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and tear tests were conducted on specimens prepared from the scales of multiple fish extracted from near the
head, middle and tail regions, and after exposure to ethanol for periods from 0 to 24 h. Submersion in ethanol
caused instantaneous changes in the tensile properties regardless of anatomical site, with increases in the elastic
modulus, strength and modulus of toughness exceeding 100%. The largest increase in properties overall occurred
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Cyprinus carpio in the elastic modulus of scales from the tail region and exceeded 200%. Although ethanol treatment had signif-
Fish scales icant effect on the tensile properties, it had limited influence on the tear resistance. The contribution of ethanol to

the mechanical behavior appears to be derived from an increase in the degree of interpeptide hydrogen-bonding
of the collagen molecules. Spatial variations in the effects of ethanol exposure on the mechanical behavior arise

Fracture resistance
Mechanical behavior

Polar solvents

from the differences in degree of mineralization and lower mineral content in scales of the tail region.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decade there has been substantial effort placed on un-
derstanding the microstructure and mechanical behavior of selected
structural materials in nature. The natural armors of the alligator, arma-
dillo, fish, pangolin and others are excellent examples of materials in
this category [1-9]. These materials have evolved to provide protection
from outstanding threats without encumbering locomotion. While the
“armor” of the aforementioned group of animals may appear disparate,
they share the quality of most composite materials, i.e. they are
constructed of a combination of constituents and possess mechanical
properties superior to those of the individual components.

Elasmoid scales are found on teleost fish and have an interesting
structure. In comparison to the bony or ganoid scales, elasmoid scales
are relatively thin and compliant, which endow ease of movement to the
fish. A number of studies have been conducted on elasmoid scales
including those of the Carp (Cyprinus carpio) [6,7], Striped Bass (Morone
saxatilis) [8,10,11], Pagrus major [12], and Arapaima gigas [1-3,13-15].
The structure of elasmoid scales is hierarchical and is composed of two
primary layers (Fig. 1). The external or “limiting layer” is highly mineral-
ized and consists of calcium-deficient apatite or calcium carbonate, de-
pending on the fish [6,13,16]. The internal layer or “elasmodine” is a
composite of type I collagen fibers and apatite mineral. The fibers are
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sparsely reinforced with mineral and organized in discrete plies, which
are arranged in the form of a plywood structure. The diameter of the
collagen fibers is near 1 pm, and they are constructed of an assembly of
fibrils roughly 100 nm in diameter [2,6,10,11,16,17]. The individual fibrils
and interfibrillar minerals of scales have been observed in evaluations
performed with transmission electron microscopy and atomic force
microscopy [1,6,16].

Elasmoid scales exhibit a strong mineral gradient across the thick-
ness, which is reflected in the mechanical properties. There is a substan-
tial reduction in the hardness and elastic modulus distributions from the
exterior to the interior layers [4,13]. This gradient in properties plays an
important role on the puncture resistance [11]. The limiting layer (LL)
acts as initial barrier that dissipates energy by brittle fracture. The frac-
ture propagates to the interface with the external elasmodine (EE),
resulting in delamination. Once the LL and EE have undergone gross
failure, further penetration is resisted by the internal elasmodine and
a concert of mechanisms that are largely dependent on the collagen
fibrils. Delamination between adjacent plies and fibrils is key to the frac-
ture resistance of scales and bestows them with incredible notch insen-
sitivity [10].

Due to the rather large organic content, the mechanical behavior of
fish scales has been found to be sensitive to hydration. [koma et al.
[12] evaluated the tensile properties of dehydrated scales of P. major
and reported an elastic modulus and tensile strength of 2.2 4 0.3 GPa
and 93 £ 1.8 MPa, respectively. Scales of A. gigas exhibited an elastic
modulus of 0.8 + 0.1 GPa and tensile strength of 22.3 + 3.9 MPa in
the hydrated condition, which increased to 1.4 + 0.2 GPa and 53.9 +
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Fig. 1. Hierarchical structure of scales from the Cyprinus carpio. a) Individual scale with section line indicating the location of cross-section shown in (b) and (¢). b) Highly magnified view of
the scale structure across the thickness. Evident are the limiting layer at the surface of the scale, the external elasmodine and the internal elasmodine, which is located closest to the body of

the fish. c¢) Ply distribution from a portion of the internal elasmodine.

