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Fish scales serve as a flexible natural armor that have received increasing attention across the materials
community. Most efforts in this area have focused on the composite structure of the predominately
organic elasmodine, and limited work addresses the highly mineralized external portion known as the
Limiting Layer (LL). This coating serves as the first barrier to external threats and plays an important role
in resisting puncture. In this investigation the structure, composition and mechanical behavior of the LL
were explored for three different fish, including the arapaima (Arapaima gigas), the tarpon (Megalops
atlanticus) and the carp (Cyprinus carpio). The scales of these three fish have received the most attention
within the materials community. Features of the LL were evaluated with respect to anatomical position to
distinguish site-specific functional differences. Results show that there are significant differences in the
surface morphology of the LL from posterior and anterior regions in the scales, and between the three fish
species. The calcium to phosphorus ratio and the mineral to collagen ratios of the LL are not equivalent
among the three fish. Results from nanoindentation showed that the LL of tarpon scales is the hardest,
followed by the carp and the arapaima and the differences in hardness are related to the apatite structure,
possibly induced by the growth rate and environment of each fish.

Statement of Significance

The natural armor of fish, turtles and other animals, has become a topic of substantial scientific interest.
The majority of investigations have focused on the more highly organic layer known as the elasmodine.
The present study addresses the highly mineralized external portion known as the Limiting Layer (LL).
Specifically, the structure, composition and mechanical behavior of the LL were explored for three differ-
ent fish, including the arapaima (Arapaima gigas), the tarpon (Megalops atlanticus) and the carp
(Cyprinus carpio). Results show that there are significant differences in the surface morphology of the
LL from posterior and anterior regions in the scales, and between the three species. In addition, the com-
position of the LL is also unique among the three fish. Results from nanoindentation showed that the LL of
tarpon scales is the hardest, followed by the carp and the arapaima and the differences in hardness are
related to the apatite structure, possibly induced by the growth rate and environment of each fish. In
addition, a new feature was indentified in the LL, which has not been discussed before. As such, we feel
this work is unique and makes a significant contribution to the field.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Structural materials in nature have been increasingly studied
over the last decade and they are serving as a source of inspiration
in the generation of new engineered materials with advanced
properties [1–3]. Nature utilizes minerals and proteins as the
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primary building blocks for hard tissues and largely controls the
mechanical behavior through modulation of the mineral content
[4]. However, for some structural biological materials there are
additional features of the microstructure that yield further
improvements in performance.

Within the theme of bioinspiration, scientists have been fasci-
nated by natural structural materials, which exhibit high specific
strength and toughness [5]. Natural armors, in particular, are a spe-
cial class of composite materials consisting of a matrix of collagen
[4,6] or keratin fibers [7]. Fish scales have drawn considerable
attention due to their laminated composite structure, their flexibil-
ity (i.e low resistance to bending) and their specific strength and
toughness [8]. These qualities could have evolved to meet the
specific requirements of each fish according to its habitat and
predator/prey relationships.

Elasmoid scales are found on teleost fish. In comparison to the
other types of scales, elasmoid scales are thin and compliant,
which permits large range of motion, greater swim speeds and
facilitate the multifunctional needs of propulsion and protection
[9–11]. In comparison, ganoid scales are more rigid and exhibit a
layered microstructure resembling that of teeth [12,13], They are
much stiffer, which would appear to be designed to enhance pro-
tection. Elasmoid scales can be divided into a posterior or exposed
region, and an anterior region that is mostly covered by other
scales and embedded within the skin (Fig. 1A). The posterior area
of the scale has a high roughness related to hydrodynamic proper-
ties during swimming [14]. In comparison, the anterior area con-
sists of grooves in the radial direction (radii) and ridges that
form circular rings (circuli) around a central area called the ‘‘focus”
[15]. The radii and circuli of scales possibly provide increased flex-
ibility and a means of maintaining the scale attachment, respec-
tively [11]. While these morphological features would be
expected to possess geometry important to function, a quantitative
comparison of these external features among fish of different spe-
cies has not been reported.

The overall structure of elasmoid scales consists of three dis-
tinct layers across the thickness (Fig. 1B). The Limiting layer (LL)
is the most external and highly mineralized region of the scale
and has been regarded as the first barrier against penetration
[11]. Based on earlier studies [16–18], the LL is a mineral matrix
with randomly dispersed thin (30–50 nm in diameter) collagen
Fig. 1. Scales of the carp, tarpon and arapaima. A) Relative geometry and size of the sca
anterior is the part of the scale that is embedded beneath other scales, which is towards t
B) SEM image of the cross-section of a representative tarpon scale denoting the three dis
elasmodine (IE). The differences in grayscale between these three regions is attributed to
fibers. The mineralization front extends from the LL into the under-
lying elasmodine, which is a laminate consisting of discrete plies of
unidirectionally aligned collagen fibers with a diameter of between
100 and 160 nm [9,17]. The plies are rotated at specific angles with
respect to one another and exhibit a thickness that is dependent on
the fish [8]. The elasmodine can be divided into two discrete layers,
including the external elasmodine (EE) and the internal elas-
modine (IE), which are differentiated only by the lower mineral
content of the later.

