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Abstract
The temporomandibular joint disc is a structure, characterized as heterogeneous fibrocartilage, and is composed of
macromolecular biopolymers. Despite a large body of
characterization studies, the contribution of matrix biopolymers on the dynamic viscoelastic behavior of the disc
is poorly understood. Given the high permeability and low
concentration of glycosaminoglycans in the disc, it has been
suggested that poro-elastic behavior can be neglected and
that the intrinsic viscoelastic nature of solid matrix plays a
dominant role in governing its time-dependent behavior. This
study attempts to quantify the contribution of collagen and
elastin fibers to the viscoelastic properties of the disc. Using
collagenase and elastase, we perturbed the collagen and
elastin fibrillar network in porcine temporomandibular joint
discs and investigated the changes of dynamic viscoelastic
properties in five different regions of the disc. Following both
treatments, the storage and loss moduli of these regions were
reduced dramatically up to the point that the tissue was no
longer mechanically heterogeneous. However, the proportion
of changes in storage and loss moduli were different for each
treatment, reflected in the decrease and increase of the loss
tangent for collagenase and elastase treated discs, respectively. The reduction of storage and loss moduli of the disc
correlated with a decrease of biopolymer length. The present
study indicates that the compositional and structural changes
of collagen and elastin fibers alter the viscoelastic properties
of the disc consistent with polymer dynamics.
Key words: Temporomandibular joint disc; Collagen fiber;
Elastin fiber; Dynamic mechanical properties; Enzymatic
degradation.
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1. Introduction
The temporomandibular joint (TMJ) disc is
a highly incongruent and deformable fibrocartilaginous tissue. It facilitates a smooth
articulation of the mandibular condyle
against the temporal bone during jaw movements [1]. Due to its unique biochemical
composition and structural arrangement of
extracellular matrix proteins, the disc plays
a crucial role as a congruent agent, stress
absorber and stress distributor in the
complex jaw kinematics [2]. The extracellular matrix of the disc is mainly composed of
fibrillar collagen (about 70-80% of the dry
weight), enriched with a minor amount of
glycosaminoglycans (GAGs; about 0.6-10%
of the dry weight) and elastin fibers (about
1-3% of the wet weight) embedded in a
pool of interstitial fluid [3, 4]. Regionally,
the extracellular matrix components vary
in amount and structure and are intimately
intertwined within the highly organized collagenous network, forming a skeletal composite that is highly porous and anisotropic
with a low permeability [5].
Understanding the molecular mechanisms
of disc biomechanics is not only important for elucidating the disc function but
also to understand a degenerative disease
like osteoarthritis (OA). Alteration of the
load-bearing nature of cartilage during OA
progression has been shown previously
[6]. Therefore, understanding the molecular
origins of mechanical properties can
provide us with new treatment strategies for
degenerative diseases and novel approaches towards tissue-engineering of the disc.
It also helps with developing phenomenological description of tissue behavior which
can lead to more accurate predictive and
patient-specific computational models.
The behavior of the TMJ disc as a mechani-
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cal system is defined by the nature of the
applied load and the interaction of the
extracellular matrix components [7].
Under compression, a common form of
loading in jaw movement, the disc exhibits
viscoelastic behavior, which is dependent
on both the amplitude and the rate of
deformation [5]. Historically, two mechanisms have been considered responsible for
the time-dependent behavior of the cartilage [8-11]: 1) a flow-dependent mechanism
called poro-elasticity, which implies fluid
pressurization and diffusive drag forces
generated by fluid flow through and out
of the porous matrix, and 2) a flow-independent mechanism, associated with intermolecular friction and intrinsic viscoelastic
nature of the solid matrix, exhibited in all
polymeric materials.
Many cartilage characterization studies
have supported the flow-dependent
mechanism by showing that fluid supports
as much as 90% of the total stress energy
