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a b s t r a c t

The present study aims to discover the contribution of glycosaminoglycans (GAGs) and

collagen fibers to the mechanical properties of the osteoarthritic (OA) cartilage tissue. We

used nanoindentation experiments to understand the mechanical behavior of mild and

severe osteoarthritic cartilage at micro- and nano-scale at different swelling conditions.

Contrast enhanced micro-computed tomography (EPIC-μCT) was used to confirm that mild

OA specimens had significantly higher GAGs content compared to severe OA specimens. In

micro-scale, the semi-equilibrium modulus of mild OA specimens significantly dropped

after immersion in a hypertonic solution and at nano-scale, the histograms of the

measured elastic modulus revealed three to four components. Comparing the peaks with

those observed for healthy cartilage in a previous study indicated that the first and third

peaks represent the mechanical properties of GAGs and the collagen network. The third

peak shows considerably stiffer elastic modulus for mild OA samples as compared to the

severe OA samples in isotonic conditions. Furthermore, this peak clearly dropped when the

tonicity increased, indicating the loss of collagen (pre-) stress in the shrunk specimen. Our

observations support the association of the third peak with the collagen network. However,

our results did not provide any direct evidence to support the association of the first peak

with GAGs. For severe OA specimens, the peak associated with the collagen network did
rved.
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not drop when the tonicity increased, indicating a change in the response of OA cartilage to

hypertonicity, likely collagen damage, as the disease progresses to its latest stages.

& 2016 Elsevier Ltd. All rights reserved.
Fig. 1 – (a) Mild and (b) severe OA samples.
1. Introduction

Articular cartilage, with its heterogeneous hydrated mesh-
work and interpenetrated polymeric components exhibits a
complex biomechanical behavior (Julkunen, 2008; Nimer
et al., 2003; Stolz et al., 2009). Particularly, negatively charged
Glycosaminoglycan chains (GAGs) interact with the positive
ions from the environment and create a high tonicity that
causes the cartilage to swell. The subsequent swelling pres-
sure is then counteracted by collagen (type 2) fibers. Any
degenerative changes in the articular cartilage macromole-
cules disrupt the "structure–function" of its network and
trigger changes in the functionality of these polymeric con-
stitutes (Loparic et al., 2010). Osteoarthritis (OA) is a degen-
erative joint disease that is characterized by the loss of
proteoglycans (PGs) and hence GAG content via enzymes
(mainly matrix metalloproteases and aggrecanases) as well
as failure of the collagen network and subsequently loss of
cartilage stiffness (Ghosh and Smith, 2002; Hedbom, 2002;
Ishiguro and Poole, 2002).

Mechanical properties at the molecular to tissue levels can
be obtained by indentation machines, that can perform
indentations at the homogenized tissue level (often referred
to as microindenter or nanoindenter) and at the molecular
level (using indentation type Atomic Force Microscopy, IT-
AFM). For instance, (Miller and Morgan, 2010) have deter-
mined the macro and micro-scale mechanical features and
the biphasic properties of the femoropatellar portion of
bovine cartilage. (Li et al., 2011) have measured the modulus
of porcine cartilage and polyacrylamide gel by applying stress
relaxation analysis using nanoindentation and found the
possibility to tailor the mechanical properties of hydrogel
materials for cartilage tissue engineering purposes. Moreover,
Stolz and colleagues have used IT-AFM in a number of studies
to characterize the mechanical properties of the cartilage and
found it an appropriate method to characterize early OA
(Loparic et al., 2010; Stolz et al., 2004, 2009). Similarly,
Grodzinsky and colleagues have assessed the time-
dependent nano-stiffness of articular cartilage using IT-AFM
to quantify its frequency and time-dependent behavior (Han
et al., 2011; Nia et al., 2011, 2013).