The LL is clearly a key layer of the structure of elasmoid scales. It
is in direct contact with the environment and would be expected to
have additional functions beyond simply contributing to the pene-
tration resistance [11]. Understanding the limiting layer and its
functions could contribute to biomimetic designs for abrasion
resistant coatings, surface treatments of engineered composites,
etc. However, there is less detailed knowledge on the structure
and properties of the LL from elasmoid scales in comparison to
the elasmodine. In addition, no study has compared the composi-
tion and properties of the LL for scales of fish across species or from
different habitats. Therefore, the objective of the present study is to
characterize the LL of scales from selected species of fish for the
first time, and to extend the current knowledge of this mineral sys-
tem. The focus of this evaluation it the morphology of the scales,
their composition, and the corresponding mechanical properties.

2. Materials and methods

Elasmoid scales were harvested from the bodies of three
different fish including the Cyprinus carpio (i.e. freshwater carp),
theMegalops atlanticus (i.e. tarpon), and the Arapaima gigas (i.e. pir-
arucú). For simplicity, these three fish are referred to as the carp,
the tarpon and the arapaima, respectively. Scales from these three
fish were selected for evaluation due to the differences in locomo-
tion and habitat, which could contribute to the development of
unique structure and properties of the LL. In addition, the scales
from these three fish have received the most attention in the engi-
neering and materials science literature. The carp represents the
control for this study as they are raised within a controlled aquatic
environment. Being raised in captivity, this fish has no natural
predators and special needs for locomotion or protection. The
tarpon and the arapaima were wild fish captured in the Caribbean
les, as well as identification of the anterior and posterior regions of the scales. The
he head, and the posterior is the part which is exposed and oriented towards the tail.
tinct regions including the limiting layer (LL), external elasmodine (EE) and internal
the differences in mineral content, including highest in the LL and lowest in the IE.
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Sea and the Amazon River, respectively. The tarpon inhabits both
fresh and salt waters of the Atlantic. With a top speed of near 7
kph it is one of the ten fastest fish of the world. Speed is important
for evading predators and feeding. Lastly, the arapaima is one of
the largest freshwater fish in the world and inhabits the Amazon
River Basin in South America. Each fish inhabits a different natural
environment, and has unique protective requirements. One differ-
ence worth noting among the three fish was their size. According
to their weight (3.4, 5.5 and 20 kg, respectively) and length (53,
75 and 157 cm, respectively), the fish ranged between 3 and 6
years of age.

The scales were extracted from the body of each fish within
three characteristic regions, namely the head, middle and tail
regions. These regions corresponded to distances from the gill plate
of 15%, 40% and 80% of the total number of scales along the lateral
line, respectively. The extraction was performed by hand and
achieved by gentle pulling of the scale. After extraction, the scales
were stored in Hanks Balanced Salt Solution (HBSS) at room tem-
perature. The scales from each fish were divided into two groups,
including one for evaluating external features of the LL (topogra-
phy), and one for evaluating properties over the cross-section
including chemistry and hardness.

The external topography of the limiting layer was evaluated
using a surface profilometer (MarSurf XR 20, Göttingen, Germany)
with skidless contact probe and 2 lm diameter. Surface profiles
were obtained perpendicular to the circuli ridge line within the
anterior and posterior regions of selected scales. These profiles
were acquired using a traverse length of 10 mm. The surface pro-
files were used in calculating the peak to valley height (Ry) and
wavelength of the circuli within selected windows of evaluation
distributed across the total length of the scales. In addition, the
microscopic features of the surfaces were evaluated via scanning
electron microscopy (SEM) in secondary electron imaging mode
(JEOL, model JSM-6010PLUS/LA, Peabody, MA). The samples were
sputtered with Au/Pd to facilitate prior to the SEM evaluation.

Within a week of extraction the scales selected for cross sec-
tional analysis were fixed in 2% glutaraldehyde buffered with 0.1
M sodium cacodylate with pH = 7.2 for 4 h. They were then rinsed
in 0.1 M sodium cacodylate buffer followed by post-fixation in 1%
osmium tetroxide buffered with 0.1 M sodium cacodylate for 2 h.
After rinsing, the scales were dehydrated through an ascending
ethanol series from 50 to 95%, followed by 100% of acetone and
instant dehydration in 2,2-dimethoxypropane (DMP) for 5 h.
Instant dehydration and rinsing with 100% acetone was followed
by infiltration of the scales in Mollenhauer resin.