applied on the cartilage under slow quasi-static (>100 seconds of load application)
[12-15] or oscillatory (<0.01 Hz) loading
conditions [16]. On the other hand, Wong et
al. [17] showed that 70% of the stress in
humeral head cartilage relaxed during the
first minute of stress-relaxation under
unconfined compression without observing
any volume change. This indicates that fluid
flow is not the only player governing the
time-dependent cartilage behavior. While
fluid flow and its associated constitutive
model (biphasic poro-elasticity) can
successfully characterize the long-term
mechanics of the cartilage [18], they do not
accurately describe cartilage behavior at the
short term or under higher rates of deformation; more specifically, they fail to capture
the fast-oscillatory nature of in-vivo cartilage
loading (0.5-3 Hz) [8, 11, 19-21]. This led to
the development of biphasic poro-visco-
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elastic models that not only include the
poro-elastic behavior, but also capture the
intrinsic viscoelastic nature of the solid
matrix under physiological loading conditions [22].
As for the TMJ disc, biphasic and poro-elastic finite element models have
considered the fluid pressurization in the
matrix as the governing contributor to its
time-dependent behavior [23-25]. However,
while such models successfully capture the
hyaline cartilage mechanical response, they
may have limitations regarding the TMJ disc
behavior due to the distinguished compositional, structural and mechanical differences
between the two. There is a clear difference
between the cartilage of the TMJ disc and
the cartilage of the articular joints regarding
their biphasic mechanical properties: the
aggregate modulus of the TMJ disc
(100-400 kPa) is approximately three orders
of magnitude smaller and its permeability
(5×10-15 m4/Ns) is about four times higher
than of the hyaline cartilage in the knee [23].
The higher permeability and sparse scattering of hydrophilic GAGs in the TMJ disc
allow fluid to flow throughout the solid
matrix with little impedance (i.e. reduced
drag between the fluid and solid matrix),
leading to a relatively quick relaxation of the
disc under stress (5-50 s) [5]. Due to this
lower “rate-limiting” effect of fluid pressurization in the TMJ disc, it is thought that the
flow-dependent mechanism is even less of
a determinant factor in tissue’s time-dependent behavior than that of the hyaline
cartilage. This view is supported by Setton
et al. [6] who emphasized that the contribution of intrinsic viscoelasticity increases as
the permeability of the articular cartilage
increases (i.e. surface fibrillation). Given the
above considerations, it is thought that the
intrinsic viscoelastic nature of the solid
matrix plays a dominant role in the TMJ disc
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time-dependent behavior. This has led
others [5, 26] to suggest that mechanically,
the TMJ disc should be modeled as a
monophasic viscoelastic solid.
By considering the cartilage as a composite of macromolecular biopolymers [27-29]
(Fig. 1), polymer dynamics has shown to be
an apt model to describe its flow-independent viscoelastic behavior [29-32]. Polymer
dynamics as an approach to characterize
cartilage viscoelasticity deepens our
understanding of TMJ disc properties and
eventually may lead to new therapeutic
strategies. Therefore, the present study
aims to shed light on the molecular origins
of the TMJ disc viscoelastic behavior in the
context of polymer dynamics.
In polymer dynamics, the mechanical properties of a material depend on the flexible
motions and interactions of high length-towidth entangled polymers [33]. The theory
predicts that stress-relaxation proceeds
faster with shorter and more compliant
molecules [34]. This is attributed to the
greater microstructure rearrangement due
to the increased compliancy of the biopolymers, leading to a faster equilibration of the
material under the applied deformation. For
the oscillatory loading as used in the current
study, polymer dynamic predicts that shorter molecular length results in the decrease
of dynamic complex modulus, which is
reflected in the reduction of both storage
and loss modulus [32].
Mechano-enzymatic tests have been
commonly used to assess the biomechanical contribution of cartilage extracellular
matrix molecules [7, 11, 32, 35-38]. In our
previous studies [3, 7], we characterized the
contribution of collagen and elastin fibers
under dynamic compressive mechanical
loading using collagenase and elastase