8.4 MPa, respectively with dehydration [13]. Garrano et al. [6] found
that the relative importance of hydration to the mechanical behavior
of carp scales is a function of anatomical position. Scales from the tail
underwent the greatest changes in performance with dehydration.
One limitation of these previous evaluations is that dehydration was
achieved by simple free convection in air. That process results in remov-
al of the free water molecules, but requires substantial time and does
not remove bound water [18-20]. Air-drying of A. gigas scales resulted
in aresidual water content of 16% in comparison to 30% for the hydrated
scale [13].

Changes in the mechanical behavior with dehydration of collagen-
based structural materials are at least partially related to the increase
in interpeptide bonding with removal of the water molecules [18,19].
Dehydration of collagenous materials can be achieved by immersion
in polar solvents, which displaces the water molecules residing within
the collagen matrix with solvent and promotes hydrogen bonding
between the peptide chains. Dehydration in this manner avoids other
concerns related to dehydration in air. Therefore, the primary objective

of this study was to evaluate the changes in mechanical behavior of
teleost scales with exposure to polar solvents. A combination of uniaxial
tension and tear tests was used to evaluate the changes in constitutive
behavior and the resistance to fracture.

2. Materials and methods

Scales of the C. carpio (i.e. the common freshwater carp) were ob-
tained by extraction from across the body of seven different fish after
the methods of Garrano et al. [6]. These fish were marketed as East
Asian carp, and no additional information was available for record.
The scales were obtained nearly equidistant between the ventral and
dorsal aspects of the body and from three regions including adjacent
to the head, mid-length (beneath the dorsal fin) and near the tail
(Fig. 2a). All of the scales were less than 1 mm thick and possessed a di-
ameter that depended on the anatomical position. Scales from the head
region had an effective diameter (d) 225 mm. Those obtained from the
middle and tail regions ranged between 22 < d < 25 mm and

Mid-length

Head
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Fig. 2. Details regarding the specimens prepared for characterizing mechanical behavior. (a) Anatomical position of the extracted scales [6], (b)

of the stamped tensile specimens, and (c) geometry of the tear specimens.
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Tail

extracted scale with location and geometry
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19 < d <22 mm, respectively. After extraction, the scales were stored in
Hanks Balanced Salt Solution (HBSS) at room temperature and evaluat-
ed within two weeks of harvesting the fish.

Conventional dog-bone shaped tensile samples were sectioned from
the scales using a punch and stamping process [21]. All of the specimens
were obtained with alignment parallel to the fish length, in recognition
that the scales may exhibit anisotropy [1,7,11]. The specimens pos-
sessed a gage section length and width of 8 mm and 3 mm, respectively
(Fig. 2b). In recognition of potential variations in thickness of the scales
[22], a single sample was stamped from the center region of each scale
where the thickness is most uniform. The gage section was then mea-
sured to assess the change in thickness over the length. Overall, the
thickness of the samples changed less than 50 um over the gage section
length; the lowest thickness was used in estimating the stress. After
sectioning, the specimens were returned to the HBSS bath at room
temperature.

Tensile testing was performed with the fish scale specimens
submerged in a liquid bath at room temperature. The loading was per-
formed under displacement control using a dedicated universal testing
machine complemented with a microscopic imaging system. The sys-
tem has a full-scale load range of 50 N and load precision of 0.1%. A
stroke rate of 0.2 mm/min was utilized, which corresponded to a
strain rate of roughly 5 x 10~% s~ ! according to the specimen gage
length. All specimens were tested to first ply failure/fracture follow-
ing Garrano et al. [6]. Tension tests were performed after time-
controlled storage of the scale in an ethanol bath at room tempera-
ture for periods of t = 0, 2, 4, 8 and 24 h. The exposure period for
the t = 0 h condition consisted of approximately 5 min exposure. Ad-
ditional tests were performed on hydrated scales tested in HBSS,
which served as the control. Five specimens were prepared from
each anatomical region (head, middle and tail) and for every hydration
condition, which resulted in a total of approximately 90 specimens
prepared and evaluated from each fish.

