similar maximum stress values between the two models. Observing
only the tapered beam model, decreasing  increases the maximum
tensile stress and shifts the location of the maximum stress toward the
tip of the spine; increasing f decreases the maximum tensile stress and
shifts the location toward the base of the spine. Small changes in
result in large variations in maximum stress, which helps to explain the
large standard deviation seen in the experimental results using the
tapered beam analytical equation. Although the maximum stress is not
significantly changed between the two models, the location of the
maximum stress changes from the fixed end of the beam for a uniform
cross-section beam to a distance close to the tip of the beam for a
tapered beam. This may be beneficial so that if the spine in the
porcupine fish does break, it breaks near the tip, and most of the spine
material will be conserved. This structural function has also been
observed in the spider fang, which also has a tapered structure and
stiffness gradient (Bar-On et al., 2014).

4. Applications and bioinspiration

Bioinspiration is a field that aims to study designs in nature that
have been developing for millions of years through evolution and use
them to inspire human engineering applications. In recent years,
bioinspiration has been gaining more attention. Scales in particular
have been studied extensively because they help protect an animal
while still maintaining flexibility and mobility (Long et al., 1996; Zhu
et al., 2012). The erectile spines of the porcupine fish increase the size
of the fish, making the fish difficult for predators to swallow, but allow
the fish to become streamlined and smooth when not being attacked.
These spines also serve to irritate the predator with their sharp tapered
ends while being lightweight, allowing the porcupine fish to stay
buoyant.

Many researchers who study spine structures argue that the design
of the spines can be used for biomedical applications such as more
efficient needles. However, many of the spines studied, such as those of
the stingray, bee, and cactus, have serrated or barbed edges. This
design makes it easy for spines to penetrate the skin, but difficult to
take out and are meant to inflict as much damage as possible to deter
predators. While the spines of the porcupine fish do not have serrated
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Fig. 11. Schematic diagram of the hierarchical structure of a porcupine fish spine showing the orientation of the mineralized fibrillar sheets and layers of radially aligned collagen fibrils.
Orange color represents sheets of longitudinally aligned, mineralized collagen fibrils, green color represents sheets of radially aligned collagen fibrils that are not mineralized, and the
blue color represents outer surface of the spine. Concentric growth rings form in the transverse cross-section. Diagram courtesy of S.E. Naleway.
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Fig. 12. Nanoindentation map for the spinous process (Fig. 3).
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(a)

(b)

Fig. 13. (a) Uniform cylindrical cantilever beam with a constant diameter d. (b) Tapered cylindrical cantilever beam, where dg is the larger diameter, d4 is the smaller diameter. L is
beam length and P is the point load at the end of the beam for both models. Diagram courtesy of S.E. Naleway.

Table 3

Comparison of mechanical properties of the D. holocanthus spine from cantilever tests,
calculated using the cylindrical beam model and the tapered circular beam model. Values
are given as average + standard deviation.

Mechanical property Uniform beam Tapered beam

Maximum tensile stress (MPa) 612 + 81 760 + 286
Young's modulus (GPa) 129+3.2 11.1+34
Strain at failure (%) 48+0.4 6.8+1
1200 T T T T T
Load
Spine B=015
— 0,,,= 1007 MPa
1000 sl -
/ \
/ \
4 \
800F , : i
/
— = 644.1 MP;
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Fig. 14. Calculated maximum stress at the beam top surface as a function of x from 0 to
the length of the beam L. Solid line graphs indicate the uniform cylinder model, while
dotted line graphs are for the tapered cylinder models with §§ values shown on the graph.
Matching colors indicate models with the same volumes based on the corresponding p
values. Shaded regions represent values based on the average and standard deviation of 8
in the porcupine fish spine. Values used for P, L, dp, and f are averages from
experiments. A schematic of the spine cantilever beam test is shown in the top left corner.

edges, they are meant to pierce predators that attempt to eat them.
Instead of considering these spines for needle applications, it may be
more worthwhile to study the spines for their resistance to breakage as
well as their ability to act as a deployable defense that can be
compacted after use. In fact, porcupine fish spines have already been
used for helmets in Polynesian island natives to defend against
weapons made of shark teeth (Gudger, 1930), as shown in Fig. 15.

5. Conclusions

The structure, composition, and mechanical properties of the
porcupine fish spines from Diodon holocanthus and Diodon hystrix
were explored for the first time. There were no striking differences
between the morphology of the spines of the two species. X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), and
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Fig. 15. Porcupine fish helmet created by Gilbert Island Natives (Pitt Rivers Museum).

thermogravimetric analysis (TGA), were used to determine the com-
position of the spine. Micro- and nano-computed tomography (CT),
light microscopy, scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM) were used to observe the macro- and
microstructure of the spine. Mechanical properties were assessed using
both nanoindentation and a cantilever beam test. The major findings
are:

® D. holocanthus and D. hystrix specimens had body lengths of ~9 cm
and ~19 cm, respectively. D. holocanthus spines, for which mechan-
ical testing was done were ~10 mm in length and ~1 mm in
diameter.

e Spines of both species contain different ratios of mineral, protein,
and water in different sections of the spine. The spinous process is
the most mineralized, the lateral processes were less mineralized,
and the spine base, which includes the axial process, was the least
mineralized. The mineral component is nanocrystalline hydroxya-
patite with crystallite sizes of ~20 nm and the protein component is
collagen.

o The spine is composed of multiple layers with an intricate micro-
structure with four main layers from deep to superficial: a miner-
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alized core, a porous fibrillar layer, a layer of connective tissue, and a
layer of skin that is outside of the connective tissue.

® The spine is composed of radially aligned sheets of longitudinally
aligned, mineralized, collagen fibrils. In between these sheets are
layers of radially aligned collagen fibrils. The spine also has
concentric growth rings in the transverse cross-section.

e Nanoindentation showed that the spine has a Young's modulus that
ranges from 6.7 to 20. 4 GPa and a hardness that ranges from 291 to
821 MPa along the spine length. Gradients in Young's modulus and
hardness were found in the longitudinal direction of spinous
process, and the distal region of the spine was stiffer and harder
than the remainder of the spine.

e Cantilever beam tests were performed and a mathematical model for
a tapered beam (spine) was compared to that of a uniform beam.
The comparison showed that while the maximum stress and Young's
modulus of the two configurations were not significantly different,
the location of the maximum stress for the tapered beam is near the
tip of the spine rather than at the spine base, which is the maximum
stress location for a uniform beam. The tapering is beneficial so that
if a spine breaks, it breaks at the tip, thus preserving the majority of
the spine.
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