Fig. 1. Schematic representation of extracellular matrix (ECM) components of the TMJ disc.
digestion, respectively. In both studies,
following the enzymatic treatment, we observed structural and biochemical changes
of the targeted molecules and discussed
their associated impact on the instantaneous modulus and maximum hysteresis of
the treated discs. In the present study, we
aim to quantify the alteration of viscoelastic
properties of the TMJ disc following collagenase and elastase digestion. The underlying hypothesis is that the TMJ disc storage
and loss moduli will decrease following the
enzymatic treatments.

2. Materials and methods
2. 1. Sample preparation
A total of ten young porcine heads (5 heads
for each study) were obtained from a local
slaughterhouse. The TMJ discs with intact
condylar heads were harvested en bloc. The
discs were then removed from extraneous
parts, visually inspected and discarded in

case of any gross abnormalities. Next, the
discs were washed in phosphate buffered
saline (PBS), wrapped in gauze soaked in
a solution of PBS and a mixture of protease
inhibitors (Roche Diagnostics, Germany).
The discs were then stored at -20°C until
used. For further details, see Fazaeli et al.
[7].

2. 2. Enzymatic digestion
The enzymatic digestion protocol has been
described in detail [3, 7]. Briefly, the left disc
of each head was assigned to the control
(PBS) group (n=5) and the right disc to the
treated (collagenase or elastase) group (for
each treated group n=5). Solutions of PBS
containing collagenase type II (100 U/mL,
Worthington Inc., Lakewood, NJ) or a mixture of 3 U/mL pancreatic elastase (E1250,
Sigma, UK) with 0.1 mg/mL soybean trypsin
inhibitor (T9003, Sigma, UK) were used for
collagenase and elastase digestion, respectively. Samples were treated for 16 h under
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gentle agitation at 37 °C. All discs were
mechanically tested before and after incubation with PBS or the enzymatic solution,
thus serving as their own controls.

zone central (IZC), intermediate zone medial
(IZM) and intermediate zone lateral (IZL). All
regions were loaded in the same order for
all samples.

2. 3. Testing apparatus and loading
conditions

2. 4. Dynamic viscoelastic parameters

The dynamic viscoelastic properties of the
samples were measured with a custom-built
material testing machine, which consists
of two 4 mm circular flat-ended indenters
(stainless-steel) and a chamber. The loading
protocol has been described in detail [3,
7]. Briefly, the desired region of the sample
was glued to the bottom indenter using
cyanoacrylate (Histoacryl, Braun Surgical
S.A., Rubi, Spain), and compressed by the
sinusoidal displacement of the top indenter. The displacement was controlled by a
custom-made software (implemented in
LabVIEW 8.2, National Instruments, Austin,
TX), and a 25 N load cell (Honeywell Model
11, Honeywell, Golden Valley, MN) was used
to register the normal reaction force applied
to the top indenter.
All experiments were performed in the
chamber filled with PBS at room temperature. To prevent slippage during the experiment, a tare load of 0.02 N was applied
to the sample and the platen-to-platen
distance was defined as the thickness of
the sample. Then, 20 cycles of dynamic
compression with a strain amplitude of 10%
and a frequency of 1 Hz were applied to the
sample. Following completion of the test at
one location, the disc was carefully detached from the bottom indenter and glued
at another location for the next test. The
same protocol was used to measure the
dynamic mechanical properties of control
(PBS) and treated (collagenase or elastase)
discs at five different regions: posterior
band (PB), anterior band (AB), intermediate

Stress (force divided by cross-sectional
area of the indenter) and strain (indenter
displacement divided by loaded region
thickness) were derived from load-displacement data using routines written in Matlab
(MathWorks, Inc., Natick, MA). The viscoelastic behavior of the disc was described
using parameters obtained from the stress
response to a harmonic (sinusoidal) strain.
In the equilibrium state, the stress response
of a viscoelastic material also varies sinusoidally but, out of phase with the strain. Thus,
the strain ( f ) and stress ( v ) equations for
a viscoelastic material can be written as:

f = Df sin ~t

(Eq. 1)

v = Dv sin ]~t + dg

(Eq. 2)