To evaluate the structure and composition across the thickness,
selected scales were cross-sectioned and then faced with a micro-
tome using a glass knife (Leica EM UC6 Ultramicrotome, Vienna,
Austria). Raman spectroscopy was performed with a Renishaw
inVia system equipped with a Leica DMIRBE inverted optical
microscope (Renishaw, Wotton-under-Edge, United kingdom) uti-
lizing a 785 nm Diode laser (50% power) in backscattering config-
uration to quantify the chemical composition and the
distribution of mineral content. The instrument was calibrated to
the Stokes Raman signal at 785 cm�1 using a bulk single crystal
of Si with the direction oriented normal to the laser. A 50 aperture
was used with pinhole, resulting in an approximately 2 lm diam-
eter sampling cross section. The spectral samples were collected
over 20 s exposure time and were carried out through the thick-
ness of the limiting layer of head scales over an equidistant distri-
bution of evaluation points. The number of points ranged from
three to six, according to the limiting layer thickness. The Raman
peaks were used to determine the modes of vibration of the phos-
phate and collagen. To quantify the mineral stoichiometry, X-ray
photoelectron spectroscopy (XPS) experiments were performed
using a Kratos Axis Ultra DLD photoelectron spectrometer (Manch-
ester, UK) operated with a monochromatic Al Ka X-ray source (HV
= 1486.6 eV) at 20 mA and 15 kV. The surfaces were briefly sput-
tered with 5 keV argon ions prior to analysis. High resolution imag-
ing was performed in parallel imaging mode at field of view 1 or 2
(800 or 400 mm) with single point background corrections
recorded at binding energies 10 eV below the corresponding peak.
High-resolution O 1s, N 1s, C 1s, P 2p and Ca 2p spectra were
acquired with an analyzer pass energy of 160 eV with a data point
spacing of 0.5 eV/step at field of view 2. Measurement locations
where distributed across the LL of each fish with a spot size of
15 mm.

Preliminary information on the atomic distribution of trace ele-
ments in the LL layers was also detected by Atom Probe Tomogra-
phy (APT). Samples were prepared using the dual-beam SEM/FIB
instrument (Helios Nanolab, FEI, Hillsboro, Oregon) using estab-
lished protocols [19]. A rectangular coating of platinum (FIB-Pt)
of roughly 2 � 15 mm was deposited over a region of interest on
the polished cross-section using the ion beam (30 kV, 46 pA). A
wedge of material below the Pt coating was cut out and sequen-
tially affixed to the tops of Si posts in an array (Cameca Scientific
Instruments, Madison, WI) with FIB-Pt and a final width of 1–2
mm. Each tip was shaped and sharpened using annular milling pat-
terns of increasingly smaller inner and outer diameters. The major-
ity of the amorphized surface region and implanted gallium in the
tip surface was removed by milling at 2 kV, 24 pA. The APT analy-
ses were conducted in a Cameca local-electrode atom-probe tomo-
graph (LEAP 4000XSi, Cameca, Madison, WI) using a pulsed laser
(k = 355 nm, 100 kHz, 100 pJ per pulse). The DC potential on a
microtip during APT was controlled to maintain an evaporation
rate of 0.0025 or 0.005 ions per laser pulse. The base temperature
of the microtip was maintained at 60 K and the ambient vacuum
pressure was below 10�8 Pa.

Nanoindentation was performed to evaluate the mechanical
properties of the LL as a function of depth, which could be different
between fish as a result of the LL composition and differences in LL
thickness. The experiments were performed using an Ubi1
nanomechanical test instrument (Hysitron, Inc., MN) and a Berko-
vich indenter with 150 nm tip radius. Indentations were performed
after ascending ethanol treatment using a conventional trapezoidal
loading scheme including a 10 s loading period, 5 s hold at maxi-
mum load and 10 s unloading. Hardness values were obtained
from the maximum load, divided by the indentation area, and
the reduced elastic modulus was obtained from the indentation
stiffness at unloading versus indentation depth curve, following
the Oliver and Pharr method [20]. Indents were made over the LL
thickness in increments of 10 mm for the carp and every 15 mm
for the tarpon and arapaima. An array of 6 indents were performed
at each point to obtain the average hardness and elastic modulus
values. In addition, scanning probe microscopy (SPM) images of
the cross-sectional topography were obtained using the in situ
scanning capability of the nanoindenter to ascertain the quality
of indents and features of interest identified using the optical
microscope.

Lastly, the moment of inertia (first moment of area) was calcu-
lated for the scale geometry of all three fish, to better understand
the effects of the differences in their cross-section geometry and
the elastic modulus variations across the thickness. The moment
of inertia was calculated for flexure of the scales about the axis per-
pendicular to the longitudinal axis of the fish. Estimates were
obtained for scales from the head, middle and tail regions of each
fish, and according to the geometry of the scale within the mid-
anterior region. The calculations were conducted for the composite
layer construction, which included the section thickness of the
internal and external elasmodine, the LL cross-section, and the
elastic moduli for each of these regions, which were obtained from
nanoindentation. The geometry of the LL was modeled according to
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the section profiles obtained from profilometry, as well as the base
LL thickness beneath the circuli.

An evaluation of the quantitative measures of the LL character-
istics was conducted to identify significant differences using a two-
way Analysis of Variance (ANOVA) and Tukeys HSD test. Signifi-
cance differences were identified by p � 0.05.
Fig. 2. The surface morphology of the limiting layer seen from top (external) view. The
including (from left to right) 15%, 30%, 50%, and 70% of the total length. Note that the loc
scales, scale bar = 5 lm; B) tarpon scales, scale bar = 200 lm, C) arapaima scales, scale
extend from the focus.

