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Abstract

Nanomechanical testing methods that are suitable for a range of hydrated tissues are crucial for understanding biological
systems. Nanoindentation of tissues can provide valuable insights into biology, tissue engineering and biomimetic design.
However, testing hydrated biological samples still remains a significant challenge. Shark jaw cartilage is an ideal substrate
for developing a method to test hydrated tissues because it is a unique heterogeneous composite of both mineralized
(hard) and non-mineralized (soft) layers and possesses a jaw geometry that is challenging to test mechanically. The aim of
this study is to develop a novel method for obtaining multidirectional nanomechanical properties for both layers of jaw
cartilage from a single sample, taken from the great white shark (Carcharodon carcharias). A method for obtaining
multidirectional data from a single sample is necessary for examining tissue mechanics in this shark because it is a protected
species and hence samples may be difficult to obtain. Results show that this method maintains hydration of samples that
would otherwise rapidly dehydrate. Our study is the first analysis of nanomechanical properties of great white shark jaw
cartilage. Variation in nanomechanical properties were detected in different orthogonal directions for both layers of jaw
cartilage in this species. The data further suggest that the mineralized layer of shark jaw cartilage is less stiff than previously
posited. Our method allows multidirectional nanomechanical properties to be obtained from a single, small, hydrated
heterogeneous sample. Our technique is therefore suitable for use when specimens are rare, valuable or limited in quantity,
such as samples obtained from endangered species or pathological tissues. We also outline a method for tip-to-optic
calibration that facilitates nanoindentation of soft biological tissues. Our technique may help address the critical need for a
nanomechanical testing method that is applicable to a variety of hydrated biological materials whether soft or hard.
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Introduction Figure 1) that is primarily composed of water [19,20]. Shark jaw

o ) L ) ) cartilage therefore represents a material that is intermediate
Application of nanoindentation in biological studies has been

hindered by the lack of suitable protocols for testing materials with
high water content [1-3]. Mechanical properties of tissues have
been shown to vary significantly with hydration state [4-11].
Several methods have therefore been developed in an attempt to
maintain tissue hydration [1,4,9-17]. Despite the development of
these methods, maintaining the hydration state of tissues during
mechanical testing remains a significant challenge [3].

As with many biological materials [18], the mechanical
properties of shark jaw cartilage are poorly known [19]. This
paucity of data is partially due to the difficulty of testing this and
other biological tissues. The jaw cartilage of sharks is a hydrated
tissue that possesses a unique heterogeneous arrangement of both
mineralized (hard) and non-mineralized (soft) layers [20]. This
arrangement consists of a thin, mineralized cortex comprised of a
series of blocks (tesserae) that overly a non-mineralized core (see

between bone and cartilage because it possesses a non-mineralized
phase similar to hyaline cartilage and a calcified phase absent from
the cartilage of other groups [19,20].

Examination of mechanical properties using standard tensile or
compression tests requires samples of uniform cross-sectional area
to calculate stress in the sample. Thus, previous mechanical testing
of shark cartilage has focused primarily on testing vertebral centra
(the circular, central portion of the vertebrae) or machine-cut core
samples through the non-mineralized layer of jaw cartilage [21—
24]. Although bulk material properties are available for a very
limited number of shark species [19,25], the shape of the jaws and
the very thin layer of mineralized cartilage prohibits obtaining
values for different cartilage layers using a material testing system
(MTS). Shark jaw cartilage is therefore an ideal material for
developing a method for nanoindentation of heterogeneous tissues
as it is a hydrated composite of both mineralized (hard) and
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Figure 1. Preparation of the “dry” bull shark sample. An arch-
shaped wedge of cartilage (A) possessing both mineralized (1) and non-
mineralized layers (2) was held in place with the clasp of a clip (B). The
“V" shaped notch cut into the clasp (B) maintained equal pressure on
both sides of the sample during nanomechanical testing and assisted
with positioning the sample under the microscope.
doi:10.1371/journal.pone.0081196.g001

non-mineralized (soft) tissue with a geometry that limits testing in a
MTS.

The aim of this work is to develop a multi-axial, nanomecha-
nical method suitable for testing and comparing both layers of
cartilage from a single, small sample of hydrated shark jaw
cartilage. We examined two nanomechanical properties: Young’s
modulus (a measurement of stiffness) and indentation hardness.
The jaws of the great white shark (white shark; Carcharodon
carcharias) were chosen for this study as obtaining tissue samples is
often difficult because these sharks are a protected species [26].
Similar scenarios may also occur when testing other tissues and
biomaterials that can be valuable, scarce or minute in size, such as
samples obtained from humans, pathological tissues, explanted
implants, endangered species, or fossils [1,3,18,27]. Furthermore,
tissues are rarely homogeneous or isotropic, and tissue mechanics
are also known to vary with anatomical position [28]. Obtaining
multidirectional nanomechanical properties from single locations
will therefore be highly advantageous.

Methods

2.1. Overview

Since only one sample of jaw cartilage from the great white was
available, nanoindentation was initially performed on samples
from a bull shark (Carcharbinus leucas) to develop a suitable
hydration method for testing both mineralized and non-mineral-
ized jaw cartilage. Bull shark samples were tested in two ways: in
the first experiment (called “dry”) no attempt was made to hydrate
samples while in the second experiment (called “wet”) novel
experimental techniques were used to maintain hydration. These
testing methods are outlined in sections 2.2 through 2.7. Sections
2.8 through 2.10 outline how results from bull shark cartilage
testing were used to develop a multi-axial testing method for
nanoindentation of great white jaw cartilage. All specimens for this
study were provided with full ethics approval from the Department
of Primary Industries (DPI) Fisheries, Cronulla, New South Wales,
Australia and in accordance with UNSW Animal Care and Ethics
Committee guidelines. No animals were sacrificed in this study.

