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1. Temporomandibular joint
 
The temporomandibular joint (TMJ) is a 
bilateral, synovial and diarthrodial joint, 
formed by the articulation of the mandibular 
condyle against the fossa-eminence of the 
temporal bone. The TMJ is surrounded by  
a capsule of ligamentous tissue, holding the 
joint complex in place between the lower 
jaw and the skull (Fig. 1). The surfaces of 
the fossa-eminence and the condylar head 
are both covered by unique cartilage layers. 
Between these lies a flexible, load-bearing 
fibrocartilaginous disc (Fig. 1), which facil-
itates complex but smooth jaw kinematics 
[1, 2]. This TMJ disc divides the joint space 
into a superior and an inferior compartment, 
both filled with synovial fluid. This fluid plays 
an essential role in lubrication and nutrition 
of the avascular articular cartilage and TMJ 
disc [3, 4].

2. General TMJ disc 
characteristic
          
The TMJ disc facilitates smooth jaw move-
ment by increasing congruity, mediating 
forces, and absorbing impact loads exerted 
by the articular surfaces of the condyle and 
fossa-eminence [1]. The TMJ disc is  
commonly mistaken for having similar  
structural-functional characteristics to the 
widely-studied hyaline articular cartilage  
and the fibrocartilaginous menisci of the 
knee joint. The TMJ disc, however, is  
drastically different at both the structural 
and the cellular level [5, 6].A thorough re-
view of structural-functional characteristics 

of the TMJ disc is provided elsewhere [7]. 
The following section only provides a brief 
overview of the literature to highlight the re-
lationship between the mechanical function 
and underlying disc structure.

2. 1. Morphological structure
 
From a superior view, the TMJ disc has 
a biconcave, elliptical appearance and is 
larger mediolaterally than anteroposteriorly  
(Fig. 2A). The saddle-shaped structure of 
the disc (Fig. 2B) divides it into three 
topographical zones consisting of thicker 
posterior and anterior, which delimit a thin-
ner region at the center, called intermediate 
zone.The size of a normal, adult human TMJ 
disc is approximately 19 mm by 13 mm with 
a thickness varying from 1 mm in the inter-
mediate zone, to 4 mm in the posterior band 
[8]. The saddle-shaped structure of the disc 
contributes to some important functional 
characteristics in different jaw states,  
particularly during mastication when the jaw 
involves complex rotational and translation-
al movements. When the jaw is occluded  
(resting position), the intermediate zone 
separates and protects the articulating 
surfaces of condyle and mandibular fossa 
by filling the void space between the two 
incongruent structures [7]. During masti-
cation, while the intermediate zone further 
contributes to the congruent and coordi-
nated movement of the jaw, the peripheral 
bands keep the disc in place with their 
thick wedge-shape edges obstructing the 
disc prolapse between the articulating 
surface [9]. 

General Introduction
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2. 2. The extracellular matrix of the disc
 
The extracellular matrix of the disc (Fig. 3) 
is mainly composed of collagen type I and 
some collagen type II (about 70-80% of the 
dry weight), a minor amount of glycosami-
noglycans (GAGs) (about 0.6-10% of the 
dry weight) and elastin fibers (about 1-3% 
of the wet weight), embedded in a movable 
pool of interstitial fluid (66-80% of the disc’s 
weight) [10]. This unique proportion of ex-
tracellular matrix components distinctively 
distinguishes the TMJ disc from hyaline ar-
ticular cartilage, which consists primarily of 
collagen type II and an abundant amount of 
GAGs. The extracellular matrix components 
are heterogeneously distributed throughout 
the disc [6]. 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 [11, 12].

2. 2. 1. Collagen
  
Collagen is the most abundant protein 
by mass in mammals and likely the most 
important element of extracellular matrix 
in load-bearing tissues. Generally, the
difference in types of collagen is indicative 
of tissue type and an apt design criterion 
for the evaluation of a tissue-engineered 
construct [13, 14]. The extracellular matrix 
of the TMJ disc consists of a highly dense 
network of collagen fibers, forming a 
particular regional arrangement throughout 

the disc. A robust and dense network of 
collagen fibers defines the architecture of 
the TMJ disc, governing its mechanical 
behavior under various loading conditions 
[15, 16]. In the intermediate zone, the col-
lagenous fibers are aligned anteroposterior-
ly, while in the periphery they show a 
ring-like orientation, merging with mediolat-
erally aligned fibers in the posterior and 
anterior bands (Fig. 2, C) [17]. The fibers 
also display a characteristic tortuosity 
(crimping pattern) with a mean D-band 
periodicity of 8 µm to 23 µm [18, 19].
 