The aim of the current study is to understand the
response of OA cartilage to changes in ionic strength (toni-
city) and correlate it with (i) the mechanical properties of
cartilage measured at the micro- and nano-scale measured
using indentation experiments and (ii) the severity of the
disease. The response of OA cartilage to changes in tonicity
could indirectly give us information about the relationship
between the structure and properties of cartilage, because the
porous hydrated matrix with its negatively charged GAGs and
fibrillar collagen macromolecules is responsible for cartilage's
biomechanical behavior. Under different external tonicities,
cartilage has different swelling behaviors as a consequence of
GAGs and the resultant collagen fiber pretension. Thus,
different mechanical characteristics for its individual compo-
nents would be expected after dehydration as a consequence
of tonicity changes, and nanoindentation enables us to
entangle the properties of collagens from those of GAGs.
Moreover, the progression of the disease to mild OA and
ultimately severe OA may disrupt the mechanical interaction
between collagen and GAGs, which could be elucidated from
the micro- and nano-scale indentations.
2. Materials and methods

2.1. Specimen preparation

Human osteoarthritic (OA) articular cartilage specimens (har-
vested from the weight bearing part of femoral condyles and
the tibial plateaus and parallel to the surface of the cartilage

with intact surface) with different levels of disease severity
(mild and severe based on the Kellgren and Lawrence classi-
fication) were harvested during total knee replacement sur-
geries (Fig. 1). The samples were subsequently buffered in
Phosphate Buffer Sulfate (PBS, Gibco, UK) 1% and stored at
�20 1C (Athanasiou et al., 1991; Wilusz et al., 2013). Before the
indentation experiments, the cartilage samples were
attached to a substrate using water-resistant epoxy-based
glue and were covered by a PBS solution. We used two
different PBS solutions: normal PBS as an isotonic solution
(containing 155 mM NaCl) and a hypertonic PBS solution
(containing 2 M NaCl), in both cases combined with a pro-
tease inhibitor cocktail (complete, Roche, Mannheim, Ger-
many). We performed the mechanical tests such as creep and
dynamic indentation using nano-indenter and IT-AFM on
5 mild OA samples and 5 severe OA samples.



Fig. 2 – Displacement–time (a) and force–time, (b) graphs of
micro-scale creep data by nanoindenter, (c) load–
displacement curve by IT-AFM.
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2.2. Indentation experiments

2.2.1. Micro-scale
For the micro-scale measurements, a nanoindenter machine
(Hysitron, USA) was used to obtain indentation-based creep
curves on mildly OA cartilage specimens only (Fig. 1a). The
cartilage network in the severely OA specimens was highly
disrupted, rendering consistent micro-scale indentations

infeasible. The mild and severe OA specimens differed in

their macroscopic damage in terms of the amount of cartilage

fibrillation and color change. They also had different shapes

and thicknesses (Figs. 6a and 7). In order to prevent over-

stressing, we selected a diamond conospherical fluid-type

probe with a tip radius of 44.42 μm. Before starting the

experiments, the specimens were thawed and kept in iso-

tonic PBS solution for 1 h. Thereafter, a series of indentation

tests were performed. The indentation is intended as a creep

experiment that uses motor-controlled displacements with

continuously measured loading that is corrected in the feed-

back system to ensure that a constant load of 3�10�4 N is

applied throughout the indentation experiment. The feed-

back correction results in a small overshoot in the first

second that is adjusted to 3�10�4 N thereafter. The max-

imum load was then maintained for 60 s and corresponded to

a total displacement of 3000–4900 nm (Fig. 2a).
The medium was then replaced by the hypertonic solution

and several creep indentation experiments were performed

at 20, 40, 60, and 120 min after immersion of the sample in

the hypertonic solution. All above-mentioned tests were

performed on two or more different locations (points) on

each cartilage samples and for each time point. The creep

indentation tests were repeated three times per each location

with 120 s recovery times between the repetitions.
To obtain the semi-equilibrium modulus from the creep

test, we applied the method that is developed by Oyen (2013)

using Prony series to fit a curve to the creep data in order to

calculate the long term shear modulus of the material sample

in the first step (Fig. 2b). Then, by assuming a Poisson's ratio

of 0.5 for the cartilage sample (considering the incompressi-

bility assumption (Jin and Lewis, 2004; Loparic et al., 2010;

