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Wide bandwidth nanomechanical assessment of murine cartilage
reveals protection of aggrecan knock-in mice from joint-overuse
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Aggrecan loss in human and animal cartilage precedes clinical symptoms of osteoarthritis, suggesting
that aggrecan loss is an initiating step in cartilage pathology. Characterizing early stages of cartilage
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degeneration caused by aging and overuse is important in the search for therapeutics. In this study,
atomic force microscopy (AFM)-based force–displacement micromechanics, AFM-based wide bandwidth
nanomechanics (nanodynamic), and histologic assessments were used to study changes in distal femur
cartilage of wildtype mice and mice in which the aggrecan interglobular domain was mutated to make
the cartilage aggrecanase-resistant. Half the animals were subjected to voluntary running-wheel exercise
of varying durations. Wildtype mice at three selected age groups were compared. While histological
assessment was not sensitive enough to capture any statistically significant changes in these relatively
young populations of mice, micromechanical assessment captured changes in the quasi-equilibrium
structural-elastic behavior of the cartilage matrix. Additionally, nanodynamic assessment captured
changes in the fluid–solid poroelastic behavior and the high frequency stiffness of the tissue, which
proved to be the most sensitive assessment of changes in cartilage associated with aging and joint-
overuse. In wildtype mice, aging caused softening of the cartilage tissue at the microscale and at the
nanoscale. Softening with increased animal age was found at high loading rates (frequencies), suggesting
an increase in hydraulic permeability, with implications for loss of function pertinent to running and
impact-injury. Running caused substantial changes in fluid–solid interactions in aggrecanase-resistant
mice, suggestive of tissue degradation. However, higher nanodynamic stiffness magnitude and lower
hydraulic permeability was observed in running aggrecanase-resistant mice compared to running
wildtype controls at the same age, thereby suggesting protection from joint-overuse.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Osteoarthritis (OA), a musculoskeletal disease for which there
are currently no disease modifying drugs, is a leading cause of
disability worldwide, affects aging populations as well as young
people with acute joint injuries (Hunter, 2011). In addition to age
and traumatic joint injury, risk factors contributing to development
and progression of include gender, obesity and metabolic factors,
mechanical/anatomical factors, overuse, congenital deformities, and
al., Wide bandwidth nanom
se. Journal of Biomechanics
genetic predisposition (Goldring and Otero, 2011; Teeple et al.,
2013; Goldring and Marcu, 2009). Cartilage degeneration in OA
involves the initial loss of aggrecan and the degradation of the type
II-IX-XI collagen network (Caterson et al., 2000) of the extracellular
matrix (ECM). Loss of aggrecan and surface collagen fibrillation
occur at the earliest stage of OA and evolve from molecular-level to
tissue-scale changes. Detection of these early stages of degeneration
is of great importance for understanding the molecular mechanisms
of progression and potential therapeutic interventions to halt the
progress of OA. However, conventional macroscale biomechanical
assessment methods are often not sensitive enough to the earliest
molecular changes in the ECM (Nia et al., 2013).
echanical assessment of murine cartilage reveals protection of
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The use of appropriate animal models to aid in the assessment of
OA-related risk factors and mechanisms, and to enable multiscale
assessment of intrinsic material parameters is key to comprehen-
sive understanding of OA pathophysiology. Among the available
animal models of OA (Teeple et al., 2013; Little and Smith, 2008;
Bendele, 2002), mouse models offer the unique potential to incor-
porate genetic manipulations that can control specific molecular
mechanisms and cell signaling pathways associated with OA
initiation and progression (Little and Hunter, 2013; Young, 2005;
Fang and Beier, 2014). Murine models also offer a relatively inex-
pensive approach and they exhibit reproducible, detectable and
relatively fast disease progression (Bendele, 2002; Little and Smith,
2008). Histological evaluation using various scoring systems is a
critically important assessment tool to characterize cartilage chan-
ges (Aigner et al., 2010; Little and Zaki, 2012). Biomarkers, imaging
techniques (e.g., micro-CT), pain assessment, and gait analysis can
also provide useful outcome measures in the study of murine
models of OA (Teeple et al., 2013; Fang and Beier, 2014).