2. 2. 2. Elastin 

Elastin fibers are considered as a coiled  
polymer mesh, co-distributed within and en-
tangled with the collagen fibers, accounting 

for compliancy, resiliency and maintaining 
the native shape of the tissue [20, 21]. The 
distribution and organization of elastin fibers 
vary in different regions of the TMJ disc [12]. 
They are occasionally branching at acute 
angles and reuniting into straight or oblique 
fibers with a preferential alignment mainly 
parallel to collagen fibers [16, 22, 23]. More 
specifically, elastin fibers display more 
branching and random patterns of distribu-
tion in the anterior band and posterior band 
compared to the intermediate zone where 
they show more directivity [16].
 
2. 2. 3.  Glycosaminoglycans

Glycosaminoglycans (GAGs) are long, 
branched and repeating disaccharide units 
with highly negatively charged molecules.  

Fig. 2. Schematic representation of TMJ disc regions and their associated collagen fiber ori-
entation. Regions of the disc are seen from the superior view (A), representing periphery 
bands: posterior band (PB) and anterior band (AB); and Intermediate zone (IZ) regions: 
intermediate zone medial (IZM), intermediate zone central (IZC) and intermediate zone lateral 
(IZL). Sagittal view of the TMJ disc (B), shown with its periphery bands and intermediate zone. 
Isometric cutaway view of the TMJ disc (C), representing the orientation of collagen fibers, 
forming a ring-like structure on the periphery bands (PB and AB) of the disc, merging with 
anteriorposteriorly-oriented fibers in the intermediated zones (IZM, IZC, and IZL). 

Fig. 1. Schematic view of the TMJ. The TMJ articular disc is located between the 
articular fossa-eminence of the temporal bone and the mandibular condyle. The surfaces
of fossa-eminence and mandibular condyle is covered with a thin cartilage layer 
(shown as thin white layers in the picture).
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An assembly of one or several GAG chains 
attached to a central protein core form a 
large proteoglycan (PG). The distribution 
and concentration of GAGs in the TMJ disc 
are reported with great variation in the litera-
ture [5, 10]. Dermatan sulfate and chondroi-
tin sulfate form the primary types of GAGs

  in the TMJ disc, followed by traces of other
 types (e.g. hyaluronic acid, keratan sulfate
and heparan sulfate) [12, 24].

 
2. 2. 4. Cells

 The TMJ disc has a heterogeneous cell
 population, consisting of a combination of
 chondrocyte-like and fibroblast-like cells,
 together referred to as TMJ disc cells [25].
 Regionally, the cellularity is higher in the
 periphery of the disc, especially in the
 anterior and posterior bands. Fibroblast-like
 cells appear to be the predominant type in
 the periphery of the disc, while the majority
 of cells in the intermediate zone tend to
 be chondrocyte-like [25, 26]. Overall, the
 distribution and concentration of cells vary
 regionally, with different patterns reported
among species [16, 25, 27, 28].

3. Temporomandibular disorder

 Temporomandibular disorder (TMD) is
 a generic term that refers to a group of
 complex and multifactorial degenerative
 musculoskeletal conditions, characterized
 by intra-articular positional and/or structural
 abnormalities as well as dysfunction of the
 associated musculature [29, 30]. TMD has a
 diverse range of symptoms including painful
 joint sounds, restricted or deviated range of
 jaw motions, and locking, all of which can
 be the result of a pathology involving the
TMJ disc [31, 32].

  Approximately 10% of the population may
 experience some form of TMD during

 lifetime with a higher incidence rate of
 symptoms reported in females [32]. Most
 patients with TMD symptoms are between
 20 to 50 years old, a relatively young age
 for a degenerative disorder [33, 34]. Review
 studies published in the 1980s revealed an
 incidence rate of 16%-59% for symptoms
 and 33%-86% for clinical signs of TMD
 [31]. Patients suffering from severe TMDs
 can experience a drastically reduced quality
 of life in which even the basic daily routine
 activities such as chewing, laughing, eating
and yawning become painful [7]. The etiol-
 ogy of TMDs is poorly understood; various
 intrinsic and extrinsic factors are thought to
be contributing [31] and there is no consen-
 sus on what exactly causes TMDs.

  Among different pathologies, the internal
 derangement of the TMJ disc is of particular
 interest. Reportedly, 70% of the patients
 with TMDs have internal derangement, an
intra-articular condition involving malposi-
tioning of the TMJ disc against the artic-
 ular eminence and the condyle when the
 joint is at rest or in function [35]. Stegenga
 [36] described internal derangement as “a
 localized mechanical fault interfering with
 smooth joint movement” and considered
 disc displacement representing only one of
these mechanical disorders. Afflicted pa-
 tients with internal derangement commonly
 complain about pain, joint sounds and
 limitations in mouth opening [37]. Despite
 the elusive onset and progress of internal
 derangement, a degenerative condition
appears to be the primary pathology [31].
 