Richard et al., 2013; Stolz et al., 2004), Young's modulus could

be calculated. The analytical relationships were fitted to the

experimental data using the following equations (Moyer

et al., 2012; Oyen, 2009, 2013)

h
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where A0 ,…, Ak are the creep parameters, h is the indenta-

tion depth, Pmax is the maximum applied force, υ is Poisson's

ratio of the soft specimen, and R is the radius of the spherical

indenter. Considering a step-loading profile for the creep

test,τR is the total ramp time and RCFi is the ramp correction

factor for creep.



Fig. 3 –Micro-stiffness of mild OA cartilage samples at two different ionic strengths of the PBS solution at different time points:
first isotonic PBS then after 20 min incubation in hypertonic PBS (a), after 40 min (b), after 60 min (c), after 120 min (d).

Fig. 4 – Normalized modulus number of each time point in hypertonic PBS scaled for the modulus in normal PBS (a).
Normalized modulus number of each time point for all samples per mean modulus in normal PBS (b).
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2.2.2. Nano-scale
For the nano-scale measurements, an atomic force micro-

scope equipped with a nanoscope controller (Bruker, Dimen-

sion V, Japan) and a standard fluid cell (Bruker) with a nano-

meter sized pyramidal tip (nominal radius:15 nm and canti-

lever spring constant: 0.06 N/m) (Nano and More, Germany)

was used to obtain indentation-based force–displacement

curves on both the severe and mild human OA cartilage

samples (Fig. 7). Before starting the experiments, the thermal

fluctuations technique was employed to calculate the exact

values of the cantilever spring constant. Afterwards, the

load–displacement curves were acquired at a frequency of

3 Hz corresponding to an indentation rate of 3 mm/s (Stolz,

2009) (Fig. 2c). First, the experiment was done on the surface

of the sample within normal PBS solution (isotonic condition)

during 2 h and then the medium was changed to hypertonic

PBS (hypertonic condition) and the same procedure was

followed on the same specimen. The maximum indentation

depth was adjusted around 500 nm. Each force–displacement

curve consisted of 1024 data points. In total, around 3000

indentation curves were obtained for 5 different specimens.

The nanoscope (Bruker, version 1.4) analysis software was
used to analyse the obtained force–displacement curves and
to calculate Young's modulus based on the Hertz's contact
theory.

In order to calculate the dynamic elastic modulus (Stolz
et al., 2004, 2009) at each point we used Sneddon's theory that
relates force (P) to displacement (h) through the following
relationship (Oyen and Cook, 2009; Xie et al., 2010)

P¼ π tan φ

2γ2
E

1�ν2
h2 ð7Þ

where φ is the half angle of the cone, γ¼π/2, v is
Poisson's ratio.

The histogram of the measured elastic moduli was first
established and then converted to a probability distribution
function by dividing the corresponding frequency of every
histogram bin by the total number of measurements. All
indentations on the five separate specimens were lumped in
one probability density function (frequency histogram) and
the data from all 5 samples were pooled together. To
objectively quantify the mean and standard deviation of the
different constituents represented in the probability density
function, a finite Gaussian mixture model (Zadpoor, 2015)
was fitted to the measured probability density function. In



Fig. 5 – The probability density distribution of the measured elastic modulus values at the nano-scale and the corresponding
4-components Gaussian finite mixture model. The data is presented for mild OA cartilage samples in isotonic conditions (a),
mild OA samples in hypertonic conditions (b), severe OA cartilage in isotonic conditions (c), and severe OA cartilage in
hypertonic conditions (d).