In the present study, atomic force microscopy (AFM)-based
force–displacement micromechanics, AFM-based nanodynamic
high-bandwidth rheology, and histologic assessments were used
to study changes in distal femur cartilage of wildtype mice and
mice in which the aggrecan interglobular domain was mutated to
make the cartilage aggrecanase-resistant. Half the animals were
subjected to voluntary running-wheel exercise of varying dura-
tions. Wildtype mice at three selected age groups were compared.
In general, macro-, micro- and nano-scale biomechanical tests are
also used for quantitative assessment of time-independent and
time-dependent properties of cartilage from animal models. For
very thin (�50 mm) murine knee cartilage, micro-scale AFM-based
force–displacement indentation can focus mainly on structural
elasticity of the ECM (Batista et al., 2014; Stolz et al., 2009; Han
et al., 2011). However, more recently developed AFM-based
nanodynamic high bandwidth indentation tests can capture
time-dependent poroelastic properties of murine cartilage as well,
e.g., that from normal GAG-depleted murine cartilage (Nia et al.,
2015a, 2015b), which shows high sensitivity in the detection of
subtle changes associated with the earliest stages of OA. Here,
histological, micromechanical and nanodynamic tests were
implemented to detect the role of aggrecan, aging and substantial
running on changes in murine knee cartilage using a well-
established genetically engineered aggrecan knock-in mouse
model compared to wildtype controls. The objective of this study
was to quantitatively assess the consequences of genetic mod-
ification for aggrecanase resistance, aging and voluntary wheel
running on the biomechanical properties of distal femur cartilage.
We found that higher nanodynamic stiffness magnitude and lower
hydraulic permeability was observed in the aggrecanase-resistant
mice compared to wildtype controls at the same age, thereby
showing protection from joint-overuse.
2. Materials and methods

2.1. Murine knee samples

24 knee joints dissected from eight 220 days old aggrecanase-resistant mice
(“Jaffa”) and 16 wildtype (WT) mice at 3 selected age groups of 100, 160 and 220
days (all C57BL/6 strain) were used in this study (i.e., six 100 day-old WT, five 160
day-old WT, five 220 day-old WT). As a result, the mice were relatively young,
within one third of their normal life span. Jaffa has a mutation in the aggrecan
interglobular domain that blocks ADAMTS cleavage at the [E373↓374A] aggrecanase
site (Little et al., 2007). Mice were allowed normal ambulation and those assigned
to voluntary wheel running-mice were singly housed with constant access to one
low-profile wireless running wheel (Med Associates). They could run ad-libitum
from 6 weeks of age onwards when they were skeletally mature. Running mice
consisted of three 100 day-old WT, three 160 day-old WT, two 220 day-old WT and
five 220 day-old Jaffa. The distance traveled by each mouse was recorded
Please cite this article as: Azadi, M., et al., Wide bandwidth nanom
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automatically by software collected via a USB interface hub for wireless wheels
(Med Associates). Different patterns of running were recorded; for example, some
mice stopped running for several days then resumed. Distance traveled per day and
total distance traveled varied for each animal. The range of the distance travelled
for the 3 age groups of 100, 160 and 220 day-old mice were 283–734 km, 616–
1503 km and 841–1851 km, respectively.

