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ABSTRACT

Dermal plates from armored catfish are bony structures that cover their body. In this paper
we characterized structural, chemical, and nanomechanical properties of the dermal plates
from the Amazonian fish Pterygoplichthys pardalis. Analysis of the morphology of the plates
using scanning electron microscopy (SEM) revealed that the dermal plates have a
sandwich-like structure composed of an inner porous matrix surrounded by two external
dense layers. This is different from the plywood-like laminated structure of elasmoid fish
scales but similar to the structure of osteoderms found in the dermal armour of some
reptiles and mammals. Chemical analysis performed using Fourier transform infrared
spectroscopy (FTIR), differential scanning calorimetry (DSC) and X-ray diffraction (XRD)
results revealed similarities between the composition of P. pardalis plates and the elasmoid
fish scales of Arapaima gigas. Reduced moduli of P. pardalis plates measured using
nanoindentation were also consistent with reported values for A. gigas scales, but further
revealed that the dermal plate is an anisotropic and heterogeneous material, similar to
many other fish scales and osteoderms. It is postulated that the sandwich-like structure of
the dermal plates provides a lightweight and tough protective layer.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

covered by dermal plates. Pterygoplichthys are medium to
moderately large fishes. Adults generally measure 30 to

Pterygoplichthys pardalis is an armoured catfish that inhabits
the Amazon River. It belongs to the Loricariidae family, an
extremely large and diverse group of American freshwater
fish (Birindelli et al., 2007; Ferraris, 2007; Isbriicker, 1980; Reis
et al., 2003). Fish species from the Loricariidae family have
sucker mouths and are characterized by a depressed body
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55 cm (Nico et al., 2009) although their maximum size prob-
ably exceeds a total length of 70 cm (Liang et al., 2005).

Fish dermal armour appeared at the beginning of the
Paleozoic era during the Ordovician period, approximately
500 million years ago (Hoedeman, 1974), and was common
among these early fish (Colbert, 1955). Romer (1933) proposed
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the hypothesis that the dermal armour served as a protection
from predators. Ancient fish armour has evolved in terms of
their multi-layered material structures and overall geome-
tries (Bruet et al., 2008). Larger plates broke up into many
smaller ones, the thickness of various layers decreased, and
the number of layers decreased, improving the flexibility and
manoeuvrability of the fish and increasing their speed
(Colbert, 1955).

Most fish are covered by scales. Scales are similar to other
collagen-based natural structures such as bones, teeth and
mineralized tendons (Torres et al., 2008). For example, elas-
toid scales are plywood-like structures of closely packed
collagen fibre layers reinforced with a mineral phase of
calcium-deficient hydroxyapatite (Ikoma et al., 2003). By
contrast, armoured catfish do not have scales but rather
different types of dermal elements such as odontodes, teeth
and dermal denticles, cranial dermal bones, postcranial
dermal plates, or scutes (Sire and Huysseune, 2003). However,
little is known about the structural, chemical and mechanical
properties of individual dermal armour plates and scutes
(Bruet et al., 2008).

The aim of this paper is to study the structure of P. pardalis
plates using a materials science approach, in order to reveal
the relevant structure-properties relationships that occur at the
micro- and nanoscale. The properties of P. pardalis dermal
plates have also been compared with those of Arapaima gigas
fish scales since both are examples of collagen-hydroxyapatite
nanocomposites. An improved understanding of structure-
property relationships in fish dermal elements provides valu-
able information for the use of these systems as models for the
development of bioinspired nanocomposites.

2. Experimental methods
2.1. Materials

Dermal plates (Fig. 1) from the Amazonian fish P. pardalis
(body length 35 cm) were removed, washed and stored under
standard conditions (20 °C and 80% relative humidity). Der-
mal plates from two specimens were used. They were around
15 mm in length and 1.5 mm in thickness. A different dermal
plate was used in each individual test.

2.2. Fourier transform infrared (FTIR) spectroscopy

In preparation for FTIR analysis, the dermal plates were
washed with distilled water, ground, and dried in a desicca-
tor. Samples were prepared as KBr pellets. IR analysis was
performed using a Lambda scientific FTIR-7600 (Australia)

Fourier transform spectrometer. FTIR spectra were recorded
at room temperature (26 °C), averaging 150 scans with a
nominal resolution of 4cm™! over the frequency range of
4000 cm ™" to 400 cm .