Fig. 6 – Micro-CT image of two specimens from mild and
severe OA groups (a), EPIC-μCT images of two representative
specimens from mild and severe OA groups (b). The
distribution of ioxaglate through the x-ray attenuation
values (arbitrary unit) is represented where extremely high
ioxaglate concentration is shown with bright color and
extremely low ioxaglate concentration is shown with blue.
For every group, the representative specimen is the one that
has the closest average gray value to the average gray value
of its group. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version
of this article.)
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the finite Gaussian mixture models, it is assumed that the
probability distribution function, f(x), measured for a multi-
constituent material is the weighted sum of the Gaussian
probability distributions, N(μi, si), measured for every consti-
tuent i:

f ðxÞ ¼
Xm

i ¼ 1

wiNðμi;siÞ ð8Þ

where μi, si, and wi are respectively mean, standard deviation,
and weighting factor of every constituent. The number of
components, m, was increased to obtain the minimum
number of components that could capture all the peaks
present in the measured probability density distributions.
An iterative algorithm based on the long-likelihood criterion
was used for fitting the mixture of the Gaussian distributions
to the experimental data. The iterative algorithm was
stopped when the solution converged within a tolerance of
1E-6 (Zadpoor, 2015).

2.3. Contrast enhanced micro-CT (EPIC-μCT)

Prior to saturation with contrast agent, samples underwent
micro-CT scan (Quantum FX, Perkin Elmer, USA) under 90 kV
tube voltage, 180 μA tube current, 40 μm voxel size and 2 min



Fig. 7 – Histology of cartilage specimens stained by Safranin-O at two different intervals. mild OA at the same area with
microindentation experiment (a), severe OA at the same area with microindentation experiment (b), mild OA at 100 μm
distance from the first layer (c), severe OA at 100 μm distance from the first layer (d).
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scan time. Next, according to the previous studies (Kok et al.,
2013; Palmer et al., 2006; Xie et al., 2010), a contrast agent
solution was prepared by mixing 40% Hexabrix "ioxaglate"
(GE Healthcare, The Netherlands, 320 mgI/ml, MW¼1269 g/
mol, Charge �1), 60% PBS, pH¼7.4 with protease inhibitor,
which resulted in an overall osmolality of 470 mOsmol/kg.

Each sample was kept in the contrast agent medium
overnight to become completely saturated with Hexabrix.
Thereafter, the samples were thoroughly removed from the
contrast agent medium. Pre-processing of the reconstructed
images, including noise reduction, contrast adjustment,
image calibration (between blank space and plastic bore in
each image) and conversion to TIFF file format, was con-
ducted using the companion software of the micro-CT
machine (Analyze 11.0, USA). The mid-sagittal slice of each
image from the stacks underwent global segmentation to
create a binary mask corresponding to the geometry of the
cartilage (imageJ, 1.47e). Afterwards, the outline of the seg-
mented cartilage masks was placed on the cartilage image to
calculate the average gray value of the area representing the
cartilage. The average gray values were calculated using
imageJ according to the following formulae:

Average gray value¼
P

PixiP
xi

ð9Þ

where and xi are pixel intensity and pixel frequency,
respectively.

2.4. Histological examination

For histological evaluation, samples were fixed in 4% formal-
dehyde for 24 h. Afterwards, the specimens were dehydrated
in a graded ethanol series and xylene and embedded in
paraffin. 5 mm thick sections at the surface layer and at
100 mm interval were obtained using a microtome (MICROM,
Germany). Knee joint slides were examined by Safranin-O
with a fast green. The stained slides were visualized using a
light microscope (Olympus BX51, Japan) and images were
captured by a digital camera using cell\widehatF software.