Mice not subjected to running wheels (non-running mice) were used as con-
trols for statistical analysis in detecting the effect of joint-overuse, and wildtype
mice were controls for genetically engineered mice at all three ages tested. Animal
weight, age and the total distance run on the exercise wheel were recorded for each
animal; these sample parameters were blind-coded for all assessments. Four his-
tological assessments: cartilage erosion and aggrecan loss scoring on right knee
tibia and femoral condyles were done as described in details in (Little et al., 2007).
Hind left legs were disarticulated at the hip joint following euthanasia, preserved in
�20 °C, and shipped in dry ice from Melbourne, AU to Cambridge, MA, USA. Joints
were stored at �20 °C until dissection on the day of AFM experiments. Two AFM-
based assessments, micromechanical force–displacement and nanodynamic com-
plex modulus magnitude and phase, were performed on left knee medial femoral
condyles. After data collection was completed, animal codes were unblinded for the
purpose of grouping for statistical analysis.

2.2. Preparation of murine knee samples for AFM-based assessments

Before AFM experiments, the frozen left legs were thawed in a PBS bath con-
taining protease inhibitors (Roche, Complete inhibitor cocktail). Freezing and
thawing did not affect the biomechanical properties of the cartilage tissues studied
in (Changoor et al., 2010; Szarko et al., 2010), as measured by traditional macro-
scopic tests. The knees were carefully dissected to remove nearby soft tissues (i.e.
fat tissue, the quadriceps tendon and other collateral tendons from the end on the
femur, the anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL))
from the condyles which would otherwise block access of the AFM tip to the
condyle surface. The remaining attachments of the ACL and PCL between the
condyles were cut and the thin and transparent synovial membrane was removed
by scraping the side surfaces of the joint. The cartilage surface was constantly
moistened with protease inhibitor solution during sample preparation. AFM
experiments were performed by 0.5–4 h after specimen preparation. To tailor the
size of the sample to small space within the AFM, the head of the condyle was cut
to a dimension of �3 mm using a handheld grinder, which enabled mounting the
specimen on the substrate with the condyles facing upward. This approach placed
the medial condyle slightly higher than the lateral condyle and facilitated inden-
tation of the medial condyle.

2.3. AFM micromechanics and nanodynamics

Two AFM-based indentation experiments (micromechanics and nanodynamics
were performed sequentially on the same AFM platform (Veeco Multimode AFM
with Nanoscope IV and Picoforce MMAFMLN-AM controllers, Bruker Co.) equipped
with a second extra high-bandwidth piezo actuator to measure the nano-scale
complex modulus in the 1 Hz–10 kHz frequency range (Nia et al., 2015a; Nia et al.,
2015c). An in-fluid probe holder (Bruker MTFML) was used for specimen mounting
in the presence of protease inhibitor buffer (same buffer as above). This holder
allowed visualization of the sample via an optical microscope. AFM tips were made
by gluing (M-Bond 610, Micro measurements, Wendell, NC) spherical particles
(D¼22.670.7 μm, Polybeads, Polysciences, Inc.) onto tipless cantilevers with
nominal stiffness of 40 N/m (AIO-TL Innovative Solutions Bulgaria Ltd., Sofia,
Bulgaria) using a separate AFM (MFP-3D-BIO AFM, Asylum Research, Santa Barbara,
CA). The stiffness of all cantilevers was measured prior to particle attachment using
the thermal noise method, and ranged between 26 and 53 N/m.

2.3.1. AFM-based micromechanics
Conventional AFM-based micro-scale indentation experiments were performed

by displacing the cartilage sample toward the AFM tip at very slow speed (r1 mm/
s) via the AFM z-piezo until a tip deflection of �50 nmwas achieved (equivalent to
a surface contact force of �2 mN), causing a tip displacement into the cartilage of
�2–4 mm. Both loading and unloading force–displacement curves (FDC, e.g.,
Fig. 1b) were captured at 45 locations along the cartilage surface. The micro-scale
quasi-equilibrium elastic modulus (Emicro) was calculated by fitting the Hertzian
contact mechanics model to the indentation approach data.