The axial strains that developed within the specimen gage section
were obtained using Digital Image Correlation (DIC). Details regarding
DIC and applications to hard tissues and microscopic DIC can be found
in [21,23,24]. The outer surface of the scales is largely mineral (of the
limiting layer), rendering it brittle in comparison to the internal
elasmodine. Thus, the interior surface of the scale specimens was mon-
itored during the tensile tests as described in [6]. The optical system
consisted of a F32 5.6-11 C-mount objective lens, a 5 mm extension
tube and a CV-A1 CCD camera (JAI America Inc) with a coherent and
uniform illumination system. Sequential images were acquired incre-
mentally during each tensile test at a frequency of 0.1 Hz, which were
synchronized with the load and displacement signal by computer
control. The images were obtained with a spatial resolution of
1376 x 1035 pixels and 256 gray scales. The images encompassed an
area of approximately 5.6 x 4.2 mm and were processed using sub-
pixel resolution, which provided a displacement resolution of approxi-
mately 4 pm.

Mechanical properties of the scales were determined from results of
the tension tests of each hydration condition using the engineering
stress—strain definitions. The elastic modulus (E), strength (S) and
modulus of toughness (MOT) were determined for each specimen.
The elastic modulus was determined using the tangent method for
strains less than 1% and the strength was defined by the maximum
stress realized by the sample. The modulus of toughness was calculated
by integrating the area under the stress-strain curves as a function of
strain until first ply failure. Ply failure was identified by a sharp reduc-
tion in the axial load.

The influence of polar solvents on the mechanical behavior was also
evaluated in terms of the resistance to fracture under Mode III shear.
Trouser-shaped tear specimens were sectioned from the scales using a
specially designed punch and stamp as previously described [7]. Similar
to the tensile specimens, the samples were stamped with respect to the
longitudinal axis to minimize potential effects of anisotropy (Fig. 2c).

Each sample was obtained from the center of the scale, such that crack
extension occurred within the region of uniform thickness. After sec-
tioning, the specimens were placed in a bath of HBSS or ethanol at
room temperature.

Tear testing was performed under displacement control loading
using a universal testing machine (Instron ElectroPuls E1000). The
instrument's load cell has a full-scale range of 250 N and precision of
0.01%. To minimize elongation of the specimen outside the region of
tear, 80-90% of the legs were clamped within the compression grips
during the experiments. The testing was performed using a stroke rate
of 100 mm/min until complete failure of the sample after previously
established methods [7]. Tear testing was conducted with the samples
immersed in a bath of HBSS or ethanol at room temperature. Results
of the tensile tests in ethanol revealed that after immediate exposure,
further changes with additional treatment time (up to 24 h) were
negligible. Therefore, tear testing was performed directly after sub-
mersion (corresponding to t = 0 h) and consisted of approximately
5 min exposure total. Consequently, eight samples were prepared
from each anatomical position and for each hydration condition,
resulting in an evaluation of 48 specimens taken from among the
seven fish.

The energy required to tear the fish scales was estimated from the
force-displacement curves of each specimen according to T = 2P/t,
where P and t are the tearing force and specimen thickness, respectively
[7,25]. The maximum force was identified from the tear history. The
work to fracture was also quantified by integrating the area under the
force-displacement curves as a function of the tear displacement.
Changes in mechanical properties as a function of position of the fish
body and period of ethanol exposure were evaluated for statistical sig-
nificance using a Two-Way Analysis of Variance (ANOVA) and Tukeys
HSD test at o« = 0.05.

The microstructure of scales within each region of evaluation was
examined using optical microscopy (Olympus BX51, Tokyo, Japan)
and scanning electron microscopy (JEOL, model JSM- 6010PLUS/LA,
Peabody, MA). Samples from each of the three regions were sectioned
in the transverse plane near the center of the scale. The sectioned scales
were fixed in resin and polished with SiC abrasive paper from mesh
numbers of 800 to 4000. Final polishing was performed with a diamond
liquid suspension of 3 um, followed by a liquid suspension of 1 um Al,0s.
The microstructure was observed over a range of magnification to dis-
tinguish important features. Those samples evaluated using the SEM
were sputtered with platinum and observed in secondary electron im-
aging mode. In addition, an elemental analysis was conducted across
the scale thickness using Energy Dispersive X-ray Spectroscopy (EDS)
to quantify the chemical composition and the distribution of mineral
content as a function of anatomical position. Nine discrete measure-
ment locations were selected across the scale thickness, including one
point in the limiting layer and the remaining points distributed across
the elasmodine in increments of roughly 0.1 mm over the entire nor-
malized thickness.