2.5. Statistical analysis

The unpaired Student's t-test was used to compare the
mechanical properties measured at different time points,
disease severity, and tonicity. A significance threshold of
0.05 was adopted.
3. Results

3.1. Indentation experiments

3.1.1. Micro-scale
As expected Young's modulus of the cartilage decreased after
immersion in the hypertonic solution. Although this is clear
for 20 and 120 min immersion data, the intermediate time
scales (40 and 60 min) are not clearly decreased for the all
samples. After 20 min immersion in the hypertonic solution,
the semi-equilibriummodulus (E in Eq. (6) decreased in 10 out
of 11 locations of the indentation tests for the 5 samples
(Fig. 3a, p¼0.008). Similarly, the semi-equilibrium modulus of
the specimens after 120 min of immersion in the hypertonic
solution was significantly less than that of the starting point
(p¼0.017) (Fig. 3d). The semi-equilibrium moduli measured
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after 40 and 60 min of immersion in the hypertonic solutions

were not lower, but in general increased with respect to the

20 and 120 min data, indicating that after a first loss of water

content (20 min) they attract water (40–60 min) and loose

water again at 120 min (Fig. 3b,c). Apparently samples have

their own dynamics concerning the time sequence of elasti-

city change (Fig. 4). Table 1 depicts the average semi-

equilibrium modulus obtained by nano-indenter in

microscale.
3.1.2. Nano-scale
Finite Gaussian mixture models with four components were

found to satisfactorily capture all the peaks present in the

probability density function for all levels of disease severity

and medium tonicity (Fig. 5). Among the four components,

the three first components consistently exhibited large

weighting factors (Table 2) while the weighting factor of the

last components was often (three out of four cases) very

small as compared to the others (Table 2). The mean elastic

modulus of the first component of the severe OA specimens

was up to two times larger than the corresponding mean of

the mild OA specimens (Table 2). The reverse held for the

mean modulus value of the second component (Table 2). The

mean values of the first two modulus peaks of the mild

specimens were respectively 17% and 14% higher in the

hypertonic solution as compared to the isotonic solution

(Table 2). As for the third and fourth peaks, they were

respectively 37% and 46% lower in the hypertonic solution.

Considering the severe OA samples, the mean values of four

peaks were respectively 19%, 9%, 6%, and 34% lower in the

hypertonic solution as compared to the isotonic solution

(Table 2).
Table 1 – Semi-equilibrium modulus at micro-scale.

Time points E (MPa) SD

Isotonic 9.88 6.08
Hypertonic (20 min) 7.00 4.40
Hypertonic (40 min) 8.89 4.75
Hypertonic (60 min) 7.42 2.75
Hypertonic (120 min) 5.23 2.67

E: average micro-stiffness; SD: standard deviation.

Table 2 – Maximum likelihood estimates of the parameters of
components were used.

Sample name μ1 (kPa) μ2 (kPa) μ3 (kPa) μ4 (kPa) s1 (kPa)

mOA_N 78 248 793 2107 36
mOA_H 91 282 499 1143 33
sOA_N 177 190 442 739 67
sOA_H 143 174 473 553 56

Mild OA in normal PBS solution: mOA_N.
Mild OA in hypertonic PBS solution: mOA_H.
Severe OA in normal PBS solution: sOA_N.
Severe OA in hypertonic PBS solution: sOA_H.
μi: mean; si: standard deviation; wi: weighting factor of every constituen
3.2. EPIC-μCT

The average of the mean gray values calculated for the severe
OA group was 335757 (mean7SD) which was significantly
higher (p¼0.03) than that of the mild OA group, i.e. 252719,
indicating presence of considerably higher GAG content in
the mild OA specimens as compared to the severe OA speci-
mens. Representative specimens with an average gray value
close to the mean of each group were selected for further
analysis (Fig. 6b).

3.3. Histology

In the histopathological observation of the safranin-O slides,
the mild OA samples depict nicely distributed high concen-
tration of GAGs corresponding to the indentation experiment
area. In comparison with the mild OA samples, the severe OA
samples show less GAGs content as well as noticeable surface
fibrillation and irregularity (Fig. 7a,b). The same pattern was
found in 100 mm interval (Fig. 7c,d).
4. Discussion

As the overall stiffness of cartilage highly depends on the
water influx and the subsequent pre-stress of the collagen
fibers both micro- and nano-mechanical behaviors of the
cartilage in our experiments strongly depend on the tonicity.
For the severe OA samples, the tonicity dependence was
changed, likely as a result of the altered (lower) GAG content.
There are, however, certain distinct patterns observed at both
scales of measurement that are discussed in the
following sections.