2.3.2. AFM-based nanodynamic complex moduli
The nanodynamics protocol for measuring the magnitude and phase of the

complex modulus of cartilage over a frequency range of 0.2 Hz–10 kHz has been
described for bovine cartilage (Nia et al., 2013) and murine knee cartilage (Nia et al.,
2015a) as well as aggrecan molecules (Nia et al., 2015c) extracted from bovine and
human knee cartilage. Nanodynamics experiments were performed immediately
after micro-scale force–displacement tests on the same joint surface locations
without moving the tip position. A ramp-and-hold displacement into the cartilage
of �2–4 mm is first applied, yielding a preload of �2 mN (Fig. 1c). After a pause for
echanical assessment of murine cartilage reveals protection of
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Fig. 1. Three assessments of 24 knee joints dissected from eight 220 days old aggrecanase-resistant mice (“Jaffa”) and 16 wildtype (WT) (i.e., six 100 day-old WT, five 160
day-old WT, five 220 day-old WT) include histological scoring of right knee joints, AFM-based micromechanical (force–displacement indentation) assessment and AFM-
based nanodynamic (wide bandwidth dynamic complex modulus) of left knee distal femur cartilage (a) Representative histological image of a Jaffa control (non-running)
mouse cartilage (scale bar¼200 mm) stained with toluidine blue. Cartilage erosion scoring and aggrecan loss scoring of right knee femoral and tibial condyles were per-
formed; (b) An example of an AFM-based force versus depth micro indentation curve used to find the microscale quasi-equilibrium elastic modulus (Emicro) calculated by
fitting a Hertzian contact model to the approach curve; (c) An example of nanodynamic indentation force curve measured directly after the micro-scale force–displacement
test and subsequent stress relaxation by applying a random binary sequence pulse waveform for 60 s covering the frequency range of 0.1 Hz–10 kHz. The 60 s indentation
force response is used, along with the applied displacement, to calculate the magnitude and phase of the complex indentation modulus versus frequency, as shown in Fig. 2.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
List of the quantitative parameters used in this manuscript. Micromechanical
parameter is found from micro-scale indentation curve (e.g. Fig. 1b) and nanody-
namical parameters extracted from wide-bandwidth curves (e.g. Fig. 2) found by
analyzing nanodynamical indentation curve (e.g. Fig. 1c).

Parameter Description Units

Micromechanical parameter
(Micro-scale)

Emicro Quasi-equilibrium
elastic modulus

Pa

Nanodynamical parameters
(Nano-scale)

Enano_L Low frequency elastic
modulus

Pa

Enano_H High frequency elastic
modulus

Pa

EnanoH =EnanoL Self stiffening –

f p Peak frequency Hz
ϕp Peak angle Deg
Enano_f Elastic modulus of the

fibril network
Pa

k Hydraulic permeability m4=N:s

M. Azadi et al. / Journal of Biomechanics ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3
stress relaxation (typically 5–10 s), the sample is displaced by a second piezo
actuator using a random binary pulse sequence that moves that sample into the
cartilage for duration of �60 s. This applied input displacement by the second
piezo (�20 nm amplitude) results in a contact force of 80–200 nN on sample found
by the AFM tip deflection (e.g., Fig. 1c) leading to and actual cartilage indentation
deformation of �2–5 nm. Signals are analyzed using discrete Fourier transform
analysis along with a Hertzian contact model for the spherical shape to calculate
the magnitude and phase of the complex modulus of the cartilage). In the
experiments on murine cartilage reported here, instrumentation noise and drift
was observed above �2 kHz; we therefore focused on responses below 2 kHz in
the results below.