2.3.  Differential scanning calorimetry (DSC)

In preparation for DSC tests, dermal plate samples were
washed with distilled water, ground, and dried in a desiccator
overnight. Around 10 mg of pulverized plates were loaded
into sealed aluminium pans. DSC tests were performed in a
Perkin-Elmer DSC 4000 (Waltham, MA) differential scanning
calorimeter. Nitrogen was used as purging gas and the flow
rate was controlled at 20 ml/min. For each run, samples were
heated from 10 °C to 450 °C at a heating rate of 3 °C/min.

2.4.  Scanning electron microscope (SEM)/energy dispersive
X-ray spectroscopy (EDX)

Dermal plate samples were cleaned with ozone before placing
them into the SEM. Tests were performed in a FEI-QUANTA
200 (Hillsboro, OR) SEM equipped with an energy-dispersive
X-ray spectroscopy detector. Tests were carried out in low
vacuum with a voltage of 30 kV and a working distance in the
range of 9.9-11.2 mm.

2.5.  X-ray diffraction (XRD)

X-ray diffraction analysis of all the dermal plate samples
were performed in a BRUKER D8-FOCUS (Germany) diffraction
system, using K,; — Cu (1=1.5406 A) radiation. Samples were
analyzed over a 20 range of 10° to 80° with a sampling interval
of 0.02°. Crystallographic identification of the phases was
accomplished by comparing the experimental XRD patterns
to standards compiled by the Joint Committee on Powder
Diffraction and Standards (JCPDS).

2.6.  Nanoindentation analysis

In preparation for nanoindentation, three 3-5 mm long cross-
sections from the dermal plates were cut, mounted in acrylic
resin stubs, and progressively polished (using sand paper and
slurries down to a 0.25um diamond paste) using standard
polishing equipment. Nanoindentation analysis of embedded
samples was performed using a Hysitron TI950 Triboindenter
(Minneapolis, MN) equipped with a Berkovich tip. A mini-
mum of 120 indents spaced by at least 15 pm were performed
across the surface of each sample, targeting both matrix and
filled pores. The same trapezoidal load function (load over

Fig. 1 - Extraction of Pterygoplichthys pardalis dermal plates.
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10's to a peak load of 1000 uN, hold for 30 s, and unload over
10 s) was used for all indents. Three parallel lines of indents
with 15 um spacing between lines, and spacing of 40 or 80 um
between indents within each line were also performed at
several locations across each sample.

2.7. Statistical analysis

To investigate differences in mean moduli measured in each
cross-section, nanoindentation results were analysed using a
one-way ANOVA followed by Bonferroni post-hoc analysis at
a family significance level of 0.05.

3. Results and discussion

Vertebrates present several types of external skeletal compo-
nents (dermal skeleton), including osteoderms, scales, scutes,
squamulae, spines and tesserae. According to Francillon-Vieillot
et al. (1990) the term osteoderms refers to the mineralized plates
in the dermis of amphibian, reptiles and mammals, whereas the
term scale is used to describe the mineralized elements formed
in the dermis. Fish scales are further classified as placoid, ganoid,
cosmoid and elasmoid scales, among others (Yang et al., 2013a,
2013b). According to Sire and Huysseune (2003), the term scutes
is used for the postcranial dermal plates of armoured catfish
(Callichthyidae, Loricariidae, Doradidae, among others). These
dermal plates are composed of osseous tissue and are similar to

&
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the osteoderms that occur in some reptiles and mammals
(Francillon-Vieillot et al., 1990).