4.1. Micro-mechanics of OA cartilage

In micro-scale, mild OA specimens demonstrated a signifi-
cant decrease in the semi-equilibrium modulus due to osmo-
tic effects. (Boumans, 2005; Eisenberg and Grodzinsky, 1985;
Selvadurai, 1996). This pattern was clear after 20 min of
incubation with hypertonic PBS, as the modulus was reduced
in 10 out of 11 measurement locations and significantly less
elastic modulus of cartilage was observed as compared to the
starting point. The same significant decrease was observed
after 120 min. However, there was significant variability
between samples after 40 min and 60 min that probably
the Gaussian finite mixture models when 4 Gaussian

s2 (kPa) s3 (kPa) s4 (kPa) w1 w2 w3 w4

98 317 772 0.37 0.34 0.21 0.08
99 160 185 0.39 0.30 0.23 0.08
66 87 300 0.30 0.25 0.24 0.21

1056 167 21 0.57 0.002 0.37 0.06

t.
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reflect the existence of a transition state before reaching the
final equilibrium state (Fig. 3b,c). One explanation might be
that there are two transport time-scales that are involved,
one is the movement of the water into the tissue, and the
other one is the diffusion of the macromolecular osmolytes
such as PGs degradation products or intact molecules freed
from the swollen collagen matrix out of the tissue (Houard
et al., 2013; Vynios, 2014). Transient response to osmotic
loading has been also reported in computational studies of
swelling and volumetric changes of multi-phasic materials
under osmotic loading (Albro et al., 2007). Since the swelling
behavior is driven by GAG content, these specimens may
exhibit different (e.g. shifted or scaled) curves of swelling
transition in response to the same osmotic loading. This
could explain intra-specimen variations in the intermediate
time points, i.e. 40 and 60 min after incubation in the
hypertonic solution. Furthermore, Fig. 4 confirmed that each
sample has its own dynamics in osmotic change response. It
is also important to realize that these mild OA cartilage
specimens are from different patients that may be at differ-
ent stages of the diseases and, hence, have different levels of
GAG content. EPIC-μCT also shows large variations in the
spatial distribution of GAGs that confirm the obvious inden-
tation location dependency due to this topographic variation
as an intrinsic feature of the cartilage tissue (Sim et al., 2015).
There could therefore be large inter-specimen variations in
terms of transient swelling response to changes in the
tonicity that could also explain the variations observed in
the intermediate time points (Siebelt et al., 2011a). It could be
observed from Fig. 6 that mild and severe OA specimens were
visually different in size and thickness.

4.2. Nano-mechanics of OA cartilage

Only a few studies are available where the histogram or
probability density function of the nano-scale elastic mod-
ulus of cartilage has been presented based on a large number
(i.e. thousands) of measurements (Loparic et al., 2010). Even
less data is available regarding the histogram of OA cartilage.
The large number of measurements enables us to separate
the mechanical behavior of the different constituents of
cartilage from each other. The response of the different
constituents of cartilage to certain stimuli such as changes
in the osmolality of the surrounding medium could then be
studied. In a study (Loparic et al., 2010) where a similar
histogram of healthy cartilage was plotted based on a large
number of data points, two very clear peaks were observed
that the authors associated with the nano-scale elastic
modulus of GAGs (22.3 kPa) and collagen (384 kPa). The
results of the current study for OA cartilage show several
differences with those previously reported results. First, at
least four components are needed to describe the histogram
(or the probability density function) of the nano-scale elastic
modulus obtained in the current study. The weighting factor
of one of these components is always very small. However,
one needs to assume the presence of at least three Gaussian
components in the finite mixture model in order to satisfac-
torily explain the observed distribution of peaks (Loparic
et al., 2010). OA cartilage may have additional constituent
with distinct mechanical properties, because some parts of
the cartilage network and/or GAG species may have been
cleaved and broken down to remnant products or make
changes in polymer conformation.