and

Where Df and Dv are the amplitudes of
strain and stress, respectively. The latter
is a function of the angular frequency ~ ,
phase tan
lag d and time t. Stress can be
rewritten as:

v = Dv sin ~t cos d + Dv cos ~t sin d
which shows that there is one component in
phase (Dv cos d) and one component out
of phase (Dv sin d) with the strain. For an
elastic material, the stress is in phase with
the strain (d = 0), implying a constant ratio
of Dv Df at all times, which represents
the Young’s modulus E (stiffness) of the
material. By contrast, if d = 1 , the stress
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is 90° out of phase with the strain, representing an absolute viscous material. For
a viscoelastic material, the phase angle is
between 0° and 90°, which results in a
ratio of Dv Df that depends on loading
rate or frequency. Thus, the strain amplitude
for any frequency allows calculating the
phase lag and Dv Df , from which we can
further calculate the complex dynamic
modulus E which consists of a real part, the
storage modulus E and an imaginary part,
the loss modulus E as described below:

E* = E l + iE m

(Eq. 4)

El
Em

(Eq. 5)

tan d =

Where i = - 1 and tan d is the loss tangent. The storage modulus E represents
the elastic nature of the material behavior
and is directly proportional to the energy
storage in a cycle of deformation. The loss
modulus E exhibits the viscous nature of the
material behavior and is proportional to the
energy dissipation in a cycle of deformation.
The loss tangent (tangent of phase angle)
denotes the ratio of dissipated to stored
energy during cyclic deformation and is a
measure of the materials’ tendency to the
elastic or viscous behavior. The magnitude
of the complex modulus is defined as:
E* = Dv
Df

(Eq. 6)

where Dv and Df are the stress and strain
in the equilibrium state. Using the phase lag
and the magnitude of complex modulus, the
storage and loss moduli are determined as
below:
(Eq. 7)
E m = E* sin d
E l = E* cos d

(Eq. 8)

The schematic representation of the
described parameters and the stress-strain

relationship for an absolute elastic, absolute
viscous and a viscoelastic material is shown
in Fig. 2. Using the storage modulus (E ),
the loss modulus (E ) and the loss tangent
( tan d ) parameters, we will describe the
effect of enzymatic treatment (collagenase
or elastase) on the viscoelastic behavior of
the TMJ disc.
It is important to note that the use of a
storage and a loss modulus is defined for
small dynamical deformations [39-41],
where the stresses and strains both are
perfectly harmonic. In the present study
however, we applied a large-strain deformation (10%). Thus, while the stress was
closely following the strain path, it dropped
faster than complete retreat of the indenter
during the unloading phase. Consequently,
stress was not perfectly harmonic. Therefore, an approximation of the storage
modulus and the loss modulus was derived
from the stress-strain curves. Instead of
calculating the phase lag based on the
moment of maximum strain and stress, the
time lag between the moments when the
strain and stress curves were halfway their
corresponding maximum value was
considered.

2. 5. Statistical analysis
Initially, to eliminate the effect of biological
variation on the statistical analysis of the
viscoelastic parameters, we performed
a paired Student’s t-test between the
corresponding single regions of the left and
right discs. As no significant differences
between the viscoelastic parameters of
the left and right discs were observed, we
continued analyses by considering only the
data collected following the PBS incubation
or enzymatic (collagenase or elastase)
treatment.

Biomechanical Characterization of the Temporomandibular Joint Disc
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Using two-way analysis of variance
(ANOVA) with repeated measurements,
we compared the overall factors of two
independent variables, enzymatic treatment (collagenase or elastase) and disc
region (PB, AB, IZM, IZC and IZL) on two
dependent variables, storage and loss
moduli of the associated groups. A multiple pairwise comparison with Bonferroni’s
correction was used to investigate the
regional differences within each group. The
adjusted p-values were used for comparisons. A paired Student’s t-test determined
the differences between the storage and
loss moduli within every single region of the
control (PBS) and treated (collagenase or
elastase) groups. Furthermore, the impact
of different treatments (collagenase or
elastase) on the loss tangent was investigated by using a paired Student’s t-test,
comparing the values between the treated
groups and their associated controls within
all individual regions.
Statistical analyses were performed using
GraphPad Prism 6.01 (GraphPad Software,
La Jolla California) using a significance level
of p<0.05.