3. Results

Results of tensile tests performed on scales from the head region are
shown in Fig. 3. The responses in this figure span the range of ethanol
storage times and include those obtained for the hydrated condition.
As evident from the relative distribution of curves before and after
treatment, exposure to ethanol caused an immediate and substantial in-
crease in the stiffness and strength of the scales. The changes continued
with increasing duration of ethanol exposure, but they became negligi-
ble after approximately 8 h of ethanol treatment.

The stress-strain curves obtained from the specimen of each scale
were used in estimating the elastic modulus, strength and modulus of
toughness. Fig. 4 presents cumulative results for the mechanical proper-
ties in the three regions of evaluation as a function of ethanol exposure
up to 8 h of exposure. Specifically, Fig. 4a shows the importance of
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Fig. 3. Representative stress-strain curves resulting from tensile tests performed on the
scale specimens after ethanol treatment for periods of 0 to 24 h. Failure was defined by
first ply fracture. Results for the hydrated condition (in HBSS) are shown for comparison.
The responses in this figure were obtained from scales of the head region.

ethanol treatment and period of storage on the elastic modulus. There
was a significant increase (p < 0.05) in the elastic modulus after imme-
diate exposure to ethanol in all three regions evaluated. The largest
change occurred in scales of the tail region, with an average increase
of up to 150%. Prolonged exposure to ethanol did not cause further
significant changes in the elastic modulus (p > 0.05). Results for the
strength and the modulus of toughness are shown in Fig. 4b and c, re-
spectively. There was a significant increase (p < 0.05) in both properties
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with immediate exposure to the ethanol. Further increases were real-
ized for approximately two hours of exposure. However, after two
hours (t > 2 h) there was no further increase in the strength or MOT
(p>0.05).

Although both the strength and MOT exhibited similar responses
after ethanol exposure, there were differences with respect to the ana-
tomical position. The strength of scales from the middle and the tail
were not significantly different from each other (p > 0.05), but they
were significantly lower than that of the head scales (p < 0.05). For
the MOT (Fig. 4c), results for scales from the head, middle region and
tail were significantly different from each other (p < 0.05). It is impor-
tant to note that the increase in stiffness and strength was not accompa-
nied by a decrease in strain to failure. Rather, there was a significant
increase (p < 0.05) in the strain at fracture after exposure to ethanol
in comparison to the fully hydrated scales (not shown).

The effect of ethanol exposure on the fracture resistance of the scales
was evaluated in terms of the tear energy. The energy required for frac-
ture is shown for selected specimens from scales of the head, middle
and tail regions in Fig. 5a through c, respectively. The responses present-
ed in these figures include those obtained after immediate exposure to
ethanol, and for the hydrated condition (i.e. in HBSS) as well. As evident
from the tear responses, the fracture process was stable in both condi-
tions of hydration and in all three regions of evaluation. In addition,
the responses for the hydrated and dehydrated conditions appear to
be similar.

A summary of results for the fracture resistance is shown in Fig. 6.
Specifically, Fig. 6a shows the cumulative results for the tear energy as
a function of hydration in the three regions of evaluation. Analogous re-
sults for the tear work are shown in Fig. 6b. Note that results obtained
for the scales subjected to ethanol treatment corresponded to a storage
period of t = 0 h (immediate response). Clearly the influence of ethanol

Strength (MPa)

Fig. 4. Importance of ethanol exposure time on the mechanical behavior of the scales under uniaxial tension. a) Elastic modulus, b) strength, c) modulus of toughness.
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Fig. 5. Representative Tear energy vs. displacement responses from the tear tests performed on scales from the a) head, b) middle and c) tail regions. Results for the ethanol treatment

correspond to immediate exposure (0 h).