Comparing the mean elastic moduli observed here
(Table 2, Fig. 5) with those observed previously (Loparic
et al., 2010), the peaks that seem to represent the mechanical
properties of GAGs and collagen network are respectively the
first and third peaks. The mean elastic modulus of the third
Gaussian component (μ3) is much higher for mild OA speci-
mens (793 kPa for the isotonic solution, Table 2, Fig. 5a) as
compared to severe OA specimens (442 kPa for the isotonic
solution, Table 2, Fig. 5c). This is consistent with the expecta-
tion that the elastic modulus of the collagen network should
be higher in the mild OA specimens as compared to the
severe OA specimen with its (likely) disrupted collagen net-
work. Furthermore, assigning the third Gaussian component
to the collagen network is consistent with the observation
regarding the effect of tonicity on the elastic modulus of the
collagen network. When tonicity increases, one expects the
elastic modulus of the collagen network to decrease due to
the outgoing water and decreased swelling pre-tension
(dehydration effect). Consistent with this prediction, the
mean elastic modulus of the third Gaussian component (μ3)
drastically drops from 793 kPa to 499 kPa, as the tonicity
increases from isotonic to hypertonic conditions (Table 2,
Fig. 5a,b). No such drop is observed for the first or second
Gaussian components of the mild OA specimens, indicating
that those two components are not likely to be associated
with the collagen network. These observations are in agree-
ment with Parsons and Black's study in which they discov-
ered the lower pre-stress and subsequent tissue shrinkage in
hypertonic solution as well as locally increase in PGs con-
centration due to resulting water redistribution (Parsons and
Black, 1979). Also, lower modulus was found for bovine
cartilage in response to higher concentration mediums (up
to 1 M NaCl) measured using macroscale confined compres-
sion by Eisenberg and Grodzinsky (1985).

If we assume that the third Gaussian component, indeed,
represents the mechanical properties of the collagen net-
work, it is interesting to see that the severe OA specimens do
not respond to changes in tonicity in the same way that mild
OA specimens do. The elastic modulus of healthy or lightly
disturbed cartilage (as in mild OA specimens) is higher in
isotonic conditions as compared to hypertonic conditions
because there is a large volume of GAG molecules in cartilage
that attract water molecules, cause swelling, and create pre-
stress in the collagen network. In the case of severe OA
specimens, EPIC-μCT results clearly show that there is sig-
nificantly less GAG content as compared to mild OA since
there is an inverse relationship with GAGs distribution and
negatively charged contrast agent (Bansal et al., 2010; Piscaer
et al., 2008; Siebelt et al., 2011b; Xie et al., 2010). The mild OA
samples demonstrates lower x-ray attenuation of ioxaglate
equivalent to higher GAG content compared to severe OA
samples with higher x-ray attenuation of ioxaglate equiva-
lent to low GAG content (Fig. 6b). Moreover, the collagen
network is already damaged in the severe OA as compared to
mild OA specimens, as is clear from much lower elastic
modulus of the collagen network of severe OA specimens in
the isotonic solution (442 kPa, Fig. 5c) as compared to the
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elastic modulus of the collagen network of mild OA speci-
mens (793 kPa, Fig. 5a). One could therefore conclude that
presence of GAG molecules and a strong collagen network
that could be put under pre-stress are lacking in severe OA
specimens and that is why severe OA specimens do not
respond to tonicity changes. Since most of AFM-based studies
have considered two regions over the cartilage stiffness
histogram obtained from force displacement curves, we
compared the histograms between two- and four-
component Gaussian distributions. The data from two-
component Gaussian distribution presents the same trends
as the four-component distribution for all conditions
considered here.