3. Results
3. 1. Effect of collagenase treatmen on
storaget and loss moduli

Fig. 2. Schematic representation of the relationship between the stress and strain under the
application of an oscillatory strain amplitude with an angular velocity of ~. The storage and
loss moduli have been represented in the right column for a purely elastic (A), viscoelastic (B)
and a perfectly viscous (C) material. In a viscoelastic material, the phase difference ( d )= 1
varies between 0° and 90°, resulting in a complex modulus ( E * ), consisting of a real (storage
modulus, E ' ) and an imaginary (loss modulus, E ") component, shown in distinguished
1
vectors. The tangent of the phase angle ( d )=represents
the ratio of energy loss to the energy
stored per cycle of loading.
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The effect of collagenase treatment on
storage modulus E and loss modulus E of
the disc was significant (p<0.001, Figs. 3A
and 4A, respectively). The two-way ANOVA
further revealed an overall significant effect
of the disc region on E (p<0.01) but not on
E. Moreover, the multiple pairwise post-hoc
test showed regional variation of E in the
control (PBS) group with IZL being the least
and significantly different with the PB and
IZM. Similarly, IZL had the lowest E which

was significantly different from PB, IZM and
AB. Following the collagenase treatment,
the regional variations in E and E were no
longer present.
According to the paired t-test, collagenase
treatment dramatically reduced the E in
all regions of the disc (Fig. 3A), where the
effect was most significant in the IZM
(90%), followed by the AB (85%), IZC
(83%), PB (66%) and IZL (61%). A similar
pattern was observed for the E (Fig. 4A)
with the IZM undergoing the most significant reduction (91%), followed by the AB
(87%), IZC (84%), PB (70%) and IZL (70%).

3. 2. Effect of elastase treatment on
storage and loss moduli
The effect of elastase treatment on E and E
of the disc was also significant (p<0.001,
Figs. 3B and 4B, respectively). The two-way
ANOVA further revealed an overall significant effect of the disc region on E (p<0.01),
but not on the E. The multiple pairwise
post-hoc analysis showed regional variations of E and E in the control (PBS) group.
IZL had the lowest E and was significantly
different from PB. Moreover, PB had the
highest E and was significantly different
from the IZC and IZL. AB had a significantly
higher E than IZC and IZL. Following the
elastase treatment, the regional variations
were no longer statistically significant for
the E and E.
A paired t-test showed a significant
reduction of the E in all regions of the disc
following the elastase treatment (Fig. 3B).
More specifically, the AB was impacted the
most (64%), followed by the PB (41%), IZL
(45%), IZM (40%) and IZC (35%). Similarly,
the elastase treatment decreased the E in
all regions of the disc (Fig. 4B) with the
significant effect, being the most in the AB
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(62%), followed by the IZM (27%) and IZC
(25%).

3. 3. The effect of treatments on the loss
tangent
The effect of treatments on the tan d is
shown in Fig 5. The collagenase treatment
seemed to decrease tan d in all regions,
although the effect was not significant
(Fig. 5A). By contrast, the elastase treatment
resulted in a noticeable increase of the
tan d in all regions of the disc (Fig. 5B),
indicating an increased tendency of
damping. However, this increase was only
significant in the PB (42%), IZM (25%)
and IZC (21%).

4. Discussion

Fig. 3. The effect of collagenase (A) and elastase (B) treatment on the storage modulus of the
TMJ disc. Data are presented as mean ± SD. * indicates p<0.05, ** indicates p<0.01 and ***
indicates p<0.001.