The P. pardalis dermal plates are different in appearance from
elasmoid fish scales, which are thin flat osseous plates. Dermal
plates from P. pardalis are not flat but have a three dimensional
“V” shape. They are around 15mm in length and 1.5mm in
thickness, having an aspect ratio (=total length/thickness) of 10
and a degree of imbrication (=exposed length/total length) of
0.50 (Fig. 2). The internal surface, which is not in contact with
water, has a smooth texture. By contrast, the external surface
has a rough texture due to the presence of tubercles (Song et al.,
2010). A more detailed view of the periodic arrays of hemisphe-
rical tubercles can be observed in Fig. 3 (arrows). According to
Sire et al. (2009), these tubercules are found on the scutes of
armoured catfish (callichthyids, loricariids and doradids) and are
referred to as dermal denticles, which are tooth-like elements.
These characteristics are consistent with the function of the
outer layer of the dermal armour, which serves as protection
against predators. Song et al. (2010) reported that the presence of
tubercles on the external surface has implications for both
penetration resistance and hydrodynamics. The penetrating
tooth of a predator would have to indent or bend the tubercles
first in order to penetrate the external layer of the dermal plates,
and the tubercles also modify viscous drag forces, surface shear
stress and skin friction.

Fig. 2 also shows a schema of the hierarchical structure of
the dermal plates of P. pardalis. The dermal plates present in
this specimen show a sandwich-like structure, characterized

Pterygoplichthys Pardalis

Mineralized Collagen Fibrils

Collagen

Mineralized Collagen Fibrils

Fig. 2 - Hierarchical structure of the dermal armor of P. pardalis.
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Fig. 3 - Scanning electron microscopy (SEM) image of a
cross-sectional.
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Fig. 4 - Scanning electron microscopy (SEM) image of a
cross-sectional view of the internal layer of P. pardalis
dermal plate.

by external and internal laminated layers (around 50 pm in
thickness) of mineralized collagen fibrils surrounding an
inner porous matrix (around 700 pm in thickness) of disorga-
nized mineralized collagen fibrils (Fig. 4).

Two types of pores can be observed in the inner porous
matrix. The smaller group of pores (~30pum) appear to be
empty while the other types of cavities (bigger pores, ~70 um)
are filled with some type of proteinaceous material, as
illustrated by the EDX results in Fig. 5. The EDX results
showed that the material inside the filled cavity is mainly
composed of carbon (81 wt%), with a minimum percentage of
calcium (3wt%). On the other hand, the inner matrix is
composed of 58 wt% of carbon, 14 wt% of oxygen, 7 wt% of

phosphorus and 20 wt% of calcium (Fig. 6). This suggests that
the cavities are filled with some type of protein material,
because of the high presence of carbon and low presence of
calcium, which is different from the highly mineralized
material that forms the inner matrix itself.

The pores seem to be surrounded by concentric layers
(Fig. 4) of lamellar bone. These pores are similar to the pores
found in the dermal plates of alligators, which also show a
porous internal structure with round pores surrounded by
concentric lamellar ring layers (Chen et al., 2014). According
to Yang et al. (2013a), mechanical properties of bony scales and
osteoderms are dependent on the degree of porosity, with
modulus and strength decreasing with increasing porosity.
This will likely also apply in the case of P. pardalis, given that
there are different kinds of pores present in the inner matrix.

A similar sandwich structure of dense outer layers sur-
rounding a porous core are found in bony structures in many
animals and locations, including turtle shell (Achrai and
Wagner, 2013), armadillo osteoderms (Yang et al., 2013a),
alligator osteoderms (Sun and Chen, 2013), as well as skull
and rib bones (Yang et al., 2013a). This geometry is thought to
provide low density combined with bending stiffness and the
ability to absorb energy (Yang et al., 2013a; Sun and Chen,
2013), beneficial attributes for a light-weight catfish armor.

The sandwich nanocomposite structure of the dermal
plates studied here, while similar to some osteoderms, is
rather different from the structure of elasmoid fish scales
which present a plywood-like laminated morphology formed
by multiple collagen layers reinforced with hydroxyapatite.
For instance, scales from A. gigas are around 1mm in
thickness and are made up of collagen layers that range from
40 to 100 pm in thickness (Torres et al., 2014).