2.2. Sample preparation: bull shark

The jaws were removed from the head of a male bull shark
(145 cm in total length; NSWDPI # AB020311-2) which was
obtained from DPI Fisheries, Cronulla. The head was removed
from a freshly killed animal by commercial fishers and kept frozen
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prior to dissection. An arch-shaped section of cartilage approxi-
mately 1 mm thick and 5 mm in height was cut in the frontal
plane of the jaw immediately posterior to the final tooth file on
both the right and left sides of the lower jaw using a razor blade.
As mechanical properties may vary according to anatomical
location [28], both samples were removed from this location on
opposite sides of the jaw to standardize position and thus facilitate
comparisons of nanomechanical properties between sections
treated “dry” and ‘“‘wet” (see below). This position was also
chosen as it corresponds to high values for von Mises stress
calculated in a finite element analysis of the jaws of the great white
[29]. All muscle and connective tissue (including the perichondri-
um) were removed from the jaws exposing the mineralized layer of
cartilage in this area prior to cutting the sections.

2.3. Preparation of “dry” and “wet” bull shark specimens

The sample from the left side of the jaw was prepared without
further modification as a “dry” specimen (Figure 1) while the
sample from the right side of the jaw was tested “wet” in a pouch
(Figure 2). Bull shark samples were tested “wet” in pouches to
minimize dehydration during testing. The pouch was created by
measuring the base of a polyethylene plastic sandwich bag to the
approximate height of the sample then heat sealing the bag just
short of the measured distance on a diagonal at approximately 30°
to form a trapezoidal shaped pouch (Figure 2 A). A trapezoidal
shape was chosen to ensure a tight fit between the wedge—shaped
cartilage sample and the pouch while maintaining an opening at
the base of the pouch wide enough to fit a syringe.

A 3 mL syringe was filled with a hydrating medium (Hydrochond,
Biomedic, Sydney, Australia) and inserted into the pouch with the
opening of a needle (1.2x38 mm; Becton Dickinson, Singapore)
placed beneath the base of the sample (Figure 2 A). The sample
and needle were then submerged in ice for several minutes to cool
the sample. Care was taken to ensure the sample did not get wet. A
hair dryer with a digital temperature indicator was set to between
90-93°C.. The pouch (containing both the sample and needle) was
then heat shrunk with warm air from the hair dryer for
approximately 3 seconds until the polyethylene conformed to the
chilled sample and needle (Figure 2 B). This created a channel in
the pouch along the length of the needle (Figure 2 B). Immediately
after the polyethylene pouch was shrunk to the desired shape it
was re-submerged in ice for several minutes while ensuring the
sample did not get wet. Although the heat shrinking process is
unlikely to overly warm the specimen, keeping the sample on ice
before and after shrink-wrapping helped minimize sample
temperature elevation. The hydrating medium was then slowly
mjected beneath the sample and into the channel as the syringe
was carefully withdrawn (Figure 2 C). Placement of the needle
beneath the sample prior to heat shrinking allowed a thin film of
the hydrating medium to cover the base of the sample. To further
protect against the sample losing water, the end of the channel was
then heat sealed forming a fully enclosed pouch (Figure 2 C). Care
was taken to ensure the hydrating medium was not squeezed onto
the sample test surface.

A small rectangular window approximately 2 mm? was cut from
the apex of the arch of the sample into the pouch with a scalpel
blade (number 11 surgical blade; Swann- Morton, Shethield,
England) using a desk mount magnifying glass with light
attachment to view the sample. The sample (in its pouch) was
then carefully placed in the clip (Figure 2 D), so the edge of the
pouch window (not shown) was aligned with the ““V>* shaped notch
in the clasp (see Figure 1) while ensuring that the hydrating
medium did not spread onto the testing surface. The position of
the window relative to the notch facilitated the alignment of the
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cartilage

Figure 2. Sample preparation in an enveloping pouch. A plastic bag was heat sealed along 3 sides (1A) to form a pouch. A section of cartilage
(A) was inserted into the pouch. A syringe filled with a hydrating medium was placed in the pouch with the opening of the needle positioned
beneath the sample (A). The pouch was then heat-shrunk with a hair dryer allowing the pouch to conform to the sample and the needle, forming a
channel (1B) along the length of the needle. The hydrating medium (1C) was injected into the channel as the needle was carefully withdrawn. The
end of the channel was heat sealed and cut forming a tail (2C). A small rectangular window (not shown) was cut in the pouch to expose the surface
for testing and the sample and pouch were then placed in a clip (D). The sample was then placed in a hydrating chamber (E) with the tail of the

pouch tucked beneath the rectangular opening of the chamber (1E) to facilitate nanomechanical testing.

doi:10.1371/journal.pone.0081196.9002

sample under the microscope for testing. Care was taken to
determine the tip-to-optic boundary of the pouch testing window
prior to nanoindentation.