The present study has been performed
to characterize the molecular origins of
viscoelastic properties in the TMJ disc
under dynamic compression. We assessed
dynamic viscoelastic properties of the TMJ
disc before and after enzymatic treatment
with collagenase or elastase as performed
in our previous studies [3, 7]. We measured
force and displacement in time and approximated storage modulus, loss modulus and
loss tangent as three parameters describing
the viscoelastic behavior of the TMJ disc
before and after enzymatic treatment. As
hypothesized, both treatments dramatically
reduced both storage and loss moduli of the
disc, the collagenase more strongly than the
elastase. The collagenase treated samples
got a lower damping ratio of the material,
while the elastase treated group showed an
increase in damping ratio. We attribute this
finding to the decrease in average biopolymer molecular length and entanglement.
Polymer dynamic assumes that the cartilage
contains numerous long-chain biopolymers
that are highly entangled and non-dilute,

85
governing the mechanical behavior of the
cartilage via interaction between neighboring biopolymers [34]. Following the
so-called “reptation” model, each polymer
chain is at any instant constrained within a
‘tube’ constructed of the adjacent polymer
chains, so that they cannot intersect each
other [33]. Thus, the polymer chains move
in their tubes like a snake [27, 34]. Once
the polymer system is under loading, the
polymer chains can escape from the
constraining tubes by reptation, leaving
the chains remaining in their original tube
responsible for load-bearing [29]. Our
results are consistent with these interpretive models, suggesting that dynamic
mechanical properties of the TMJ disc are
sensitive to the matrix composition as well
as biopolymer length, interconnectivity and
entanglement of the fibrous matrix.
Previously, we observed the disruption
of elastin fibers in confocal images and a
reduction of matrix compositions biochemically, following elastase treatment [3].
With interfibrillar components being
removed following the elastase treatment,
the interfibrillar voids increase, thereby
enhancing the rearrangement of the
less-constrained collagen fibers [42-45]. In
our previous study [3], we indeed observed
empty interfibrillar spaces, using transmission electron microscopy. These spaces
were likely indicative for the presence of
elastin fibers residing there before the
treatment (Fig. 6, [3]). Disruption of the
elastin network also compromises the
recoiling ability and the resting shape of
the tissue upon load removal, leaving the
collagen fibers in a less confined and wavy
state, thereby affecting the load-bearing
capacity of the TMJ disc [3]. This particular
effect of elastase digestion has been discussed previously for other tissues [43, 44,
46, 47] and is also reflected in a substantial
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reduction of collagen tortuosity and a noticeable volume enlargement of the treated
discs in our earlier study [3]. Based on these
observations, we speculate that removal of
elastin fibers reduced the recoiling ability of
the disc, thus accelerating the disc reaching its relaxed state. Also, disruption of the
elastin fibers along with loss of interfibrillar
medium disanchored the collagen fibers
from the matrix, which effectively enhanced
the “reptation” effect and consequently
left less biopolymers in place to withstand
the applied load. Therefore, the elastase
treatment reduced both storage and loss
moduli of the TMJ disc by perturbing the
biopolymer microstructure of the extracellular matrix. This is in agreement with Yuan
et al. [36] and Ventre et al. [48] who reported
reduction of both moduli in elastase treated
lung strips under sinusoidal stretch and
dermis under sinusoidal shear, respectively.

Fig. 4. The effect of collagenase (A) and elastase (B) treatment on the loss modulus of the TMJ
disc. Data are presented as mean ± SD. * indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001.