2.3.3. Finite element modeling
Material parameters (See Table 1) directly calculated from the data are the low

frequency elastic modulus (Enano_L), the high frequency modulus (Enano_H), the peak
frequency (f p) of the phase angle and the value of the phase at this peak (ϕp). A
Please cite this article as: Azadi, M., et al., Wide bandwidth nanom
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fibril-reinforced poroelastic model (Soulhat et al., 1999) has been implemented in
which cartilage is approximated as a composite composed of an isotropic non-
fibrillar matrix (representing the proteoglycan constituents), a fibril network
(representing collagen fibrils) and a fluid phase (representing the water/electrolyte
solution). This model has been implemented by using the axisymmetric poroelastic
element (CAX4P) of the commercial finite element software ABAQUS (Version 6.14,
SIMULIA, Providence, RI). The AFM probe tip, made out of polystyrene, was treated
as a rigid solid since polystyrene (E�3 GPa) is much stiffer than cartilage (E�0.1–
0.5 MPa). We assumed the indenter and the subchondral bone surface to be
impermeable to fluid flow, and the indenter-cartilage contact region to be fric-
tionless (Nia et al., 2011).We set the pore pressure to zero at the top surface of the
cartilage (excluding the indenter contact surface) to simulate free draining of the
interstitial fluid from the cartilage.

The relevant mechanical properties to be estimated are the Young's modulus
Enano_L, Poisson's ratio ν and the hydraulic permeability k of the nonfibrillar matrix
and the Young's modulus of the fibril network, Enano_f As a first approximation, it is
assumed that the fibers resist only tension, and the compressive modulus for the
fibers is set to zero (Soulhat et al., 1999) To determine these parameters, first, the
low-frequency asymptote of the model was set equal to that of the experimental
data, Enano_L (in a parametric study in our previous work, we showed that varying
the parameters Enano_f, k and the Poisson's ratio ν did not affect the low-frequency
asymptote Enano_L (Nia et al., 2011) Then, Enano_L fixed, the high-frequency asymp-
tote was found to depend only on Enana_f (see the parametric study section in (Nia
et al., 2011). Therefore, Enano_f was obtained by fitting the high-frequency asymp-
tote of the model to that of the experimental data. Finally, the hydraulic perme-
ability k was obtained by matching the frequency of the peak of the theoretical
phase angle to that of the data, since varying the permeability only shifted the
frequency dependence of |E*| and ϕ, and kept all the other parameters unchanged
(see the parametric study section in (Nia et al., 2011). In this study, we used the
Poisson's ratio of ν¼0.1, the value measured previously for young bovine femor-
opatellar groove cartilage (Eisenberg and Grodzinsky, 1985).

2.3.4. Statistics
The measured micromechanical and nanodynamic parameters were quite

repeatable at the same indentation location, resulting in output parameters with
less than 5% difference for repeated experiments. To account for variations with
location along the joint surface, n�5 locations were tested on each joint.
Frequency-dependent self-stiffening (i.e., increasing modulus magnitude from low
to high frequency) was observed in all samples as exemplified by the data of Fig. 2a.
echanical assessment of murine cartilage reveals protection of
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Fig. 2. Representative analyzed data for a set of 3 nanodynamic output curves
corresponding to measurements done at 3 different locations on a single distal
femur surface using the random binary sequence methodology shown/described in
Fig. 1c along with the Hertz contact model. (a) Magnitude of dynamic complex
modulus versus frequency, showing the low (�1 Hz) and the high frequency
(�2,000 Hz moduli, Enano_L and Enano_H respectively, identified at the low and high
frequency plateaus of the data (i.e., plateaus that are consistent with the poroelastic
model of the tissue; (b) Phase angle of dynamic complex modulus versus fre-
quency, showing the peak angle ϕP (�30° in this Data) and peak frequency f P
(�30 Hz in the presented data) values that are extracted from these data.

Fig. 3. Micromechanical modulus Emicro shows tissue softening with increasing age
between the 160 day (n¼5) and 220 day-old mice (n¼5) (p¼0.007). While low
frequency modulus (Enano_L) shows the same trend, differences with age were not
statistically significant. The values of Emicro and Enano_L are of the same order of
magnitude and show the same patterns, though Enano_L is always higher than Emicro ;

likely due to the depth-dependent heterogeneity of the tissue and differences in
the measurement techniques.
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In addition, a clear peak in the phase angle could be observed (e.g., Fig. 2b). A
generalized linear mixed effects model was used for statistical analysis of micro-
mechanical and nanodynamic data with animal treated as a random effect and age
and/or genotype considered as fixed effects. For assessment of histological differ-
ences, the Wilcoxon–Mann–Whitney test was used. A significance level of 5%
(po0.05) was used for all analyses.
3. Results and discussion

In the following key findings and results are discussed. Addi-
tional data and results of statistical analyses are included in
Supplementary materials.