To further prevent dehydration of the sample, a hydrating
chamber with humidifying atmosphere was created by placing a
culture plate tray in a re-sealable plastic sandwich bag with cut
rectangle opening (Figure 2 E). The hydrating chamber was placed
on the magnetic stage of the nanoindenter. The sample (in its
pouch and clip) was placed in the hydrating chamber through the
rectangular opening taking care not to disrupt its position in the
clip or cover the testing surface with hydrating medium. The tail of
the pouch (Figure 2 E) was tucked under the rectangular opening
of the hydrating chamber so it would not interfere with the
indenter probe during testing. An isotonic solution similar to shark
plasma [30] was injected through the rectangular opening of the
hydrating chamber with a 10 mL syringe. Prior to placing the
hydrating chamber on the stage, a thin film of liquid soap was used
to coat the bottom of the tray to allow the isotonic solution to
spread evenly over the base of the chamber. Addition of the
isotonic solution with a syringe to the coated chamber after the
sample was in place controlled the flow of the solution in the
chamber and ensured that the sample was not covered with the
fluid. The rectangular opening of the hydrating chamber allowed
the nanoindenter probe to contact the sample and created a
localized moisture environment around the sample via evapora-
tion of the isotonic solution from the chamber.

2.4. Nanoindentation of bull shark jaw cartilage
Quasi-static nanomechanical properties for both the mineral-
ized and non-mineralized layers of wet and dry bull shark jaw
cartilage were determined using nanoindentation performed on a
Hysitron Triboindenter (Hysitron, Minneapolis, USA) with a light
microscope mounted to the indenter. Optical imaging of the
sample using the microscope allowed precise control between the
sample position and the indenter thus ensuring that results from
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each test were obtained solely from mineralized or non-mineral-
ized layers of cartilage. A conicospherical tip with a radius of
100 um was chosen as it was found to perform best with both
rough surfaces (such as the mineralized layer) and soft tissue types
(such as the non-mineralized layer; [1]).

Each indentation utilized a trapezoidal load function consisting
of a linear loading segment of 10 seconds followed by a 5 second
hold period at a predetermined peak force and a linear unloading
segment of 10 seconds. Trapezoidal load functions have been
shown to minimize the effects of creep when calculating Young’s
modulus from viscoelastic materials [2,3]. A 5 second hold period
[1], was chosen to allow the indenter to settle into the cartilage
prior to unloading. Bull shark samples were tested at both 100 uN
and 1000 uN peak forces during the hold period. Young’s
modulus, hardness and contact depth were recorded from “dry”
and “wet” samples of both layers of bull shark cartilage samples.
Reduced elastic modulus and hardness were determined using the
compliance method of [31]. Young’s modulus for shark cartilage
(&) was determined from reduced elastic modulus (%) using the
equation:

Where E; is the modulus of the indenter (1140 GPa), v; is the
Poisson’s ratio for the indenter (0.07) and o, is the Poisson’s ratio
for shark cartilage (0.3) determined by [24].

2.5. Tip-to-optic calibration

Although indium is commonly used to calibrate conical tips with
a radius of up to 50 pm, this material is insufficient for calibration
of larger tips. Tip-to-optic calibration was therefore determined by
nanoindentation of chocolate (KitKat®) as it (compared to indium
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or modelling clay for example) was found to be the most reliable
medium for X-Y positional calibration of 100 pm conical tips.
Indentation of the KitKat left a clearly recognizable mark in the
smooth, flat surface of the chocolate which, once properly
calibrated, aligned with the cross hairs of the optical window
after testing. Furthermore, chocolate residue is easily cleaned from
the indentor tip (using manufacturer’s instructions) and KitKats
are rigorously manufactured with an exceptional flat tolerance and
possess fewer microscopic air bubbles (which would obscure marks
made by the indenter probe) than other materials.

2.6. Results of bull shark jaw cartilage tested “dry”

In order to obtain nanomechanical properties for cartilage using
the nanoindenter, the exact location of the sample must first be
defined in x, y, and z axes using the microscope thus defining the
testing position for the indenter. During testing, the focal plane (z
axis) of the specimen changed rapidly due to dehydration of the
sample. This rapid dehydration resulted in the sample being out of
focus in less than one minute and thus prevented the completion of
nanomechanical testing. Results for dry specimens could therefore
only be obtained once the sample was noticeably desiccated
(Figure 3). Young’s modulus (£), hardness (H) and contact depth
(h.) for the mineralized layer of the dry specimen at peak forces of
100 and 1000 uN are found in Table 1. Dehydration resulted in
extensive shrivelling of non-mineralized cartilage (Figure 3)
prohibiting results from being obtained from this layer.

2.7. Results of bull shark jaw cartilage tested “wet”

Unlike dry specimens, no changes in focal plane were observed
during testing of the wet (i.e. in pouches) bull shark sample. Table
1 shows the results for Young’s modulus, hardness, and contact
depth for mineralized and non-mineralized cartilage tested wet.
Young’s modulus and hardness for both mineralized and non-
mineralized cartilage were variable depending on the peak force
used (Table 1). Non-mineralized cartilage could not be tested at
peak forces exceeding 500 uN as the displacement limit for the
depth of indentation of the Hysitron system is 5000 nm and the
maximum depth recorded for tests on non-mineralized cartilage at
peak forces of 500 uN was 4482.3 nm. Nanoindentation of non-
mineralized cartilage at peak forces of 500 uN were therefore
frequently terminated due to displacement errors during testing,
suggesting that this is the maximum peak force for this type of
cartilage.

Testing errors were not observed during nanoindentation of
non-mineralized cartilage at a peak force of 100 pN. Based on
these results, a peak force of 100 pN was chosen to facilitate testing

Table 1. Young’s modulus (E), hardness (H) and contact
depth (h,) for bull shark jaw cartilage.