In spite of the morphological differences, the dermal plates
studied here have similarities in chemical and mechanical
properties with fish scales. Both of these dermal armours
combine the functions of protection, flexibility and toughness
(Chen et al., 2012), which explains the similarities in character-
istics. For instance, the FTIR spectra of representative P. pardalis
dermal plates and A. gigas scales (depicted in Fig. 7) both show
the characteristic organic absorption bands of amide I
(1654 cm™1), amide 1T (1457 cm™%) and amide III (1245cm™?)
(Tkoma et al, 2003; Aluigi et al., 2007; Yang et al, 2014),
indicative of the presence of collagen. The inorganic content
of both the A. gigas scale and the P. pardalis dermal plate are
associated with the hydroxyapatite absorption bands at 559 and
1026 cm~ ! (phosphate groups), consistent with hydroxyapatite.

The X-ray diffractograms of P. pardalis dermal plates and
A. gigas scales also show striking similarities (Fig. 8). Both
spectra show similar peaks at 20=25.9°, 32.2°, 39.4°, 47.3°,
49.3° and 53.4° corresponding to the apatite structure (lkoma
et al,, 2003). These XRD results are in agreement with the
previous results of tests performed on fish scales (lkoma
et al,, 2003; Lin et al.,, 2011; Torres et al., 2008). In addition,
representative thermograms of a P. pardalis dermal plate and
a A. gigas scale sample (Fig. 9) reveal the same three
endothermic peaks at 77 °C, 213 °C and 306 °C. The first peak
is related to the collagen denaturation process, the second
peak is associated with the melting and decomposition of
collagen, and the third peak is related to thermal degradation
of collagen (Uskokovic et al., 2003).
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Fig. 5 - EDX analysis of filled porous from P. pardalis dermal plate.
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Fig. 6 - EDX analysis of inner structure porous matrix from P. pardalis dermal plates.
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Fig. 7 - FTIR spectra of Arapaima gigas scales (adapted from Torres et al., 2008) and P. pardalis dermal plates.

Together, these analyses suggest that P. pardalis dermal composition, being primarily collagen and hydroxyapatite, is
plates have similar composition to A. gigas scales, being a reasonable result. Combined with the microstructural
composed of mineralized collagen fibrils in a bony structure. analysis (Fig. 4), it seems likely that the outer layers are
Since most dermal armours, including fish scales and osteo- composed of lamellar (parallel-fibered) bone while the inner
derms, include a bony layer (Yang et al., 2013a), the chemical porous matrix is composed of a mix of porous and dense
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Fig. 8 - XRD diffractogram of A. gigas scales (adapted from Torres et al., 2008) and P. pardalis dermal plates.
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Fig. 9 — DSC thermogram of A. gigas scales (adapted from Torres et al., 2012) and P. pardalis dermal plates.

Fig. 10 - Illustration of three sections cut, embedded and
polished for nanoindentation testing.

bone, with lamellar rings around the pores, and with varying
degrees of mineralization.

Fig. 10 shows the three sections analysed by nanoindenta-
tion. The reduced modulus (E,) values for the matrix, includ-
ing indents from all three sections, ranged from 4.4 to
31.4 GPa, with an overall mean and standard deviation of
15.6+5.5 GPa. This result is in good agreement with nanoin-
dentation tests carried out on fish scales. For instance, Torres
et al. (2014) found E, ranging 5-30 GPa for A. gigas scales, Chen
et al. (2012) obtained 15.7+5.1 for the internal regions of A.

Table 1 - Matrix reduced modulus values for each section

reported as mean +standard deviation. The number of
indents averaged in each section is also reported (n).

Section E, (GPa) n

A 21.0+4.2 108
B 16.2+3.9 67
Cc 11.3+2.3 150

gigas scales, and Lin et al. (2011) reported 16.7 +-4.0 GPa for the
internal regions of A. gigas scales. Polishing removed more
material from the filled pores than from the surrounding
matrix or embedding resin, suggesting that the less miner-
alized material filling the pores has a lower hardness than the
mineralized matrix, as expected based on the chemical
analysis. However, the increased wear resulted in rough,
irregular surfaces in the pores that lead to inconsistent
mechanical property assessment using nanoindentation, so
the modulus of the material filling the pores could not be
accurately measured.

Matrix modulus values by section (Table 1) show regional
variations in modulus, with reduced moduli ranging from
11.34+2.3 to 21.0+4.2 in different sections, in fairly good
agreement with nanoindentation tests carried out on osteo-
derms. For example, alligator osteoderms were found to have
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Fig. 11 - Distribution of E, values measured in the three
different cross-sections.

reduced moduli ranging from 13.9+2.1 GPa to 20.3+3.4 GPa in
different regions (Sun and Chen, 2013), while a turtle shell
had moduli ranging from 13.8+1.9 to 20.0+2.0, also varying
with region and orientation (Achrai and Wagner, 2013).