Fig. 3. Optical images of the limiting layer for the three fish for A) carp (scale bar 50 lm),
LL of the arapaima scales has a cross sectional wave pattern that is clearly seen in D) tran
indicated in Figures A and B (pointers) were noted between the mineralized limiting la
3. Results

3.1. Morphology

The surface morphology of the limiting layer from scales of the
three fish is shown in Fig. 2. Most prominent in these figures are
images were obtained at normalized distances from the posterior edge of the scale
ations of anterior and posterior across the scale surface are shown in Fig. 1. A) Carp
bar = 500 lm. The lines evident in these scales are portions of the scale radii that

B) tarpon (scale bar 50 lm) and C) arapaima (scale bar 200 lm) scales. Note that the
smitted optical light image of the arapaima LL (scale bar 100 lm). Transition zones
yer and the mineralized collagen matrix for the carp and tarpon scales.
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the circuli, which are the continuous mineralized ridges that
extend vertically in these images, particularly in those for the ante-
rior region of the tarpon. Differences in both the geometry and
spacing of the circuli are evident between the three species in both
the anterior and posterior regions. In general, the posterior region
does not exhibit continuous mineralized circuli, but rather exhibits
protrusions with no particular pattern. For the carp (Fig. 2A), an
array of irregular shaped protrusions covers the exposed region
of the scales, which transitions to ridges after the posterior/ante-
rior (P/A) interface. For cycloid scales, including scales of the carp,
Fig. 4. A comparison of the average circuli depth for the LL over the total length of
scales from the posterior edge. The distributions are shown for the three anatomical
positions of the A) carp, B) tarpon and C) arapaima scales. There are significant
differences between the anterior (A) and posterior (P) regions of the scales for all
three fish. Note that scales of the arapaima have the highest peak to valley height in
their surface profile.
it is common for dispersed denticles to begin around the focus of
the scale [21]. Anterior to the focus, progressive agglomeration
and fusion form longer and more uniform ridges in circuli from
the anterior region of the scale. In the tarpon scales, the posterior
region is uniformly covered by tightly packed circular protrusions
(Fig. 2B). At the P/A interface, the circular protrusions transition
into ridges; with proximity to the anterior edge, the separation dis-
tance between the ridges increases, with each protrusion becoming
more clearly distinguishable. For the arapaima (Fig. 2C), protru-
sions are also evident and have a rounded morphology that
changes from the posterior to anterior regions. In the posterior
Fig. 5. A comparison of the circuli spacing on the LL surface of scales from the A)
carp, B) tarpon and C) arapaima in the three anatomical positions. There are
significant differences in the spacing between the three fish and also between
regions. The highlighted data represents spacing distinguished from the protrusions
and not continuous circuli.
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region, the protrusions are rounded and randomly dispersed. After
the P/A interface the protrusions have a tear shape and are
arranged in rows. In comparing the LL morphology of the three fish,
it is interesting that the tarpon scales have the most continuous
ridges, whereas the circuli of the arapaima are limited to individual
protrusions.

Selected optical micrographs for representative cross-sectioned
scales of the three fish are shown in Fig. 3. These images are
focused on the LL within the anterior region to accentuate details
of the circuli geometry. For the carp (Fig. 3A) and the tarpon
(Fig. 3B), the cross sectioned LL exhibits a serrated pattern due to
the distribution of the circuli and their geometry. The average LL
thickness of the carp and tarpon scales from the LL/EE interface
to the circuli peaks is roughly 40 lm and 70 lm, respectively.
For the arapaima, the LL exhibits a much more irregular cross sec-
tion geometry due to the tear shaped protrusions (Fig. 2C). Never-
theless, the average LL thickness (peak to LL/EE interface) is
roughly 300 lm.

There are unique features of the LL from the three fish. For
example, in the carp scales there is a transition zone between
Fig. 6. Evaluation of the limiting layer composition in head scales A) Element distribution
tarpon and arapaima. The areas with high concentrations of nitrogen (green) correspond t
0.5 normalized distance. Differences in B) are related to the changes in the apatite struc
amounts of Mg in the tarpon scales and ions of NaCl on the carp, elements that facilita
figure legend, the reader is referred to the web version of this article.)
the highly mineralized LL and the EE (Fig. 3A). This zone is
located nearest the EE and follows a serrated pattern that is in
phase with the circuli. As evident in Fig. 3A, both the external
circuli and the transition are inclined towards the anterior direc-
tion, having an inclination of approximately 70� with the surface.
Notably sharper than the carp, the circuli of the tarpon were not
inclined (Fig. 3B), and the apparent depth of the valleys in the
circuli is greater than in the carp (Fig. 3A). There is a transition
zone evident between the LL and EE of the tarpon scales as well,
and it is slightly out of phase with the LL profile. The LL of the
arapaima scales is much more irregular (Fig. 3C) in height distri-
bution, which results from the assembly and distribution of min-
eral protrusions. In addition, there are concentric waves evident
in the cross section that resemble the marks generated by waves
on a beach; they are in-phase with the circuli of the LL. These
features can be better appreciated in the transmitted light image
in Fig. 3D from a section of approximately 400 lm thickness. The
vertical distance between these wave-like features decreases
with increasing proximity to the LL/EE interface. Near the outer
edge of the LL the average separation spacing of the waves is
across the thickness of the LL from XPS analysis. Shown, top to bottom are the carp,
o resin used for the scale mount. B) Raman and C) APT spectra of the limiting layer at
ture. The atomic scale evaluation of the elemental composition in C) detected small
te the mineralization process. (For interpretation of the references to colour in this



Table 1
Raman lines and their assignments. m: stretching coordinate; d: deformation
coordinate; cw: wagging coordinate; ct: twisting coordinate; s: strong; m: medium;
w: weak; sh: shoulder; vw: very weak.