Peak force E H h. (nm)
Mineralized cartilage 100 159.5 MPa 1.5 MPa 196.0
(dry)

1000 1.2 GPa 7.7 MPa 3737
Mineralized cartilage 100 78.6 MPa 5789 KPa  494.6
(wet)

1000 220.2 MPa 4.2 MPa 687.1
Non-mineralized 100 35.9 MPa 246.7 KPa 25559
cartilage (wet)

500 17.7 MPa 359.1 KPa  4117.3

doi:10.1371/journal.pone.0081196.t001
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Figure 3. Desiccation of cartilage in the “dry” specimen. The
image shows the effect of water loss if no attempt is made to maintain
hydration during nanoindentation. Due to significant moisture loss in
the sample, the non-mineralized layer (1) is noticeably shrivelled and
paper thin. The mineralized blocks (tesserae) present in the outer layer
are also visible (2).

doi:10.1371/journal.pone.0081196.g003

and comparison of nanomechanical properties of mineralized and
non-mineralized great white shark jaw cartilage.

2.8. Sample preparation: great white shark

The jaws were removed from the head of a male great white
shark (2.45 m total length; NSWDPI-SMP-WAT061210), that was
obtained from a dead specimen that was caught in the shark nets
by the NSW Shark Meshing (Bather Protection) Program. An
arch-shaped sample of cartilage measuring approximately 2 mm
thick and 7 mm in height was cut in the frontal plane of the upper
jaw immediately posterior to the final tooth file jaw using a razor
blade. All muscle and connective tissue (including the perichon-
drium) was removed from the jaws exposing the mineralized layer
of cartilage in this area prior to cutting the sample. Based on the
results of bull shark tests, the great white cartilage sample was
tested in a pouch as outlined in Section 2.3 to minimize
dehydration (and see Iigure 2).

To examine if nanomechanical properties varied with direction,
the great white sample (in its pouch) was tested in three
perpendicular directions relative to the jaw. The orientation of
the cut section of cartilage relative to the jaw was recorded for the
great white sample (Figure 4) prior to placing the sample in its
pouch. The anterior, buccal and ventral surfaces of the sample
(Figure 4) were chosen as they are in perpendicular planes (i.e. to
test for orthotropy). Thus a total of 6 tests (3 directions for each
layer of cartilage) were conducted on the great white sample. Each
test consisted of several indentations (see Table 2). Two specially
designed clips were constructed to allow all 6 tests to be conducted
on a single sample (Figure 5). All tests were competed in a
hydrating chamber (shown in Figure 2 E) with the sample in either
Clip A or B (Figure 5; and see Figure 6).

2.9. Multi-axial, biphasic nanoindentation of a single
sample of great white jaw cartilage

As determined from bull shark tests, quasi-static nanomechani-
cal properties (Young’s modulus; hardness) for both the mineral-
ized and non-mineralized layers of great white jaw cartilage were
determined using nanoindentation performed with a Hysitron
Triboindenter using a conical tip with a radius of 100 pm. Each
indentation consisted of a linear loading segment of 10 seconds
followed by a 5 second holding period at a peak force of 100 uN
(to facilitate comparisons between layers) and a linear unloading
segment of 10 seconds.
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Table 2. Young's modulus and hardness for great white shark
jaw cartilage in three directions.

Buccal Ventral Anterior
Young's Modulus Mineralized  229.1; 21 130.8; 32 118.8; 32
Young’s Modulus Non- 9.974; 6 10.27; 12 15.52; 10
mineralized
Hardness Mineralized 1.457; 21 1.900; 32 1.856; 32
Hardness Non-mineralized 0.296; 6 0.194; 12 0.460; 10

Note: Numbers represent the mean (in MPa) followed by the number of
indentations.
doi:10.1371/journal.pone.0081196.t002

Young’s modulus and hardness were obtained from the
anterior, buccal and ventral surfaces of both mineralized and
non-mineralized layers. To test the anterior surface of the sample
(Figure 6, Panel 1) the sample (in its pouch, not shown) was placed
flat in Clip A (Figure 5; represented by a black circle in Figure 6).
A small rectangular window approximately 2 mm? was cut from
the apex of the arch of the sample into the pouch with a scalpel
blade. After nanoindentation was completed for both layers of
cartilage on the anterior surface, the sample (in its pouch, not
shown) was rotated and placed in Clip B (Figure 5; represented by
a black box in Figure 6) to test the buccal surface. A rectangular
window approximately 1 mm in width and 3 mm in length was
cut in the pouch with a scalpel blade exposing the buccal surface
for testing. Once nanoindentation data was acquired for the
buccal surface of the mineralized layer (Figure 6, Panel 2), the
upper portion of the sample (and the pouch) was cut approxi-
mately 2 mm beneath the lowermost boundary of the mineralized
layer with a scalpel blade and removed to expose the buccal
surface of the non-mineralized layer (Figure 6, Panel 2, dashed
line). After testing on the buccal surface of the non-mineralized
layer was complete, the remaining sample was sealed in a new
pouch (not shown) and then rotated in Clip B to expose the ventral
surface of the mineralized layer of the sample for testing (Figure 6,
Panel 3). A rectangular window (approximately 1 mm in width
and 3 mm in length) was cut in the pouch to test the mineralized
layer in this direction. Upon completion of testing the buccal
surface of the mineralized layer (Figure 6, Panel 3) the sample and
pouch were cut approximately 2 mm below the lowermost
boundary of the mineralized layer of cartilage to expose the
buccal surface of the non-mineralized layer for testing (Figure 6,
Panel 4). Samples and windows were cut using a number 11
scalpel blade (Swann- Morton, Sheffield, England), a ruler and
with the aid of a mounted desk top magnifying glass.