Regarding the collagenase treatment, a
dramatic reduction of storage and loss
moduli in the treated discs was observed.
In conjunction with our finding, June et al.
[32] observed a notable reduction of both
moduli following collagenase treatment of
bovine calf cartilage samples under dynamic compression. Similar observations were
reported for collagenase treated cartilage
[49] and lung strips [36] under sinusoidal
shear and stretch loading, respectively. This
dramatic effect of collagenase digestion
on the storage and loss moduli is consistent
with interpretive network-based models
developed for cross-linked biopolymers.
In these models, a biopolymer material is
modeled as a disordered network of fibers,
consisting of densely-connected rigid
regions and sparsely connected flexible
regions. Based on these models, the fibrous
network becomes mechanically rigid only
above the so called “rigidity percolation
threshold” [50]. More specifically, the stiff-
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ness of the system is strongly dependent
on the connectivity of the fibers near the
rigidity percolation threshold, above which
the fibers are sufficiently connected so
that they can transmit the stress from one
fibril to another via either interconnectivity
or proteoglycan mediated links. Below the
threshold, the network is too fragmented
to accommodate the external strain, which
results in a sharp reduction of the modulus
[37]. In another study, using polarized light
microscopy, we observed extreme loss of
structural integrity and haphazard arrangement of the collagenous network of the disc
following collagenase treatment [7]. Therefore, the effect of collagenase digestion can
be considered as an enzymatically driven
transition, perturbing the entanglement
of the collagenous network and thus, the
structural integrity of the matrix in the disc,
which results in dramatic reduction of the
storage and loss moduli. This observation
has been previously explored in detail for
shear properties of articular cartilage [37].
More specifically, Silver et al [51] have associated the elasticity and viscosity of tendons
to the extent of type I collagen crosslinking
and collagen fibril length, respectively. They
further studied the viscoelastic behavior of
osteoarthritic human cartilage and reported
a decrease of its elasticity and viscosity with
increased fibrillation and fissure formation,
attributed to a combination of decreased
collagen fibril length, disruption of the interfibrillar crosslinking and loss of the superficial layer [52].
While collagenase and elastase both
decreased the storage and loss moduli of
the discs, the extent and pattern of these
effects were quite different. The collagenase
treatment reduced the storage and loss
moduli across the disc by an average of
77% and 81%, respectively, while the corresponding values for the elastase treatment
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were only 48% and 38%. These differences
were clearly reflected in the corresponding
loss tangent values of the treated discs
with the collagenase treatment producing
an average reduction of 12% and elastase
treatment resulting in an average increase
by 23%. Our data is in agreement with Yuan
et al. [36] and Ventre et al. [48] who also
reported changes in loss tangent following
the collagenase or elastase treatment of
their samples. However, they did not find a
significant variation of the loss tangent due
to a proportional decrease of storage and
loss modulus in their studies. While we
observed a proportional reduction of the
moduli following a collagenase treatment,
elastase digestion changed the loss tangent
in favor of viscosity, with less reduction
of loss modulus compared to the storage
modulus. This was expected as we observed a distinctive effect of elastase and
collagenase treatment on the structure,
composition and mechanical properties
of the TMJ disc in our previous studies
[3, 7]. The collagenase treatment harshly
perturbed the structural integrity of the
collagenous network and compromised
the mechanical properties of the system
as whole [7]. The effect of elastase was
more complex as it disrupted the mechanical coupling between elastin and collagen
fibers through disengaging the intimate
connection between the two networks,
resulting in a less confined uncrimping and
rearrangement of collagen fibers during the
loading [3].
Although loading regimens are different,
the dynamic moduli are comparable with
the relaxed moduli in stress-relaxation test
[53, 54]. Likewise, the dynamic moduli of
our control (PBS) group is consistent with
Tanaka et al. [55], who reported a relaxed
compressive modulus of bovine TMJ disc
samples with a similar strain rate and ampli-
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tude as ours. Our data is also in agreement
with Tanaka et al. [56] who reported steady
modulus for porcine samples under dynamic compression test, using the same loading
settings. Meanwhile, our dynamic moduli
are approximately 100 times larger than the
ones reported by Fernández et al. [39], who
used porcine samples but a significantly
smaller strain amplitude. The 1% strain
amplitude used in their study represents
the disc’s behavior merely in the toe region
of the stress-strain curve where collagen
fibers are not fully engaged and still are in
their wavy state [57, 58]. This remarkable
difference supports the strain-dependency
of the cartilage mechanical properties that
has been commonly discussed previously
[5, 59]. Regarding regional variations, the
disc exhibits a heterogeneous nature for
both storage and loss moduli. In line with
[5], we found the PB and IZM to be stiffer than other regions by showing higher
storage modulus. Also, similar to Willard
et al. [38], our data shows that the PB and
AB are more viscous than the intermediate
regions by showing higher loss modulus.
This heterogeneous viscoelastic property
of the TMJ disc could provide insight into
the functional role of the disc within the
complex jaw kinematics. Given the resting position of the disc, articulation would
start by rotation of the condylar bone and
resistance of relatively stiff and viscous PB
against the applied compression, which will
promote the rotation of the condylar head
towards the less stiff and less viscous IZC
[5]. Therefore, deviation from the articulation
path towards the less stiff and less viscous
regions (e.g. IZL), could potentially cause
an unfavorable loading pattern, leading to
overloading of the disc. This could result
in a hypoxic-reperfusion cycle, initiating a
degenerative process [60, 61]. Consequently, overloading could degrade the disc up
to a point that perforation appears at the
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overloaded regions. This explanation is
supported by finite element simulation of
bruxism [62] and also common observation
of perforations in the lateral region of the
disc [63].
The relative difference between stiffness
and viscosity in different regions facilitate
the disc to conform its shape, distribute the
stress and dissipate the excessive strain energy during the jaw movement [1]. Structural
and compositional changes of elastin and
collagen fibers can occur naturally through
aging or pathologically as in degenerative
conditions, potentially leading to irreversible
mechanical changes in the tissue [64]. Any
triggering factor that disturbs the balance
between the activated degradative proteases and the functional inhibitory system of
the ECM can initiate or exacerbate a self-reinforcing degenerative process, referred as
the “vicious circle” by Vergroesen et al. [65]
(see Fig. 2 therein). The synovial fluid of the
diarthrodial joints with rheumatoid arthritis
have been reported to contain higher level
of degradative enzymes such as elastase
[66, 67]. Exposure of TMJ components to
the synovial fluid containing proteases can
also provoke structural and compositional
changes in the ECM. Our results suggest
that the collagenase and elastase digestions
reduce the resiliency and energy dissipation
capability of the disc, resulting in a mechanically weakened disc that can no longer act
as a shock absorber and is prone to further
damage and fracture. This is of clinical
importance as the disc in patients with
internal derangement has shown to be more
rigid and less capable of energy dissipation
[68]. Also, in a study by Mow and Lai [69],
they reported decrease of storage and loss
moduli in cartilage with increase of age and
progression of OA. Given the higher level of
elastase and collagenase proteases expression in synovial fluid of pathologic diarthro-