3.1. Micro and nano-scale stiffness parameters of wildtype mice
decrease with age

For study of the effect of age on cartilage stiffness, 16 wildtype
mice in 3 age groups were used: mice were 100 days (6 mice), 160
days (5 mice) and 220 days old (5 mice) at the time of sacrifice.
Since these mice become skeletally mature at 6 weeks and can live
for �700 days (2 years), our study population was relatively
young (in the first third of life span). Half of the mice were sub-
jected to voluntary wheel running; however, running did not
result in any statistically significant (po0.05) or weakly significant
(0.05opo0.1) trends in any micromechanical or nanodynamic
parameters within each age groups of wildtype mice (See Table 1–
3, Supplementary materials). Therefore, statistical analysis of
effects of age combined running and non-running mice (See
Table 4, Supplementary materials). Emicro measured by micro-
mechanical force–displacement tests (Fig. 3) showed significant
softening between 160 and 220 day-old mice (p¼0.007). Three
nano-scale indicators (i.e., the high frequency modulus magnitude
Enanno_H, peak angle ϕp, and self-stiffening ratio defined as
ðEnano_H=Enano_L), showed consistent decreases from the youngest
to oldest age groups Fig. 4a–c. The change in peak angle (Fig. 4b)
indicates the loss of energy dissipation between the oldest and
youngest wildtype mice, and the self-stiffening ratio (Fig. 4c)
Please cite this article as: Azadi, M., et al., Wide bandwidth nanom
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shows a softening effect from youngest to both middle age
(p¼0.052) and oldest aged wildtype mice (p¼0.032). These
changes imply a decrease in the ability of fluid–solid frictional
interactions to increase intra-tissue hydrostatic pressurization
with increasing age, an effect that is needed to protect cartilage
during high loading rate activities and to resist impact-injury. Age
was found to be a very strong effect, as changes in mechanical
parameters were detectable even when studied on all the samples
by pooling same-age running, non-running, wildtype and Jaffa
mice: significant decreases between the youngest and oldest mice
were found after this grouping for all micro-scale and nano-scale
parameters (i.e., Emicro p¼0.02, Enano_H p¼0.006, Enano_H=Enano_L
p¼0.001, ϕp p¼0.02, f p p¼0.05).

3.2. Quasi-equilibrium structural properties of cartilage were similar
at the micro- and nano-scale

Data collected in the age study above also enabled comparison
of quasi-equilibrium cartilage stiffness values measured first by
micro-scale, low-rate force–displacement tests (Emicro) and then by
nano-scale low frequency indentation (Enano_LÞ. The results of Fig. 3
suggest that, while Enano_L was somewhat more than Emicro, they
were both within the same order of magnitude. Such modest
differences may be expected, since Emicro is measured from quasi-
static force–displacement tissue indentations of do�2–4 mm,
while Enano_L is derived from dynamic indentation peak-to-peak
amplitudes of only �2 nm, performed at an initial offset dis-
placement of do�2–4 mm at the low frequency limit of 1 Hz
(Fig. 1c). Since the conventional micromechanical elasticity (EmicroÞ
is found by fitting a Hertzian mechanics model that assumes car-
tilage is a homogeneous material with a single elastic modulus
throughout the indentation depth do, Emicro represents an average
value over depth do. In contrast, Enano_L represents the magnitude
of the quasi-static cartilage modulus at the exact position, do. Thus,
these differences may be associated with the known depth
dependent changes in cartilage moduli (e.g., as shown previously
for bovine and porcine cartilage (Schinagl et al., 1997; McLeod
et al., 2013), anisotropy due to distribution and orientation of
collagen fibers (Ateshian et al., 2009; Taffetani et al., 2015), and the
possible effects of strain stiffening which, together, may contribute
to apparent increases in murine cartilage stiffness as indentation
depth do is increased, which we have recently observed in a
separate pilot study of this phenomenon (Azadi et al., 2014).
echanical assessment of murine cartilage reveals protection of
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3.3. Non-wheel running genetically engineered and wildtype murine
cartilage had similar stiffness