treatment on the fracture resistance in Mode Il loading was not consis-
tent with that for tensile loading. For instance, for scales from the head
there was a significant reduction (p < 0.05) in the tear energy and work
to tear of with exposure to ethanol. In contrast, there was a significant
increase (p < 0.05) in both the tear energy and work required to tear
for scales from the middle region, whereas there was no significant dif-
ference (p > 0.05) in the tear resistance caused by exposure to ethanol
for scales of the tail. When compared as a function of location, there is
a reduction in the resistance to fracture of the scales from the head to
the tail in the hydrated condition. Yet, the spatial distribution of the re-
sponses changes after exposure to ethanol. In terms of the tear energy,
scales from the tail exhibited significantly lower values (p < 0.05) than
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the head and middle regions. But when evaluated in terms of the
work, there was no significance difference (p > 0.05) in the tear resis-
tance between the scales of the head and tail regions after ethanol
exposure. Scales from the middle region exhibited the greatest tear re-
sistance overall.

Fig. 7 shows the elemental composition of the scales in the three
regions of evaluation. The composition was evaluated at nine discrete
locations as described in Fig. 7(a), with one point located in the limiting
layer and the remainder distributed over the remaining thickness of the
elasmodine as a function of normalized distance. Results of the EDS
analysis showed that the four main elements detected were Phospho-
rus, Calcium, Oxygen and Carbon. The mineral portion of the scales
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Fig. 6. Importance of ethanol exposure on the resistance to fracture of the scales under Mode III tear loading. a) Energy to failure, b) work to failure. Columns with different letters are

significantly different (p < 0.05).
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Fig. 7. Evaluation of the elemental composition of the scales and the differences with location. a) Micrograph from a head scale distinguishing the limiting layer (LL), as well as the internal
(IE) and external elasmodine (EE). The series of points across the scale thickness represent the approximate locations for EDS analysis. The measurement depth from the LL was normalized
with respect to the combined thickness of the external and internal elasmodine layers. b) Distribution of elements over the thickness of the head scales. Columns with different bar are
significantly different. A comparison of the elemental distributions for the three regions of evaluation (head, middle and tail) is shown in (c)-(f). Elemental distributions for
¢) Phosphorus, d) Calcium, e) Oxygen, and f) Carbon are shown across the scale thickness. Note that there is no Phosphorus or Calcium in the internal elasmodine and the bars are

shown for completeness across the thickness.

consisted of calcium deficient hydroxyapatite, as reported previously [6,
13]. The relative presence and distribution of the major elements over
the thickness of scales from the head region are shown in Fig. 7b.
The Phosphorus and Calcium content was the greatest within the limit-
ing layer and decreased with distance from this layer within the
elasmodine. A comparison of the elemental composition for scales
from the three regions of evaluation is presented in Fig. 7c-f. Clearly
the presence of Phosphorus (Fig. 7c) and Calcium (Fig. 7d) is limited
to the region adjacent to the limiting layer, especially in scales from
the middle and tail regions.

4. Discussion

Previous studies concerning the structural behavior of fish scales
have identified that the mechanical properties are dependent on the
level of hydration and that a reduction in water content results in an in-
crease in stiffness, strength and toughness [6,12,13]. Also relevant to the
behavior of elasmoid scales, Garrano et al. [6] noted that the properties
of scales from C. carpio are dependent on the anatomical position. When
fully hydrated, scales from the head exhibited a strength and toughness
nearly twice the values of those properties for the tail, whereas after de-
hydration in air there were limited differences in the mechanical prop-
erties of scales obtained from over the entire length of the fish. Those
findings are not consistent with the distribution of properties resulting
from chemical dehydration by ethanol treatment in Fig. 4. While the
elastic modulus of scales from all three regions increased to the same
maximum value, both the strength and MOT continued to exhibit differ-
ences with location after ethanol treatment. The effects of ethanol on
the mechanical behavior and importance of spatial variations in micro-
structure on the observed responses require further discussion.