4. Etiology and pathophysiology
 
Load-bearing joints are constantly 
remodeled to repair the microdamage that 
inevitably arises during the activities of daily 
life. Normally, a continuous dynamic bal-
ance exists between degradation and

Fig. 3. Schematic representation of extracellular matrix (ECM) components of the TMJ disc.

 formation of the extracellular matrix compo
 nents [38]. This balance can be perturbed
by decreased adaptive capacity of the artic-

 ulating structures, or excessive or sustained
 physical stress to the articulating structures
 [31]. Consequently, the system enters in an
 exacerbating degenerative process, which
 eventually results in osteoarthritis and failure
 of the tissue [39, 40].

5. Clinical management

 Clinical management options for internal
 derangement vary depending on the
 severity of the condition. Wilkes [37] has
 established a five-stage system, describing
 and classifying the progression of internal
derangement based on the clinical man-

 ifestations, imaging findings and surgical
 observations. Most patients with internal
 derangement can be treated successfully
with non-invasive or minimally invasive ap-

 proaches [41]. Due to its avascular nature,
 the TMJ disc is barely able to heal once

degenerative insults are present [29]. There-
 fore, as the internal derangement reaches
 advanced stages, the treatment options
 become fully invasive and limited to removal
 of the disc (discectomy) [31]. Discectomy
 exposes the articulating surfaces to direct
 mechanical loading and abrasion, resulting
 in further deconstruction of the TMJ. As a
 consequence, these treatments have shown
 limited success and require patients to
 undergo repeating or follow-up surgeries,
 which is an unfavorable solution for the
relatively young patient population [41].

 6. Research motivation &
objectives

A functioning TMJ disc is a crucial part 
of the TMJ. Over the past years, tissue 
engineering has painted a promising picture 
of versatile solutions to replace degenerated 
structures such as dermis, cartilage and 
bone. Tissue engineering of the TMJ is in 

Chapter one
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Tissue engineering of the TMJ is in its infan-
cy, likely due to its anatomical complexity 
and demanding loading conditions. Over 
the past years, many characterization stud-
ies have been performed to obtain a better 
understanding of the biology, biochemical 
composition and biomechanical properties 
of the native TMJ disc. Thorough reviews of 
these studies have been provided elsewhere 
[6, 7, 41-46]. However, despite these stud-
ies, there are still many unknowns about the 
form and function of the TMJ disc.      

An in-depth understanding of the native 
tissue structural-functional characteristics 
is a prerequisite for engineering a reliable  
tissue construct. Thus, the general aim 
of this thesis is to study the relationship 
between structural, compositional and 
mechanical properties of the TMJ disc and 
to understand how the interplay between 
these factors govern TMJ disc biome-
chanics. More specifically, this research 
will contribute to furthering our knowledge 
of TMJ disc regional structural-functional 
behavior under compression by achieving 
the following goals:

   Characterizing the contribution 
of collagen fibers to the mechanical 
compressive behavior of the TMJ disc:

TMJ disc tensile mechanical properties 
have been thoroughly studied previously 
and there is a consensus on correlation be-
tween tensile strength and local orientation 
of collagen fibers [47]. In contrast, reported 
values for the compressive mechanical 
properties of the disc are highly variable, 
ranging from 16 kPa to 60 MPa [48, 49]. 
Compressive mechanical behavior of the 
TMJ disc has been frequently attributed 
to the GAG, despite its low content in the 
extracellular matrix of the disc [50]. While 
the collagen fibers have been well-char-

acterized under tensile loading, their 
structural-functional contribution to the 
disc compressive biomechanics are poorly 
understood. Therefore, in chapter 2, we 
will investigate the contribution of collagen 
fibers to the TMJ disc biomechanics under 
compression.

   Characterizing the contribution 
of elastin fibers to the mechanical 
compressive behavior of the TMJ disc:

Historically, the biomechanical contribution 
of elastin fiber is completely disregarded in 
the TMJ disc literature. While elastin fibers 
have been shown to actively contribute in 
other fibrocartilaginous tissues biomechan-
ics, they are considered to play a secondary 
role in the TMJ disc, as far as maintaining 
the original form of the disc upon load 
removal [16]. Over the past decades, there 
have been only few studies on occurrence, 
distribution and biochemical quantification 
of elastin fibers in the TMJ disc which have 
revealed contradictory and non-comparable 
results due to many methodological differ-
ences [16, 22, 23, 26, 51-58]. Therefore, in 
chapter 3 we performed a structural-func-
tional characterization of elastin fibers in the 
TMJ disc under compression.