2.10. Statistical analysis

To examine if there were directional differences in nanome-
chanical properties of mineralized and non-mineralized great
white jaw cartilage separate statistical models were fitted for
Young’s modulus and hardness. Complete weighted generalized
least squares (GLS) regression models were fitted on the log
transform of either Young’s modulus or hardness using the
restricted maximum likelithood method with the package nime [32]
in R 2.13 [33]. The model was fitted with a variance function
allowing for heteroscedasticity (different variances in the miner-
alized and non-mineralized layers [34]). Factors and levels for each
model were “Layer” (2 levels: mineralized; non-mineralized
cartilage) and “Direction” (3 levels: ventral surface; anterior
surface; buccal surface). Significance of factors and interactions
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Figure 4. Diagram of the cartilage sample removed from the
great white shark jaw for nanomechanical testing. The sample is
shown in situ (grey outline) and removed, rotated and enlarged to show
both mineralized (M) and non-mineralized (NM) layers of cartilage.
Arrows indicate the anterior (A), buccal (B) and ventral (V) surfaces of
the sample relative to the jaw. Surfaces are defined as follows: anterior
surface of the sample corresponded to the frontal plane (anteropos-
terior axis) of the jaws; the buccal surface of the sample corresponded
to the sagittal plane (mediolateral axis) of the jaws; the ventral surface
of the sample corresponded to the transverse plane (longitudinal axis)
of the jaws. Dashed arrows indicate directions perpendicular to the
page.

doi:10.1371/journal.pone.0081196.g004

were determined by using ANOVAs of the GLS models.
Significance was determined using the Bonferroni correction (o
= 0.05). If a significant directional effect was observed in the GLS
model contrasts were constructed to compare each pair of
directions (Buccal:Ventral; Buccal:Anterior; Ventral:Anterior) to
examine the underlying cause of the effect.

Figure 5. Clips purpose built for nanomechanical testing. Clips
were moulded using thermoplastic aliphatic polyester encompassing a
ferromagnetic steel stub which is visible in Clip B. The steel stub
allowed the clips to adhere to the magnetic stage of the nanoindenter.
In Clip A, the sample was held in place with a clasp (A) and a textured
surface was moulded into the base of the clip to further minimize
movement of the sample during testing. Samples were loaded into the
groove of Clip B by depressing the thumb rest. The width of the groove
in the flexible clip was chosen to accommodate samples between 1-
3 mm in thickness and held the cartilage firmly in place without
compressing the sample. The anterior surface of the sample was tested
using Clip A, while the buccal and ventral surfaces were tested by
rotating the sample in Clip B. Only one sample was required to
complete multi-axial testing on both layers of cartilage because the
sample was not bonded to the stub and could be easily rotated into
different positions using the clips.
doi:10.1371/journal.pone.0081196.g005
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Figure 6. Schematic of multi-axial nanomechanical testing. In panel 1A, the sample of cartilage with mineralized (light grey) and non-
mineralized (dark grey) cartilage is placed flat in Clip A (black circle) under a microscope (orange box). The testing position (on mineralized cartilage)
is defined by the optical cross hairs (orange circle, A) of the microscope and this position is coupled to the indenter position (orange circle, B).
Indentation occurs at the position defined by the optical cross hairs (C, D). Each indentation is a repeat of steps A-D and numerous indentations are
performed on the sample. Upon completion of testing mineralized cartilage, the optical cross hairs are moved to a location on non-mineralized
cartilage (yellow circle, 1A) and steps in Panel 1A-D are repeated to test the anterior surface of this layer (not shown). In Panel 2, the cartilage sample
is placed in Clip B (black box) and the indentation sequence (A-D) is repeated numerous times to test the buccal surface (orange) of mineralized
cartilage. The upper portion of the sample is removed (dashed line, Panel 2A) and the sequence is subsequently repeated to test the buccal surface of
non-mineralized cartilage (not shown). In Panel 3 the sample is rotated in Clip B to test the ventral surface (orange) of mineralized cartilage. The
upper portion of the sample was then removed to test the ventral surface (orange) of non-mineralized cartilage (Panel 4A-D). All tests were
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conducted in a hydrating chamber (not shown).
doi:10.1371/journal.pone.0081196.g006

Results

3.1. Young's modulus and hardness of great white jaw

cartilage

Hydration of the great white sample was maintained for the
8 hours it took to complete all 6 tests. Boxplots (Figure 7), average
values for nanomechanical properties of great white jaw cartilage
(Table 2) and results of contrasts testing directional differences (Table
3) show that there were significant directional differences detected in
nanomechanical properties for both mineralized and non-mineral-
ized white shark jaw cartilage. Although there was no significant
difference detected with direction in hardness for the mineralized
layer, the buccal surface was significantly stiffer (i.e. Young’s
modulus) than the anterior surface (Figure 7; Tables 2 and 3) in
this layer. In the non-mineralized layer there was marginal evidence
(o = 0.1) to suggest that the anterior surface is stiffer than the ventral
surface and strong evidence (& = 0.01) that the anterior surface was
harder than the ventral surface (Figure 7; Tables 2 and 3).

3.2. Structure of great white jaw cartilage

Distinct “nodules” were clearly visible in mineralized great
white jaw cartilage (Figure 8 B). Indentations were performed on
nodules in the ventral surface of mineralized cartilage with
Young’s modulus ranging from 5.860 — 34.54 megapascals (MPa)
and hardness ranging from 0.134 — 0.394 MPa.

Although the non-mineralized layer was more homogeneous in
appearance than the mineralized layer, this layer still displayed

differences in topology (Figure 8) and nanomechanical properties
(Table 3; Figure 7). Fewer indentations were conducted on non-
mineralized cartilage (Table 2) as fewer surface structures were
observed in this layer compared to mineralized cartilage.