One of the primary contributions to the changes in properties with
ethanol treatment is the development of interpeptide hydrogen bonds

about the tropocollagen molecules. Water forms both intra- and inter-
chain hydrogen bond bridges about the collagen molecules and
peptides [26,27]. When the water is displaced by ethanol (a weaker
hydrogen-bond-forming solvent), it allows direct hydrogen-bonding
between the peptide chains. That results in a greater number of
interpeptide hydrogen bonds at the molecular level, which in turn pro-
motes stiffening at the macroscopic level. Gautieri et al. [17] reported
that the unique mechanical properties of collagen microfibrils originate
from their hierarchical structure at the nanoscale, and the cross-linking
between the tropocollagen molecules. Though hydrogen bonds are
rather weak due to their lower energy in comparison to the covalent
bonds, an adequate volume fraction of interpeptide bonds enabled by
removal of water can elicit substantial changes to the mechanical be-
havior of single fibrils [28], and dense fibril systems [26,27,29].

The effectiveness of polar solvents to form hydrogen bonds in colla-
gen is often described in terms of the Hansen solubility parameter for
hydrogen bonding (). Polar solvents with high &, values preferentially
form hydrogen bonds with collagen peptides, thereby preventing the
molecules from developing interpeptide bonds. Water has one of the
highest reported &, values for polar solvents 37.3 (J/cm®)"2. In the ab-
sence of water, or when the matrix is immersed in solvents with
8y, below 19 (J/cm?)'2, which is the value postulated for collagen in
air [26], interpeptide hydrogen bonding occurs. Thus, exposure of the
scales to ethanol with &, of 19 (J/cm?)'/?) is expected to cause an in-
crease in the stiffness and strength of the scales due to the displacement
of water molecules and development of interpeptide hydrogen bonds.
This mechanistic description is supported by the experimental results.
Previous studies conducted with demineralized dentin have demon-
strated this behavior as well and the importance of the solvent's 6y,
[26,29,30]. Maciel et al. [29] showed that chemical dehydration by
polar solvents is a time dependent process and that the removal of
water requires time. Indeed, there were instantaneous changes in the
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mechanical behavior of the scales, but they continued over time with
diffusion of the miscible solvent (Fig. 3).

It is helpful to consider the changes in mechanical behavior resulting
from ethanol exposure with regards to the hydrated condition. Fig. 8
shows the relative change in uniaxial properties with chemical dehy-
dration after being normalized by the responses in HBSS. In Fig. 8a, the
increase in elastic modulus of scales from the tail exceeds a factor of
three, which is the largest of all changes documented. The elastic
modulus of scales from the remaining two regions also increased
with ethanol treatment, but to a lesser extent. After roughly 8 h in
ethanol the elastic modulus reached an equivalent plateau in the
three regions (Fig. 4a), which is consistent with dehydration in air
[6]. The air-dried [6] and ethanol-treated carp scales exhibit similar
values of elastic modulus (0.4-0.8 GPa), which may be expected
due to the consistency in the Hansen solubility parameters for
ethanol- and air-dried collagen.

What could cause the spatial variations in the degree of changes in
elastic modulus with ethanol treatment? The difference in “stiffening”
between the head, middle and tail regions is expected to arise from
the spatial distribution in mineral (Fig. 7) and its interference with the
hydrogen bonding. For instance, Pashley et al., [26] reported an increase
in stiffness of fully demineralized and hydrated dentin of over 12 times
when exposed to acetone. In the hydrated condition, the stiffness of
scales is primarily dependent on the number of highly mineralized
plies of the external elasmodine, which decreases from head to tail [7].
The mineral has been described as partially “shielding” the collagen in
the hydrated tissues, and a reduction of load accommodated by the col-
lagen [31]. The higher mineral content of scales from the head region
(Fig. 7) resulted in larger stiffness in the hydrated condition (based sim-
ply on the rule of mixtures), but also limited the extent of additional

L

Normalized E

%

Normalized MOT

hydrogen bonding during ethanol treatment. Increasing mineralization
displaces water from collagen and the mineral crystals are also sites for
water to bind [27]. Here we believe that the mineral interfered with the
process of interpeptide hydrogen bonding in the presence of ethanol,
which decreased the degree of stiffening overall.