Arapaima Tarpon Carp Assignment

383 s 385 s
394 vw 397 s 397 s Pro [21]
431 s 431 m 431 m PO4 m2 [28]

512 m 513 m m(SS); cysteine [26]
584 s 580 vw 581 w PO4 m4 [27]
609 sh m PO4 m4 [28]

621 m 622 m PO4 m4 [28]
647 w Phe [21]

671 m 672 m m4 CO3
2�; carbonate [24,29]

851 m sh 853 vw 853 vw Pro [21]
960 s 960 s 961 s PO4 m1 [24]
1002 w 1002 vw m(cc); Phe [26]
1039 vw 1033 vw 1035 w PO4 m3 [29]

1068 m sh 1068 m CO3 [24,28]
1071 m 1071 m 1071 m PO4 m3 [28]
1111 m sh m(C-N) [21]
1187 m sh Tyr [21]
1245 m sh amide III [26]

1251 s 1252 s amide III [26]
1330 s 1331 s Desmosine [27]

1345 m sh c w (CH3, CH2) [21]
1376 m 1376 w 1374 vw Proteoglycans (PGs) [25]
1450 s 1450 w 1447 m C–H bending [27]

1525 s 1524 s Tyr [22]
1608 s 1605 vw amide I [26]
1673 s 1674 w 1670 w amide I [27]
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roughly 10 lm, and that decreases to almost no distinct wave
feature near the interface with the EE.

As evident from surface views in Fig. 2 and the cross-section
images in Fig. 3, the LL exhibits an interesting external surface
morphology. To achieve an objective comparison, the surface
topography of the scales was quantified in terms of the circuli
depth and circuli spacing. Results for the Circuli Depth (CD) are
presented in Fig. 4 for scales from the three regions of each fish.
For the carp scales (Fig. 4A) there is a significant (p � 0.05)
decrease in CD from the posterior region to the P/A interface, after
which the CD remained constant in the anterior region of the
scales. The CD of the tarpon scales is shown in Fig. 4B and shows
the significant increase in CD from posterior to anterior regions.
Results for the CD for the arapaima scales are shown in Fig. 4C
and show that there is a general decrease in CD from the posterior
to the anterior regions. Although there were no differences in the
CD with respect to anatomical position for the carp and tarpon,
the LL of the arapaima exhibited significant differences with loca-
tion, especially for the posterior zone of scales of the middle region.
(Fig. 4C). The LL of scales from the head and middle regions
decreased from the posterior to the anterior regions, whereas there
was no spatial variation in the LL for the circuli of scales from the
tail. It is important to note that there were substantial differences
in the maximum CD between the three fish. The maximum CD in
order of decreasing depth was found in scales of the arapaima
(�800 mm), carp (�100 mm) and tarpon (�50 mm).

Results for the Circuli Spacing (CS) measurements of scales from
the carp, tarpon and arapaima are shown in Fig. 5A to C, respec-
tively. Clearly evident in this figure, there are differences in the
CS between the three fish. For the carp and tarpon the smallest
spacing was identified in the posterior region, while for the ara-
paima scales it was found in the anterior region. Yet, no significant
differences were found with respect to the anatomical region of the
scales. Trends in CS for scales of the tarpon (Fig. 5B) are similar to
those of the carp, i.e. the CS increases towards the anterior edges.
However, in the case of the tarpon a local maximum is found at
80% of the scale length, followed by a sharp decrease at the anterior
edge. The trend in CS of the arapaima scales (Fig. 5C) contrasts with
that of the tarpon, with largest CS near the posterior edge and
decreases with distance towards the anterior region. In general,
the values range from roughly 400 lm to 200 lm, which agrees
with the earlier findings [22].

3.2. Composition

Fig. 6 shows a summary of the elemental composition of the LL
from scales of the head region from each fish. These results are rep-
resentative of those for the entire fish. No significant differences in
the mineral composition of the LL were found with respect to
anatomical position of the scale [23]. Chemical distribution maps
including calcium (Ca 2P), carbon (C1s) and nitrogen (N1s) across
the LL thickness are shown in Fig. 6A. There was a decrease in
the concentration of calcium from the outer surface of the LL to
the LL/EE interface for all three fish examined. For the arapaima
scales, the volume percent of apatite decreased from 60% to 40%,
while the tarpon and carp scales showed a decrease from 70% to
20%. Representative Raman spectra for each fish are shown in
Fig. 6B and a summary of the spectra identified is listed in Table 1.
The Raman peaks with greatest intensity are attributed to phos-
phate, carbonate and collagen and the secondary peaks are related
to amino acids [24–26]. The m1 phosphate stretching vibration at
961 cm�1 is the strongest marker for the apatite. The m2 and m4
phosphate bending vibrations were also visible at 431 cm�1 and
589 cm�1, respectively. As evident from the review of spectra,
there are differences in the apatite structure, crystallinity and col-
lagen in the LL between the three fish. Most evident, the arapaima
has a different apatite structure in comparison to the carp and tar-
pon, which have a strong band at 1075 cm�1 indicating type B car-
bonate substitution (carbonate substituting for phosphate in the
apatite lattice). Furthermore, there are important changes with
respect to the collagen structure represented by the amide I
(�1677 cm�1) and amide III (�1256 cm�1) peaks. Broad bands
were observed in the amide III (�1253 and 1325 cm�1) [27–32]
for the arapaima, while for the carp and the tarpon these peaks
were narrow and well-defined.