Discussion

4.1. Great white jaw cartilage

Our study presents the first analysis of nanomechanical properties
from the jaw cartilage of the great white shark. Multidirectional
variation in Young’s modulus and hardness was observed in both
mineralized and non-mineralized great white jaw cartilage (Table 3;
Figure 7). Nodules of low stiffness and hardness (similar to properties
for non-mineralized cartilage; Table 2) were observed in the
mineralized layer of great white jaw cartilage but not in bull shark
jaw cartilage. As results may vary due to methodology [18,35], our
results recommend that further nanomechanical studies of chon-
drichthyan cartilage utilize a peak force of 100 uN to facilitate
comparisons between mineralized and non-mineralized layers.
Variation in biological tissue structure and mechanical properties
are often attributed to function [28,36-40]. However, as there is
little information on the nanostructure of shark jaw cartilage
[20,40], it remains to be determined if and how nanostructural
differences in mineralized and non-mineralized shark jaw cartilage
relate to feeding and if there are differences with ontogeny [29].

Young’s modulus for the mineralized layer of elasmobranch
cartilage has been reported as 2.00 GPa [41] and 4.05 GPa [24]).

Table 3. Bonferroni adjusted p-values for results of contrasts testing directional differences.

Buccal:Ventral

Ventral:Anterior Buccal:Anterior

Young’s Modulus Mineralized .006
Young’s Modulus Non-mineralized .872
Hardness Mineralized Not significant

Hardness Non-mineralized 011

373 .000
.003 .009
.000 .020

directional effect was observed.
doi:10.1371/journal.pone.0081196.t003
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Note: Numbers that are in bold or underlined are significant at o = 0.05 and 0.1, respectively; “Not significant” indicates contrasts were not performed since no
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Figure 7. Boxplots. Boxplots show variation in Young’s modulus (A) and hardness (B) for mineralized and non-mineralized great white shark jaw
cartilage in different directions. Axes are in gigapascals (GPa). Whiskers on boxplots represent minimum and maximum values.

doi:10.1371/journal.pone.0081196.g007

These values are within the lower range for bone (1-20 GPa; [3]).
In contrast, mean Young’s modulus values for the mineralized
layer of great white jaw cartilage in this study ranged from 0.12 to
0.23 GPa (Table 2), at least an order of magnitude lower than
previously reported values. Thus, in comparison to stingray data
(round stingray, Urobatis halleri;|24]) shark jaw cartilage may be less
stiff than previously considered.

4.2. Utility of method

Our study provides a novel method for obtaining multidirec-
tional, nanomechanical properties from both layers of hydrated
great white jaw cartilage using only a single sample. Custom clips
used in this study were built to clasp and immobilize tissue samples
ranging in size from less than 1 mm to 3 mm in width. Samples
can be re-used in multiple tests to obtain multidirectional
nanomechanical properties (Figure 6) because samples are placed
in specially designed clips (Figure 5) and not super-glued to a stub
(as is standard practice). Our sample-sparing technique is therefore
suitable for situations when samples are limited, valuable, or rare
(e.g. fossils; pathological tissues; endangered species [1,3,18,27]).
Our technique may therefore be of benefit in examining

Cc

Figure 8. Optical Images from the Hysitron Triboindenter of
mineralized (A, B) and non-mineralized (C, D) great white shark jaw
cartilage. The image of the anterior surface of mineralized cartilage (A)
shows the optical cross hairs (blue) on a block of mineralized cartilage.
The image of the ventral surface (B) shows numerous nodules (e.g.
white arrow) present in the jaw cartilage. Images C and D are both from
the ventral surface of the same sample of cartilage and show
differences observed in topology in the non-mineralized layer.
doi:10.1371/journal.pone.0081196.g008
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anisotropic nanomechanical properties for an array of both soft
and hard hydrated, heterogeneous, hierarchical biological mate-
rials. Novel nanoindentation procedures suitable for testing
hydrated biological materials are crucial for further advances in
the study of tissue mechanics, biomedical engineering and tissue
engineering [1-3,18,42-44].

The indentation sequence outlined in Figure 6, A-D takes
approximately 5 minutes. The dry bull shark sample was
sufficiently out of focus to prohibit testing in less than one minute.
Although dehydration would be expected in samples with a high
surface to volume ratio (such as the ones used in this study), the
inability to maintain a usable focal plane during testing of dry bull
shark samples for such a short period of time was unexpected. Our
method maintained hydration as evidenced by minimal changes in
focal plane during testing for the 8 hours required to complete all
6 tests (each consisting of numerous indentations) on the great
white sample. In addition, hydration is applied from a hydrating
medium (Hydrochond) that is stored in the channel of the pouch.
The dimensions of this channel can be altered to store additional
hydrating medium for experiments of longer duration, such as
overnight. Furthermore, several studies maintain hydration in
samples by submerging the sample in liquid [4,9,10,12-15]. This
technique may complicate testing as specialized tips are required
and application of fluids interferes with visualization of the sample,
making it difficult to define the test site [1,3,15]. These
complications are avoided using our method, as a standard
conical tip is used and hydration is applied to the base of the
sample, and is thus far removed from the testing position.

Improved techniques for tip-to-optic calibration during nanoin-
dentation are critical for testing soft biological tissues [1]. Tip-to-
optic calibration was completed via indentation of a soft chocolate
with a smooth, flat surface. This method is an advance over
previous calibration methods as spherical tips (including those
larger than 20 pum) required for testing soft tissue [1,3,16,45,46]
can be directly calibrated using this technique rather than relying
on calibration using a Berkovich tip prior to switching to the
spherical tip, which may inadvertently change the alignment
leading to erroneous results [1].