Micromechanical and nanodynamic properties as well as his-
tological scores of distal femur cartilage of non-running genetically
engineered mice (Jaffa) were compared to the properties of the
corresponding non-running wildtype controls. The nanodynamic
hydraulic permeability and the elastic modulus of the fibril net-
work (Enano_f ) were calculated for same-aged Jaffa and wildtype
mice (220 day-old) using fibril-reinforced poroelastic model,
described above. Only the same-age, non-running mice were used,
initially, to identify any effects of gene modification (to eliminate
any confounding effects of age and running). No statistical differ-
ences were found between the mechanical properties or histolo-
gical scores of non-running Jaffa mice with their corresponding
same-aged non-running wildtype controls. This result indicates
that the mechanical properties of these aggrecanase resistant
mice, when not loaded excessively by long distance running, are
similar to those of wildtype mice.

3.4. Effect of long distance running and potential joint overuse

3.4.1. Long distance running affected the aggrecanase protected but
not wildtype knee cartilage

The effects of voluntary wheel running and genetic mutation
on both the micromechanical and nanodynamic mechanical
Please cite this article as: Azadi, M., et al., Wide bandwidth nanom
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properties of 220 day murine distal femur cartilage were com-
pared. For this group of wildtype controls (220 day-old), no sig-
nificant differences were associated with wheel running. However,
running had a very clear effect on both micro- and nanoscale
mechanical properties of Jaffa mice which, at 220 days-old had run
the longest distances (841– 1 851 km) (Fig. 5, see Table 5,
Supplementary materials for detailed data). The lower Emicro of
Jaffa wheel running mice (Fig. 5a) suggests structural softening of
Jaffa knee cartilage associated with long distance running. Fur-
thermore, the decrease in high frequency nano-scale modulus
(Enano_H , Fig. 5b) and the elastic modulus of the fibrillar network
(Enano_f , Fig. 5c) indicate differences in fluid-interactions within the
cartilage associated with long distance running and overuse in
Jaffa mice leading to tissue softening and decreased ability to
dissipate energy.

3.4.2. Aggrecanase protected mice were resistant to decreased stiff-
ness at higher loading rates

When the mechanical properties of knee cartilage in wheel
running Jaffa mice were compared with their corresponding wheel
running wildtype controls (See Table 6, Supplementary materials),
no differences were detected in micro-scale tests. However,
nanodynamic tests revealed a difference in properties pertaining
to fluid–solid interactions at high loading rates (frequencies):
aggrecanase resistant cartilage showed a higher Enano_H (Fig. 6a)
and a lower hydraulic permeability, k, (Fig. 6b) compared to knee
cartilage in wildtype controls. Thus, the aggrecanase protected
echanical assessment of murine cartilage reveals protection of
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Fig. 6. Knee cartilage of Jaffa wheel running mice (n¼5) showed higher stiffness
than the cartilage of the corresponding running wildtype controls (n¼3) at higher
loading rates, as manifested in greater high frequency stiffness Enano_H (a) and lower
hydraulic permeability (b). Thus, Jaffa knee cartilage showed better protection
against high loading rate activities.
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cartilage in Jaffa mice presented better protection to high loading
rate activities relevant to running and impact injury, as well as the
ability to dissipate more energy at these high frequencies. Inter-
estingly, these changes in ECM associated with substantial running
(i.e., joint-overuse) were only detectable by high frequency
nanodynamic tests capable of assessing Enano_H and k, not by low
frequency nanodynamic modulus Enano_L or by micromechanical
force–displacement tests (which can only assess the quasistatic
structural parameter, Emicro. This finding is consistent with our
previous report that focused on the contribution of aggrecan to the
wide bandwidth rheology of murine distal femur cartilage (Nia
et al., 2015a): in that study, loss of aggrecan GAG chains had a far
more significant effect on Enano_H, k; and cartilage self-stiffening
than on the low frequency quasistatic modulus. If micro-scale
structural changes in Emicro did occur, they were apparently too
small to be detected.
4. Summary and conclusions