   Characterizing the dynamic 
viscoelastic mechanical properties 
of the TMJ disc in relation to
phenomenologically-developed 
theories of polymer dynamics:

Quantification and monitoring of in-vivo 
mechanical behavior of the disc is not 
feasible as the joint is inaccessible for direct 
measurements. Over the past decades, 
biomechanical modeling techniques have 
attempted to overcome this limitation by 
estimating the loads and deformations of 
the jaw under various jaw movements by 

developing phenomenological description 
of tissue behavior [59-62]. TMJ disc is a 
“time-dependent material”, meaning that its 
response to a constant force or deformation 
varies over time and depends on the history 
of loading [2]. Many of constitutive models 
developed for description of time-depen-
dent behavior of the disc is based on the 
flow-dependent mechanism (poro-elasticity) 
[59-61]. Considering the low aggregate 
modulus, high permeability, scattering 
GAG in the disc and fast-occurring oscil-
latory nature of in-vivo loading condition in 
TMJ [11, 59], it has been suggested that a 
fluid-independent mechanism may be more 
appropriate to describe the disc viscoelastic 
behavior [11]. In chapter 4 we will evaluate 
the appropriateness of this mechanism in 
the context of polymer dynamics, which 
has been considered as an apt model to 
describe the intrinsic viscoelastic nature of 
the cartilage extracellular matrix. 

The findings of the studies described
in chapters 2-4 will be summarized and 
discussed in the general discussion, 
chapter 5.

Chapter one
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The Temporomandibular Joint (TMJ) disc is a fibrocartilagi-
nous structure located between the mandibular condyle and 
the temporal bone, facilitating smooth movements of the jaw. 
The load-bearing properties of its anisotropic collagenous 
network have been well characterized under tensile loading 
conditions. However, recently it has also been speculated 
that the collagen fibers may contribute dominantly in 
reinforcing the disc under compression.Therefore, in this 
study, the structural-functional role of collagen fibers in 
mechanical compressive properties of TMJ disc was investi-
gated. Intact porcine TMJ discs were enzymatically digested 
with collagenase to disrupt the collagenous network of the 
cartilage. The digested and non-digested articular discs were 
analyzed mechanically, biochemically and histologically in five 
various regions. These tests included: (1) cyclic compression 
tests, (2) biochemical quantification of collagen and glycos-
aminoglycan (GAG) content and (3) visualization of collagen 
fibers’ alignment by polarized light microscopy (PLM). The 
instantaneous compressive moduli of the articular discs 
were reduced by as much as 50-90% depending on the 
region after the collagenase treatment. The energy dissipation 
properties of the digested discs showed a similar tendency. 
Biochemical analysis of the digested samples demonstrated 
an average of 14% and 35% loss in collagen and GAG, 
respectively. Despite the low reduction of collagen content 
the PLM images showed considerable perturbation of the 
colagenous network of the TMJ disc. The results indicated 
that even mild disruption of collagen fibers can lead to 
substantial mechanical softening of TMJ disc undermining its 
reinforcement and mechanical stability under compression.
 
Key words: Temporomandibular joint; Disc; Cartilage; 
Collagen fiber; Compressive stiffness; Enzymatic degradation

Abstract
1. Introduction

The disc of the temporomandibular joint 
(TMJ) is a robust fibrocartilaginous structure 
located between the articulating surfaces of 
the mandibular condyle and temporal bone 
(Fig. 1). It facilitates smooth jaw movement 
by increasing congruity, mediating forces, 
and absorbing impact loads exerted by the 
articular bones during everyday activities 
such as mastication, talking and yawing 
[1, 2]. Most epidemiological studies have 
reported that approximately 10% of the 
population exhibits one or more symptoms 
of TMJ disorder (TMD) [3]. Of the three TMJ 
components, the disc is of particular inter-
est since approximately 70% of patients 
with TMD suffer from malpositioning of the 
disc, known as internal derangement [4]. 
Despite the elusive mechanism underlying 
disease progression, internal derangement 
appears to be highly correlated with TMJ 
osteoarthritis (OA) as an accompanying 
sign or a subsequent factor in a later stage 
[5]. Due to a poor understanding of TMD 
etiology, options for treatment of severely 
damaged disc are restricted to its resection 
[6, 7]. However, since the disc is a crucial 
functional component of TMJ, its removal 
can lead to further pain and dysfunction, 
and eventually degeneration of the whole 
joint [7]. The presence of a functionally 
reliable replacement could be helpful for 
treatment, but such has not been engi-
neered yet. To reach that aim the structur-
al-functional relationship of the native TMJ 
disc needs to be established. 