Fig. 8b shows the normalized changes in strength with ethanol treat-
ment. There was a uniform increase in strength of approximately a fac-
tor of two with respect to the hydrated condition for all three regions.
Due to the uniformity in strengthening across the body of the fish, the
head scales exhibited significantly larger strength (p < 0.05) than the
other two regions after completion of the chemical dehydration. The in-
creases in strength are lower than those for the modulus, which agrees
with the results for chemical dehydration of demineralized [26] and
fully mineralized [31] dentin. Surprisingly, the increase in strength of
the scales is nearly equal to that reported for dentin. Furthermore,
chemical dehydration by ethanol was more effective at promoting an
increase in strength than dehydration in air [6]. As the effectiveness
of air-drying is a function of the ambient humidity, the larger in-
crease in strength by ethanol treatment is expected and results
from the larger volume fraction of hydrogen bonds achieved by the
polar solvent.

The distribution of normalized modulus of toughness after ethanol
treatment is shown in Fig. 8c. Consistent with the changes in strength
with dehydration, the largest increase in the MOT was approximately
a factor of two. However, in contrast to the other properties, the maxi-
mum increase in toughness occurred to scales from the head region
and not the middle or tail. We expect that this difference in behavior
of the MOT is attributed to its dependence on sliding of the collagen
molecules. Replacement of the water with weak hydrogen-bonding
polar solvents not only promotes interpeptide bonding, but may also

b)

Normalized Strength

0 e
&

Fig. 8. Normalized mechanical behavior of the fish scales under uniaxial tension after exposure to ethanol with respect to the hydrated state: a) elastic modulus, b) strength, c) modulus of

toughness.
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change the structure of the collagen [30,31]. This disruption in molecu-
lar structure would undoubtedly interfere with the sliding of fibrils and
potentially improve the effectiveness of the mineral platelets in provid-
ing resistance to inelastic deformation.

One interesting finding is that chemical dehydration of the scales
with ethanol resulted in a higher modulus of toughness than dehydra-
tion in air [6]. Scales of the head exhibited a modulus of toughness of
3.5 MPa after 24 h in air, which is substantially lower than the maxi-
mum obtained for ethanol treatment of the head scales in Fig. 4c
(5.5 MPa). Besides the influence of humidity in air-drying, there are
two additional contributing factors. Both forms of dehydration (air
and polar solvents) enable the development of interpeptide hydrogen
bonds, which increase the resistance to sliding of the molecules. Howev-
er, the ethanol also serves as a molecular lubricant and facilitates
the rapid redevelopment of new hydrogen bonds with the nearest
interpeptide neighbors without fracture. Free convection is not as effi-
cient at removing the unbound water (related to ambient humidity),
and does not result in removal of bound water. In contrast, polar sol-
vents are able to remove free and even some bound water [28].
Nyman et al. [27] noted that the modulus of elasticity and strength of
cortical bone was inversely correlated with the degree of bound
water, whereas the toughness of bone was inversely correlated with
free (mobile) water. Bone possesses a much higher mineral content
than fish scales, and the differences in water content were associated
with difference in age not dehydration by ethanol treatment. Hence,
bone may not serve as an appropriate model for fish scale collagen. Nev-
ertheless, it is clear that the presence of a fluid layer is essential to the
toughness of collagen-based materials due to its contribution to plasti-
cization of the fibrils [18,29,31].

In a recent study on the importance of temperature to the fracture
resistance of carp scales under Mode III loading, the largest energy to
fracture overall was exhibited by scales of the head region [7]. The resis-
tance to fracture was found to correlate with the thickness of the exter-
nal elasmodine and the number of highly mineralized plies of this
region [7]. The resistance to fracture decreased with temperature and
was speculated to result from the lower compliance of the scales,
which prevented realignment of the fibrils to the direction of principal
stress. Nalla et al. [18,31] found that chemical dehydration of dentin
using polar solvents caused a significant increase in the fracture resis-
tance of dentin under Mode I loading. The fracture toughness nearly
doubled after submersion in alcohol with respect to the response in
the fully hydrated condition (HBSS) and the process was also shown
to be reversible with rehydration of the tissue. In those studies the rise
in fracture toughness resulted from an increased potency of the extrin-
sic mechanism of toughening, which largely occurs as a result of the un-
broken posterior bridging ligaments operating behind the crack tip.
Although chemical hydration increased the stiffness and strength of
the more highly mineralized scales of the head, the resistance to frac-
ture decreased.