Preliminary results from APT regarding the atom scale compo-
sition of the LL is shown in Fig. 6C. APT has high resolution at
low concentrations, allowing the detection of trace elements like
fluorine with the expected phosphates and carbonates that corre-
spond to apatite. Interestingly, magnesium was only found in the
tarpon scales, while sodium and chlorine were identified in the
carp scales.

3.3. Mechanical behavior

Nanoindentation was performed to evaluate the mechanical
properties of the LL and results are shown in Fig. 7. The distribution
in reduced modulus with normalized distance across the LL of the
three fish is shown in Fig. 7A; the modulus decreases with increas-
ing distance from the surface for all three fish. In recognition that
the LL is a biological material, the LL could exhibit spatial varia-
tions within a scale. To address possible variations, multiple inden-
tation scans were made across the thickness of the LL in adjacent
circuli ridges and results are shown for the reduced modulus of
the arapaima scales in Fig. 7B. As evident in this figure, there were
no significant differences between measurements at the same rel-
ative depth, indicating a high degree of repeatability. A comparison
of the hardness distribution over the normalized LL thickness is
shown in Fig. 7C and the distributions with physical distance are
presented in Fig. 7D. Interestingly, the hardness of the arapaima
LL is lower than that of the tarpon and carp scales near the outer
surface, which is most evident from the normalized distribution
(Fig. 7C). The largest hardness for the arapaima was 1.4 GPa, which
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is comparable to previous results that range between 1 GPa and 2
GPa [10,33]. Furthermore, the gradient in hardness across the
thickness is consistent for the three fish in normalized distance,
but very unique when examined in physical distance. Clearly the
gradient in hardness and elastic modulus distributions are inver-
sely proportional to LL thickness and therefore are greatest in the
carp and tarpon as evident in Fig. 7D.

The flexibility of the scale is influenced by the thickness of the
limiting layer, its distribution in elastic modulus and the circuli
geometry. Nevertheless, the external elasmodine ratio and the
number of mineralized plies in the scales must also be taken into
account. Using simple mechanics of materials [34], and the previ-
ously reported data for the elasmodine ratios [8], it is possible to
demonstrate the effect of microstructure and modulus variations
on the scale flexibility. The moment of inertia of the scales for
the three fish are shown in Fig. 8. As evident in this figure, there
are spatial changes in the moment of inertia of the scales. The carp
and arapaima scales undergo a decrease in the moment of inertia
from the head to the tail, with 15% and 67% decrease, respectively.
Meanwhile, the tarpon scales undergo an increase in moment of
inertia of 15% from the head to the tail. Some of this change is
related to the LL thickness and the neutral axis shift, and the
remainder is attributed to the presence and shape of the mineral-
ized protrusions.
Fig. 7. Mechanical properties across the LL thickness for representative scales from the he
the normalized thickness for the three fish and B) reproducibility of measurements for th
paths over the limiting layer for a specific scale, and Circuli 1 and Circuli 2 represent two
show the consistency in measurements across the limiting layer for multiple locations, w
hardness over the normalized thickness. The hardness distribution for the three fish are
outer surface of the LL (Norm. Thickness = 0) and proceeds to the inner surface (LL/EE in
4. Discussion

Recent investigations concerning the mechanical behavior of
fish scales have established that the puncture resistance [11] and
toughness [35,36] are largely dependent on the contribution of
the more highly mineralized layers, namely the LL and EE.
Although the distribution in mineral content over the whole scale
thickness has been studied [21,37,38], to the authors’ knowledge a
detailed evaluation of the limiting layer has not been reported.
Here, the morphology, chemical composition and mechanical
properties of the limiting layer of three different fish species were
evaluated and compared.

Important differences in scale structure have been found across
the body of fish, which are potentially attributed to the body
motion during undulatory propulsion [8,39]. Previous studies have
identified a rough pattern of mineral on the surface of the scales
formed by protrusions in the posterior region and by radii and cir-
culi in the anterior region. Significant differences in the roughness
have been related to the hydrodynamic characteristics and the
flexibility the fish needs for its locomotion [11,22,39–41]. For
instance, scales from the bluegill sunfish (Lepomis macrochirus)
were found to have the highest radii counts from regions of the
body that are either naturally curved (dorsal) or experience higher
lateral curvature during swimming [42]. Circuli depth in the poste-
ad region of the carp, tarpon and arapaima. A) Distribution of reduced modulus over
e Arapaima along different circuli. Line 1 and Line 2 represent two different analysis
different circuli regions that were analyzed. These results are almost identical, and
hich were representative of measures obtained for all three fish. C) Distribution of