dial joints [70-72], our data suggest that any
extrinsic or intrinsic factor that perturb the
collagen or elastin fibrillar network could
result in a chemically and structurally different tissue that can reduce the resiliency and
viscosity of different regions up to the point
that the tissue loses its characteristic heterogeneity and viscoelastic properties. This
will compromise the stress distribution and
energy dissipation capabilities of the disc,
which could lead to an adverse loading
condition; thereby initiating or exacerbating
an existing degenerative process in the disc
[65, 73].
In the light of presented findings, we
suggest that polymer dynamics can be a
useful approach for quantitatively characterizing the TMJ disc flow-independent
viscoelasticity behavior. Furthermore, a
proper understanding of the specific types
of polymer motions and molecular length
distribution can further benefit us by
developing accurate patient-specific computational models, detecting the potential
pathologic conditions at early stages.
Moreover, application of polymer dynamics
can provide us with new benchmarks for
tissue engineering and developing novel
strategies for designing and tailoring
scaffolds to better mimic the natural physiochemical properties of the native tissue.

4. 1. Limitations
It is important to outline potential limitations
of this study. Due to the relatively small
sample size used in this study, the findings
should be interpreted cautiously in light
of the data limitations for these outcomes.
The dynamic compressive loading was performed in PBS at room temperature (25 ℃)
and not in the synovial fluid of TMJ joints
at body temperature; therefore, our testing
configurations did not mimic the in-vivo
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TMJ disc responses to dynamic loading.
Those configurations, however, are
sufficient to meet our objective of distinguishing the impact of different treatments
(collagenase or elastase) on the dynamic
viscoelastic properties of the TMJ disc.
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