The fracture resistance of tissues under Mode IIl loading (i.e. the tear
resistance) is rather seldom studied in comparison to Mode . It does
represent a very relevant mode of performance, especially in the assess-
ment of very compliant systems. In Mode I, the direction of principal
stress is coincident with one of the principal ply orientations. However,
in Mode III the direction of principal stress is out of plane of all the plies
and requires substantial reorientation of the collagen fibrils to align
with the direction of maximum tensile stress. Yang et al. [1] recently
evaluated the tear resistance of skin in tension and observed that it is
nearly impossible to tear notched samples. They found that the remark-
able tear resistance is attributed to straightening of the fibrils and reori-
entation to the tensile direction, elastic stretching and interfibrillar
sliding. Reorganization and sliding of the fibrils are responsible for a re-
distribution of stress that causes notch blunting. Here is where we may
understand the rather unexpected tear response of the head scales after
ethanol treatment. If the tear resistance is dependent on fibril reorienta-
tion, it is perceivable that the combination of interpeptide bonding and

larger mineral content inhibited this process. Indeed, the significant re-
duction in tear resistance of scales with reduction in temperature is at
least partly due to the reduced mobility of fibrils and inability to under-
go reorientation [7]. There was no significant difference in the tear resis-
tance of scales from the tail in the HBSS and ethanol environments. Due
to the low mineral content (Fig. 7b, c) of scales from this region, fibril re-
orientation should have been encumbered the least. It is plausible that
intermolecular hydrogen bonding is less effective under large deforma-
tion due to the reduction in volume fraction of interpeptide bonds, and
additional mechanisms of reinforcement become essential. Though
speculative, that appears to be responsible for the significantly greater
fracture resistance after ethanol treatment of scales from the middle
region.

Results from this investigation have provided additional under-
standing regarding the effects from removal of water and molecular
bonding to the mechanical behavior of fish scales. New findings were
obtained regarding the relative importance of mineral content and mo-
lecular bonding to stiffness, strength and fracture resistance. Neverthe-
less, there are recognized limitations to the investigation that are
important to consider. Ethanol was chosen for chemical hydration of
the scales according to its application in other studies. Ethanol also has
similar &y, to that for collagen in air and provided an effective basis for
examining the importance a fluid layer in chemical dehydration. Future
work performed using polar solvents with &, <19 (J/cm>)'/? could pro-
vide additional understanding. In addition, the degree of bound water
removed from the collagen was not measured, which prevents the de-
velopment of a complete understanding concerning the mechanisms
responsible for the changes in properties. There are techniques for
measuring the bound water content in tissues [32,33], and correlations
have been established between this water and the mechanical proper-
ties of bone [27].

In bone, there are many layers of loosely and tightly bound water
[34]. At the molecular scale, bound water molecules are trapped within
and between the chains of the tropocollagen molecules, as well as
within the apatite mineral structure (regarded as “structural water”).
Water located in these individual compartments requires different
levels of energy for removal. Far less is known regarding the layers of
bound water in fish scale collagen. Thus, the difficulty of displacing
the water in fish scales using polar solvents and the amount of remain-
ing bound water after ethanol treatment are unknown. Future studies
aimed at understanding the contributions of the bound water layers
and mechanical behavior of fish scales may be fruitful, especially if the
removal can be used to tune the mechanical behavior according to de-
sired performance.

5. Conclusions

Elasmoid scales of the C. carpio were subjected to chemical dehydra-
tion by exposure to ethanol. The mechanical behavior of the scales was
evaluated before and after ethanol treatment in uniaxial tension and via
Mode III loading to fracture. Ethanol treatment caused an immediate
increase in all components of the tensile response and additional sec-
ondary changes that reached stability after approximately two hours
of exposure. Although the maximum elastic modulus, strength and
toughness were exhibited by scales of the head region, the largest in-
crease in these properties with ethanol treatment occurred to scales of
the tail; the change was inversely proportional to the mineral content.
There were significant and region-dependent changes in the fracture re-
sistance of the scales with ethanol treatment, but they did not correlate
with the degree of mineralization. Results indicate that interpeptide hy-
drogen bonding is important to the mechanical behavior of collagen tis-
sues and that the relative contribution to mechanical behavior is also a
function of mineral content. The modulus of toughness was the only
property that increased with interpeptide hydrogen bonding and an in-
creasing degree of mineralization.
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