Subtle changes in relatively young murine distal femur carti-
lage associated with age and extensive wheel running did not
result in detectable changes in histological appearance and, thus,
no significant changes in histological scoring were detected using
four histological scoring assessments on the femur and tibia.
Nevertheless, AFM-based micromechanical and especially nano-
dynamic indentation tests were able to sensitively detect certain
effects of both age and running in the comparison of aggrecanase
protected (Jaffa) versus wildtype control mice. These AFM-based
techniques enabled the quantitation of both structural properties
(i.e., the time independent, quasi-equilibrium moduli, Emicro and
Enano_L) as well as poroelastic (time-dependent) properties asso-
ciated with fluid–solid interactions and pressurization within
Please cite this article as: Azadi, M., et al., Wide bandwidth nanom
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cartilage (embodied in the parameters, Enano_H, k, and the self-
stiffening ratio, [Enano_H=Enano_L]). These higher frequency por-
oelastic properties could only be assessed via wide bandwidth
AFM nanoindentation tests in spite of the small size of the mouse
knee joint and the thin layer of cartilage (o 50 mm).

While conventional force–displacement (low frequency)
microindentation methods could capture matrix structural infor-
mation in knee cartilage, these tests could not measure fluid–solid
interactions that are dominant at higher loading rates corre-
sponding to running, jumping and traumatic joint injury (Nia
et al., 2011, 2015a). These high loading rate activities of cartilage
specifically involve the ability of cartilage matrix aggrecan mole-
cules and aggrecan GAG chains and the very small GAG–GAG
separation distances (�3 nm spacing within the ECM) that is the
basis of cartilage's high resistance to fluid flow and the associated
low value of the hydraulic permeability in normal cartilage.
Compression of cartilage causes intra-tissue fluid flow that
becomes more and more prominent as the frequency of com-
pression increases. The AFM-based nanodynamic assessment
techniques described here could sensitively detect changes in
these high loading rate properties and proved to be more sensitive
than micromechanical force–displacement measurements.

Loss of pressurization and drop in peak angle with aging, imply
softening of the cartilage tissue and a possible increase of per-
meability due to aging at higher frequencies pertinent to walking,
running and impact-injury. Loss of aggrecan will generally cause
cartilage to be softer, particularly during high frequency loading.
Results showed that the aggrecanase protected cartilage (Jaffa)
presented better protection to high loading rate activities relevant
to running and impact injury. Therefore, we believe that the
results comparing aggrecanase protected (Jaffa) mice with wild-
type mice suggests the possibility that this system can reveal early
changes in cartilage mechanical properties associated with long-
term joint use (age and exercise) and the effects of extracellular
matrix composition change due to gene modification or molecule
deletion on joint function. Substantial running might cause sub-
stantial changes in fluid–solid interactions and the possibility of
aggrecan loss, even in aggrecanase-resistant mice. Thus, age as
well as the intensity of running should appear to have a profound
influence on the ECM.

The proposed methodologies developed in this study can be
used for other studies that involve genetically engineered mice as
well as other small animal models. In addition, the novel AFM
based nanodynamic methodology can be used for other time-
dependent biomaterials that exhibit viscoelastic or poroelastic
behaviors including hydrogels, engineered tissues, ligament,
meniscus and skin. These methods can be further used to compare
the effect of drugs for blocking aggrecanases in cartilage and other
soft tissues.
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