Examination of the mechanical properties of an array of largely
unknown vertebrate tissue types may offer new insights into
biomedical and biomimetic designs [18,38,47]. Currey [18] has
stated that: “There is a pressing need for an examination of some
material properties of a whole variety of bones, always using
exactly the same testing method, for instance nanoindentation of
wet material, so that firm comparisons can be made.” Currey [18]
included shark cartilage in this assessment. Our method may be
applicable to numerous biological materials because it maintained
hydration in a single small sample during multidirectional
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nanomechanical testing, recommends an optimum loading rate for
analysis of both mineralized and non-mineralized tissue, and
outlines a tip-to-optic calibration method suitable for soft tissues.
Defining a peak force (100 puN) suitable for comparisons of soft
and hard tissues is necessary given that displacement errors are
common during nanoindentation of soft, hydrated biological
tissues [45]. Examination of a range of animal tissues using our
method may therefore assist in further understanding of form,
function and evolutionary pathways of biological systems, as well
as future innovations in biomimetic and biomedical device designs.

References

1. Ebenstein DM, Pruitt LA (2004) Nanoindentation of soft hydrated materials for
application to vascular tissues. J Biomed Mater Res 69: 222-232.

2. Ebenstein DM, Pruitt LA (2006) Nanoindentation of biological materials. Nano
Today 1: 26-33.

3. Oyen ML (2011) Nanoindentation of Biological and Biomimetic Materials. Exp
Techniques 2001: 1-15.

4. Bushby AJ, Ferguson VL, Boyde A (2004) Nanoindentation of bone:
Comparison of specimens tested in liquid and embedded in polymethylmetha-
crylate. ] Mater Res 19: 249 259.

5. Oyen ML (2008) Poroelastic nanoindentation responses of hydrated bone. J
Mater Res 23: 1307-1314.

6. Bembey AK, Bushby AJ, Boyde A, Ferguson VL, Oyen ML (2006) Hydration
effects on the micro-mechanical properties of bone. J Mater Res 21: 1962-1968.

7. Bembey AK, Oyen ML, Bushby AJ, Boyde A (2006) Viscoelastic properties of
bone as a function of hydration state determined by nanoindentation. Philos
Mag 86: 5691-5703.

8. Franke O, Durst K, Maier V, Géken M, Birkholz T, et al. (2007) Mechanical
properties of hyaline and repair cartilage studied by nanoindentation. Acta
Biomater 3: 873-881.

9. Hengsberger S, Kulik A, Zysset P (2002) Nanoindentation discriminates the
elastic properties of individual human bone lamellae under dry and physiological
conditions. Bone 30: 178-184.

10. Rho JY, Pharr GM (1999) Effects of drying on the mechanical properties of
bovine femur measured by nanoindentation. J Mater Sci Mater Med 10: 485
488.

11. Hoffler CE, Guo XE, Zysset PK, Goldstein SA (2005) An Application of
Nanoindentation Technique to Measure Bone Tissue Lamellaec Properties. J
Biomech Eng 127: 1046-1053.

12. Mattice JM, Lau AG, Oyen ML, Kent RW (2006) Spherical indentation load-
relaxation of soft biological tissues. J] Mater Res 21: 2003-2010.

13. Balooch M, Wu-Magidi IC, Balazs A, Lundkvist AS, Marshall SJ, et al. (1998)
Viscoelastic properties of demineralized human dentin measured in water with
atomic force microscope (AFM)-based indentation. J Biomed Mater Res 40:
539-544.

14. Angker L, Swain MV, Kilpatrick N (2005) Characterising the micro-mechanical
behaviour of the carious dentine of primary teeth using nano-indentation. J
Biomech 38: 1535-1542.

15. Mann AB, Pethica JB (1996) Nanoindentation Studies in a Liquid Environment.
Langmuir 12: 4583-4586.

16. Ebenstein DM, Kuo A, Rodrigo JJ, Hari Reddi A, Ries M, et al. (2004) A
nanoindentation technique for functional evaluation of cartilage repair tissue. J
Mater Res 19: 273-281.

17. Hoffler CE, Moore KE, Kozloff K, Zysset PK, Brown MB, et al. (2000)
Heterogeneity of bone lamellar-level elastic moduli. Bone 26: 603-609.

18. Currey JD (2010) Mechanical properties and adaptations of some less familiar
bony tissues. ] Mech Behav of Biomed Mater 3: 357-372.

19. Summers AP, Long JH (2006) Skin and bones, sinew and gristle: The
mechanical behavior of fish skeletal tissues. In: Shadwick RE, Lauder GV,
editors. Fish Biomechanics. San Diego, CA: Elsevier Academic Press. pp. 141—
178.

20. Dean MN, Summers AP (2006) Mineralized cartilage in the skeleton of
chondrichthyan fishes. Zoology 109: 164-168.

21. Porter ME, Beltran JL, Koob TJ, Summers AP (2006) Material properties and
biochemical composition of mineralized vertebral cartilage in seven elasmo-
branch species (Chondrichthyes). J Exp Biol 209: 2920-2928.

22. Porter ME, Long JH (2010) Vertebrae in Compression: Mechanical Behavior of
Arches and Centra in the Gray Smooth-Hound Shark (Mustelus californicus). J
Morphol 271: 366-375.

23. Porter ME, Koob TJ, Summers AP (2007) The contribution of mineral to the
material properties of vertebral cartilage from the smooth-hound shark Mustelus
californicus. J Exp Biol 210: 3319-3327.