shown in terms of the actual thickness in D). The normalized thickness starts at the
terface (Norm. Thickness = 1)).
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rior area of scales is closely related to the boundary layers that can
be formed during swimming. Due to the high amplitudes during
the undulatory motion of the tail at high speed, a change from a
laminar to a turbulent boundary layer can occur. Furthermore, tur-
bulent boundary layers can form closer to the head as fish become
larger [43]. For the arapaima, a fish with subcarangiform locomo-
tion (undulation of the body involves less than one full wave-
length) and significantly larger body length, the presence of
higher protuberances in the posterior region (Fig. 3) could reduce
drag and the potential for acoustic noise [44]; that quality
increases its stealthiness. Furthermore, as the natural undulatory
movement of the arapaima involves a larger portion of the body,
a higher tendency to form a turbulent boundary layer is expected
in mid-body of the fish. This could explain the significant increase
in the circuli depth for middle scales in the posterior region in the
arapaima.

The radii and the circuli spacing have been interpreted to
increase the flexibility of the scales and to limit tensile stresses
to the valleys between circuli during bending of the scale via the
periodic reduced thickness [14,22,42]. An earlier study showed
that the thickness of the LL varies within species and for instance,
in the case of the arapaima scales, it also differs when compared
among anatomical regions [8]. That variation is a contributing fac-
tor to the changes in scale stiffness across the body, as represented
by the moment of inertia distributions in Fig. 8, and the differences
between the three fish evaluated. Although some of the variation is
due to the LL thickness and the neutral axis shift, the remainder is
attributed to the presence and shape of the protrusions. It is inter-
esting to note the differences in the moment of inertia distribu-
tions between the three fish species (Fig. 8), and the implications
to the resistance in body flexure.

Optical images of cross-sectioned scales from the arapaima
showed wave-like patterns in the LL similar to beach marks
(Fig. 5D), which are similar to those in Torres et al [45]. The miner-
alization of scales is a cellular process that begins at the LL with the
interfibrillar nucleation of crystals that cluster following a spheritic
mineralization until a highly mineralized matrix is formed [17,46].
Fig. 8. Comparison of the moment of inertia for scales of the carp, tarpon and
arapaima scales from the three regions. The black and white bars represent the
estimates of the moment of inertia assuming a uniform thickness of the limiting
layer (without circuli) and accounting for the circuli and sawtooth profile,
respectively. H, M and T represent the estimates for scales of the head, middle
and tail, respectively. Note the differences in spatial variations between the tarpon
with respect to the carp and arapaima, which are related to the protrusions of the
limiting layer.
Then, mineralization progresses to the EE, where apatite platelets
organize in the c-direction of the collagen fibers, creating a rein-
forcement similar to that in bone [47,48]. Whether the wave-like
pattern represents a change in the environment, age, or both is
unclear. Since arapaima are tropical fish, it could reflect a change
in seasons, food availability or diet [49]. Differences in the apatite
Fig. 9. Variation in the hardness, calcium to phosphate ratio (Ca/P) and phos-
phate/collagen ratio (m1PO4/ Amide I ratio) of the limiting layer across its thickness
defined in terms of the normalized thickness. A) Carp, B) Tarpon and C) Arapaima.
The decrease in degree of mineralization is reflected by the decrease of the
phosphate/collagen ratio as defined by the m1PO4/Amide I ratio.



Fig. 10. Hardness of the limiting layer and its dependence on the degree of
mineralization and apatite structure for the carp, tarpon and arapaima scales. A)
Hardness variation with mineralization reflected by the phosphate to collagen ratio,
and B) Hardness variation with apatite structure reflected by the calcium to
phosphate ratio.
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generated via seasonal growth patterns would be expected to be
reflected as a systematic variation of elemental concentrations
from the top to the bottom of the LL. However, our current results
do not show such variation (Fig. 6). Ultrastructure studies of fish
scales have shown that mineralization of the LL occurs by agglom-
eration of crystals, but there is no evidence of preferential orienta-
tions of apatite crystals in the LL [17,50,51].

Apatite accommodates chemical substitutions that change the
mineral structure. As a result, there are critical effects on mineral
properties, such as solubility, hardness, thermal stability, and opti-
cal properties like birefringence. Among the substituting ions
reported in bone and tooth mineral are F, Cl, Na+, K+, Fe2+, Zn2+,
Sr2+, Mg2+, citrate, and carbonate [52]. Although, not common, ana-
lyzing the mineral composition in fish scales as a non-lethal substi-
tute for otoliths analysis has been used to obtain life history
profiles during their migratory patterns. The use of spectroscopy
techniques that allow high resolution profiles of elements in the
cross section of scales, like laser ablation ICP-MS, demonstrated
that is possible to detect changes in Mg, P, Ca, Mn, Sr and Ba in
the mineral of tarpon scales [38]. Preliminary results from the
APT on the LL of scales revealed differences in elements that can
form ionic substitution in the apatite structure (Fig. 6A). The APT
mass spectra were consistent with previous studies of HAP
[19,53,54], however C ions and CN ions were also detected in the
LL due to the presence of collagen and non collageneous proteins.
The mass spectra for the arapaima shows signs of attenuation, for
instance in the C+ and the Ca2+ regions, which demonstrate differ-
ences in the energy absorption with respect to the carp and tarpon.
Wild tarpon were found to have presence of Mg in their scales [38],
similar to the results in Fig. 6A. Previous APT studies on enamel
have shown the presence of interfaces enriched with Mg and Na
between HAP nanowires [54], which have an effect on the solubil-
ity at the periphery and result in anisotropic etching [53]. Further-
more, the presence of Na and Cl in carp scales could be a result of
the brackish environment related to its farming or as a result of the
scales serving as reservoirs for these elements. Further study is
required to obtain additional complementary understanding.