The above-mentioned mechanisms are some of the phy-
sical mechanisms that govern the nano-scale mechanical
behavior of cartilage. In addition to those factors, it should be
also noted that the nano-scale elastic modulus of cartilage
depends on the ionic and non-ionic portions of the cartilage
tissue (Rauker et al., 2014). In other words, GAG chains with
their negative charge can interact with positive ions from the
environment and distinguish themselves in certain ways, i.e.
crosslinking density of the long chains, molecular weight
number between crosslinking portions, the tortuosity of the
pores, entanglement length, and filament bundle diameter
(Miriam et al., 2010; Moeendarbary et al., 2013). Moreover,
these changes are also detectable in the GAG fragments that
are noticeably present in the OA cartilage. These are some of
the influential factors in the modulus of the polymeric
molecules. For instance, the modulus is directly related to
the crosslinking density of the polymeric chains and network.
By increasing positive ion concentrations, the probability of
interactions and entanglements for both GAG macromole-
cules and fragments rises and therefore a higher modulus
will be predicted than what was observed for the first and
second peaks of mild samples (78 and 91 kPa see Fig. 5a,b) in
isotonic solution compared to (248 and 282 kPa, see Fig. 5a,b)
in hypertonic solution. On the other hand, collagen fibers do
not contain the ionic part on their chains and the reduction
in the stiffness of the collagenic molecules demonstrates the
effects of swelling pressure and less amount of pre-stress, as
previously discussed (Moeendarbary et al., 2013; Parsons and
Black, 1979; Selvadurai, 1996).

In a general sense, indentation experiments are neglecting
the possibility of some intrinsic interactions between the tip
and surface of the sample specifically in nano-scale. The
examples include intramolecular interactions, adhesion, and
electrostatic forces (Drira and Yadavalli, 2013; Moshtagh
et al., 2014; Rauker et al., 2014). Some other limitations arise
from the nanoindentation techniques themselves. For exam-
ple, one needs to apply specific theoretical assumptions –

specifically about the size and shape of the tips - to be able to
calculate the modulus. These may cause certain levels of
inaccuracies in nanoindentation measurements in general.
The effects of the above-mentioned limitations of the
nanoindentation techniques on the obtained results have
been extensively discussed in the literature (Rauker et al.,
2014). In addition, it should be noted that nanoindetation
measurements probe the mechanical properties of cartilage
(components) at the surface, which do not necessarily repre-
sent those found in the bulk of the tissue. Nevertheless, the
surface properties are found to be good indicators of OA onset
and progression (Desrochers et al., 2012; Guilak et al., 1994;
Panula et al., 1998).
5. Conclusion

In summary, the results of this study show that the micro-
and nano-scale mechanical behavior of OA cartilage is
dependent on the tonicity of the surrounding medium and
may change as the disease progresses from its initial stages
to the more severe stages. The micro-scale elastic modulus of
mild OA cartilage decreases in the hypertonic solution as
compared to the isotonic solution. Moreover, each sample
has its own specific dynamic behavior response to tonicity.
EPIC-μCT also shows the dependency of the indentation
assay to the test location. In the nano-scale, the histogram
of the elastic modulus of both mild and OA cartilage speci-
mens and the associated finite mixture analysis show the
presence of three to four distinct constituents with their own
distinct peaks. Comparing the mean elastic moduli of the first
three peaks with those of previous studies indicates that the
first and third peaks are respectively associated with GAGs
and collagen network. In mild OA specimens, the mean
elastic modulus of the peak associated with the collagen
network is lower in the hypertonic solution as compared to
the isotonic solution. Moreover, the mean value of the peak
associated with collagen network is higher in mild OA speci-
mens as compared to severe OA specimens (both in isotonic
solutions). Both above-mentioned observations support the
assumption that the third Gaussian components represent
the nano-scale mechanical properties of the collagen net-
work. There is no direct evidence in the current study to
support the assumption that the first mixture component
represents the nano-scale mechanical properties of GAGs. For
severe OA specimens, neither the peak associated with the
collagen network nor the one associated with GAGs show any
decrease when the tonicity changes. These observations
suggest that the sensitivity of the nano-scale mechanical
properties of OA specimens to tonicity may vanish as
GAGs lose.
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