The large standard deviation of the matrix E, values could
be due to the fact that the dermal plates do not present a
homogeneous structure. The matrix modulus values by sec-
tion shown in Table 1 suggest that the matrix is anisotropic,
with the mean E, perpendicular to the plate (section C), being
significantly lower than the mean E, within the plane of the
plate (sections A, B) (p<0.001). The mean reduced moduli of
different sections within the plate were also significantly
different (p<0.001), suggesting additional orientation or
location related variations in modulus. Similarly, Yang et al.
(2014) reported that in-plane anisotropy exists in both the
cycloid and ctenoid scales, and anisotropy in mechanical
properties has been reported in alligator osteoderms (Sun and
Chen, 2013) and turtle shells (Achrai and Wagner, 2013). The
density functions in Fig. 11 support the conclusion of aniso-
tropy, and further illustrate that there can also be significant
variability in matrix modulus within a given cross-section.
These local inhomogeneities could be due to regional differ-
ences in fiber orientation, as seen in Fig. 4, regional differ-
ences in the degree of matrix mineralization, or differences in
proximity to pores beneath the surface.

In fish, dermal armour is designed to be lightweight,
flexible and tough (Yang et al, 2014). In P. pardalis, this
combination of properties comes from overlapping layers of
dermal plates with a sandwich structure containing a porous
inner matrix. This sandwich structure is similar to the
microstructure of osteoderms found in some reptiles and
mammals (Yang et al.,, 2013a). Hence, similar deformation
mechanisms likely apply. The porous inner matrix decreases
the density of the dermal plate, thereby making it more
lightweight. The porous inner matrix also provides a tough-
ening mechanism, the ability to absorb energy by deforma-
tion of the less stiff (more porous) cellular foam, thereby
preventing fracture of the outer lamellar layers (Sun and
Chen, 2013). Flexibility is achieved by arranging these plates
in overlapping layers, a structure that is also implemented in
some military armour (Yang et al.,, 2013a). The attachment of
these individual plates by nonmineralized collagen can also

help dissipate energy under low loads (Sun and Chen, 2013),
further enhancing the toughness and flexibility of the
armour.

4, Conclusions

P. pardalis is usually a bottom-dwelling fish, which explains
its lateral and top strong dermal armour in order to protect
itself from predators, such as aquatic snakes, freshwater
turtles, large catfishes and other predatory fishes (Nico,
2010). The dermal plates from P. pardalis have been charac-
terized using a materials science approach and compared to
scales from A. gigas. The morphology of the dermal plates is
different from the A. gigas fish scale morphology. While
scales from A. gigas are laminated composites (with layers
40-100 pm in thickness), dermal plates have a sandwich-like
structure with an inner porous matrix (around 700 pm in
thickness) sandwiched between external and internal lami-
nated layers (around 50 pm in thickness) more comparable to
osteoderms.

However, infrared spectroscopy, X-ray spectroscopy and
thermal analysis by differential scanning calorimetry
revealed chemical similarities between P. pardalis dermal
plates and scales from A. gigas. This can be accounted for
by the fact that they are both composed primarily of collagen
and hydroxyapatite in a bony structure. The nanoindentation
results are also in good agreement with nanoindentation
tests carried out on fish scales from A. gigas, exhibiting a
similar range and overall average reduced modulus. Detailed
analysis of the nanoindentation results further shows that
the average value of the reduced modulus depends on the
orientation of the surface where the modulus is measured,
suggesting that the dermal plates are anisotropic, similar to
many other fish scales and osteoderms.

Based on comparisons to other studied organisms, it
seems likely that the P. pardalis dermal plates provide
protection through a variety of mechanisms. The tubercles
on the outer surface help prevent predator tooth penetration,
while the porous inner matrix can deform to help absorb
energy during an attack, increasing the toughness of the
dermal plate to prevent fracture and penetration to the soft
tissue.
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