Recent studies of scales from the carp [23] and tarpon [40] have
shown that there are progressive decreases in the mineral content
from the LL to the IE. In scales of the arapaima, this decrease was
responsible for spatial changes in hardness and elastic modulus
throughout the thickness of the scale [10,33]. There are also
changes in these properties over the thickness of the LL. Fig. 9
shows the distribution in hardness, mineral/organic ratio and Ca/
P ratio over the LL thickness for head scales from the three fish.
The mineral to organic ratio was estimated from the areas of the
peaks corresponding to m1 PO4 and Amide I. The distributions in
Fig. 9 reveal that the gradient in LL hardness is most correlated
with the degree of mineralization, as expected.

Further exploration of the LL hardness and dependence on com-
position in Fig. 10 show that while a lower mineral to organic ratio
results in a reduction in hardness of the LL, similar values of hard-
ness can be achieved by significantly different values of the min-
eral to collagen ratio (Fig. 10A). To understand the differences in
the LL hardness between fish (Fig. 7), it is necessary to analyze if
the LL is composed by the same type of apatite crystals. A compar-
ison between the Ca/P of the three fish with the measured hard-
ness is presented in Fig. 10B. Theoretical stoichiometric HA has a
1.67 Ca/P ratio [31,52,55] with an average hardness of 1.5 ± 0.5
GPa [56]. This value becomes important as higher Ca/P are related
to higher hardness. A higher Ca/P implies a higher strain in the
crystal lattice, which will have a direct effect on the physical prop-
erties of the apatite. It is evident that the tarpon has the highest Ca/
P, being followed by the carp and arapaima. An increase or
decrease in the Ca/P with respect to stoichiometric HA is a reflec-
tion of ionic substitutions [21,53]. According to the Ca/P ratio, each
fish is composed of different apatites, being respectively calcium
deficient carbonated apatite, tetracalcium phosphate (TetCP) and
tricalcium phosphate (TCP) for the carp, tarpon and arapaima
scales, respectively [31,52]. Therefore, an ascending contribution
from TCP, HA, calcium deficient carbonated apatite and TetCP is
expected on hardness.

Previous Raman studies on arapaima scales found the presence
of carbonate anions in its apatite structure [10,22]. Nevertheless, in
the present results, peaks related to the vibration of carbonates
were only found in carp and tarpon scales. The presence of carbon-
ates is possibly related to the fish habitat. Carbonated HA has also
been reported in the scales of northern snakehead (Channa argus)
and red sea bream (Pagrus major), fish that similar to the tarpon
are found in the sea [21,26]. Fig. 6C revealed the presence of Na
and Cl in the composition of the carp’s LL, suggesting that it may
have been farmed in an environment involving brackish water.
Without further study these comments are speculative. However,
they do emphasize the importance of knowing the origins of fish
in future studies.
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Results from this investigation provide new understanding con-
cerning the mineral structure of the LL and their contribution to
changes in properties of the scales from three different species of
fish. Additionally, important morphological features in the LL of
carp and arapaima scales were seen for the first time. To better
understand the wave-like pattern in the circuli of arapaima scales,
a characterization enabling high-resolution elemental variations
across the LL thickness is needed. The mechanics of scaled skins
and their multi-functionality is a topic of recent interest [57–59].
An increased understanding of the LL should contribute to these
and future efforts. Furthermore, one of the most intriguing aspects
of natural composites is how materials with such different elastic
modulus can be so strongly integrated without undergoing separa-
tion. The exciting discovery of a transition zone between the LL/EE
in the carp warrants further exploration of this suture-like inter-
face and its function.
5. Conclusion

An experimental evaluation of the morphology, chemical com-
position and mechanical properties of the limiting layer was per-
formed for scales of three different fish species. Significant
differences in the surface morphology of circuli between the poste-
rior and anterior regions were found in the carp, tarpon and ara-
paima scales. Higher protrusions were found in the posterior
region of the arapaima scales in comparison to the rest of the fish,
which appear related to the locomotion pattern and size of this
ancient fish. A decrease in hardness and elastic modulus was iden-
tified with increasing proximity to the LL/EE interface for all three
fish, and was found related to the spatial variation in the degree of
mineralization. The LL of the tarpon scales was the hardest, fol-
lowed by the carp and the arapaima. A positive correlation
between the hardness and Ca/P ratio was identified. Results sug-
gest that carbonate substitution of the phosphate in the apatite
structure changes the Ca/P ratio and can lead to differences in
the mechanical properties of the scale. Whether that is an
approach used to achieve required multifunctionality, including
controlled stiffness and toughness of the scales, requires further
study.
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