24. Wroe S, Huber DR, Lowry M, McHenry C, Moreno K, et al. (2008) Three-
dimensional computer analysis of white shark jaw mechanics: how hard can a
great white bite? J Zool 276: 336-342.

PLOS ONE | www.plosone.org

Multi-Axial Nanoindentation of Hydrated Tissues

Acknowledgments

We thank Dr. Victor Peddemors of the New South Wales (NSW)
Department of Primary Industries (DPI), Fisheries, Australia and the NSW
Shark Meshing (Bather Protection) Program for the great white specimen
and Dr. Amy Smoothey from NSW DPI Fisheries, Australia for the bull
shark specimen. We also thank Natalie Rogers for assistance with
photography for figure preparation.

Author Contributions

Conceived and designed the experiments: TF PB. Performed the
experiments: TF. Analyzed the data: TF PB ES. Contributed reagents/
materials/analysis tools: SW PB ES. Wrote the paper: TF.

25. Fahle SR, Thomason JC (2008) Measurement of jaw viscoelasticity in newborn
and adult lesser spotted dogfish Seyliorhinus canicula (L., 1758). J Fish Biol 72:
1553-1557.

26. Chapman D, Abercrombie D, Douady C, Pikitch E, Stanhope M, et al. (2003) A
streamlined, bi-organelle, multiplex PCR approach to species identification:
Application to global conservation and trade monitoring of the great white
shark, Carcharodon carcharias. Conserv Genet 4: 415-425.

27. Olesiak SE, Sponheimer M, Eberle JJ, Oyen ML, Ferguson VL (2010)
Nanomechanical properties of modern and fossil bone. Palacogeogr Palaeocli-
matol Palaeoecol 289: 25-32.

28. Tai K, Dao M, Suresh S, Palazoglu A, Ortiz C (2007) Nanoscale heterogeneity
promotes energy dissipation in bone. Nat Mater 6: 454-462.

29. Ferrara TL, Clausen P, Huber DR, McHenry CR, Peddemors V, et al. (2011)
Mechanics of biting in great white and sandtiger sharks. J Biomech 44: 430-435.

30. Forster RP, Goldstein L, Rosen JK (1972) Intrarenal control of urea
reabsorption by renal tubules of the marine elasmobranch, Sgualus acanthias.
Comp Biochem Phys A 42: 3-12.

31. Oliver WC, Pharr GM (1992) Improved technique for determining hardness and
elastic modulus using load and displacement sensing indentation experiments. J
Mater Res 7: 1564-1580.

32. Pinheiro J, Bates B, DebRoy S, Sarkar D (2011) nlme: linear and nonlinear
mixed effects models. (R package version 3.1-101).

33. R Development Core Team (2013) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna. http://www.R-
project.org Accessed 2013 Oct 25).

34. Cleasby I, Nakagawa S (2011) Neglected biological patterns in the residuals.
Behav Ecol Sociobiol 65: 2361-2372.

35. McKee CT, Last JA, Russell P, Murphy CJ (2011) Indentation Versus Tensile
Measurements of Young’s Modulus for Soft Biological Tissues. Tissue Eng Pt B
17: 155-164.

36. Basser PJ, Schneiderman R, Bank RA, Wachtel E, Maroudas A (1998)
Mechanical properties of the collagen network in human articular cartilage as
measured by osmotic stress technique. Arch Biochem Biophys 351: 207-219.

37. Mow VC, Guo XE (2002) Mechano-electrochemical properties of articular
cartilage: their inhomogeneities and anisotropies. Annu Rev Biomed Eng 4:
175-209.

38. Chen PY, Lin AYM, Lin YS, Seki Y, Stokes AG, et al. (2008) Structure and
mechanical properties of selected biological materials. ] Mech Behav Biomed
Mater 1: 208-226.

39. Swadener JG, Rho J, Pharr GM (2001) Effects of anisotropy on elastic moduli
measured by nanoindentation in human tibial cortical bone. J Biomed Mater
Res 57: 108-112.

40. Dean MN, Socha JJ, Hall BK, Summers AP (2010) Canaliculi in the tessellated
skeleton of cartilaginous fishes. J Appl Ichthyol 26: 263-267.

41. Dean MN, Gorb SN, Summers AP (2008) A cryoSEM method for preservation
and visualization of calcified shark cartilage (and other stubborn heterogeneous
skeletal tissues). Microscopy Today 16: 48-50.

42. Han L, Grodzinsky AJ, Ortiz C (2011) Nanomechanics of the Cartilage
Extracellular Matrix. Annu Rev Mater Res 41: 133-168.

43. Franke O, Goken M, Hodge A (2008) The nanoindentation of soft tissue:
Current and developing approaches. JOM J Min Met Mat S 60: 49-53.

44. Lyyra T, Jurvelin J, Pitkanen P, Viatiinen U, Kiviranta I (1995) Indentation
instrument for the measurement of cartilage stiffness under arthroscopic control.
Med Eng Phys 17: 395-399.

45. Kaufman JD, Klapperich CM (2009) Surface detection errors cause overesti-
mation of the modulus in nanoindentation on soft materials. ] Mech Behav
Biomed Mater 2: 312-317.

46. Cheng L, Xia X, Scriven LE, Gerberich WW (2005) Spherical-tip indentation of
viscoelastic material. Mech Mater 37: 213-226.

47. Oyen ML (2008) The Materials Science of Bone: Lessons from Nature for
Biomimetic Materials Synthesis. Mater Res Bull 33: 49-55.

November 2013 | Volume 8 | Issue 11 | e81196