The human TMJ disc is composed of two 
principal components: (1) a solid extracel-
lular matrix, occupied predominantly by a 
highly organized collagenous network, and 
a sparse amount of GAG, and (2) a movable 
interstitial fluid containing water [8, 9]. In 
contrast to other joints, 70-80% of the dry 

weight of the TMJ disc consists of collagen 
type I, while GAG constitute only 0.6-10% 
of it [10]. In the intermediate zone (IZ), the 
collagen fibers are aligned anteroposteriorly, 
while in the periphery they show a ring-like 
orientation, merging with mediolaterally 
aligned fibers in the posterior and anterior 
bands [11]. It is commonly assumed that 
the highly negatively charged GAG and 
other proteoglycans (PGs) are considered 
to create an intra-tissue osmotic swelling 
pressure. Herewith, they respond to com-
pression-induced hydrostatic pressures to 
spread the force away from directly loaded 
areas [12, 13]. This is performed by interac-
tion with the highly organized region-spe-
cific fibrillar collagen of the extracellular 
matrix of the TMJ disc [11, 14]. These 
features provide the disc with anisotropic 
and heterogeneous properties that rein-
force its structure and maintain its integrity 
under various types of loading. In a TMJ 
disc, which is pathologically degenerated 
by extrinsic factors (e.g. abnormal/repetitive 
mechanical stress) or/and intrinsic factors 
(e.g. enzymatic-induced degradation), col-
lagenous network loses its dense integrity. 
This eventually leads to a disruption of the 
solid-fluid load-bearing continuum in the 
cartilage [5, 15, 16].

Generally, the mechanical compressive 
properties have been attributed to the GAG 
content [17, 18], while tensile mechanical 
properties have been related to the amount 
and organization of collagen fibers [19, 20]. 
However, Willard et al. [21] recently indicat-
ed that the regional mechanical compres-
sive properties of the disc have a stronger 
correlation with the associated collagen 
density and structure than with the GAG 
content. Despite few studies [8, 18, 22, 23] 
describing region-dependent mechanical 
compressive properties of the excised TMJ 
disc samples, the question still remains how 
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Fig. 1. Schematic view of the TMJ. The TMJ disc (blue), and the articular cartilage of the 
condyle and mandibular fossa (green) are shown from sagittal view.
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collagen content and structure correspond 
to regional variations in compressive 
stiffness of the disc. 

Therefore, we measured the regional 
mechanical compressive properties of TMJ 
discs before and after enzymatic digestion 
of their collagen fibers. This approach helps 
us to evaluate the contribution of colla-
gen fibers in providing reinforcement and 
stability to the extracellular matrix of the 
TMJ disc as a whole and in relation to their 
region-specific morphology.
 
2. Materials and methods

2. 1.  Sample preparation

Five young porcine heads were obtained 
from a local slaughterhouse and processed 
immediately after sacrifice. First, the TMJ 
discs and condylar head were dissected 
en bloc and then the discs were carefully 
isolated by removing all bony parts and pe-
ripheral soft tissue. All discs were inspected 
visually and no gross abnormalities were 
observed. After isolation, the TMJ discs 
were washed in phosphate buffered saline 
(PBS), wrapped in gauze soaked with solu-
tion of PBS and a mixture of protease inhibi-
tors (Roche Diagnostics, Germany), and 
then stored at -20 °C at which temperature 
the biomechanical properties of the disc are 
not affected [24].

2. 2. Experimental apparatus

The mechanical loading experiment was 
performed by a custom-made instrument 
(Fig. 2) capable of generating sinusoidal 
displacement with a resolution of 1 µm at 
a rate of maximally 30 Hz as described 
previously by Berendsen et al. [25]. The 
instrument consists of a chamber and two 
cylindrical stainless-steel indenters with 

diameter of 4 mm. The bottom indenter 
was fixed to the surface of the chamber 
and it was aligned with the top indenter 
whose displacement was controlled by a 
custom-made software (implemented in 
LabVIEW 8.2, National Instruments, Austin 
TX). The samples were placed on the lower 
indenter, inside the PBS-filled chamber, 
and the rigid upper indenter was used to 
apply cyclic compressive displacement. 
The normal reaction force exerted to the top 
indenter was measured by a 25 N load cell 
(Honeywell Model 11, Honeywell, Golden 
Valley MN). The signal of the load cell was 
amplified by a bridge amplifier (HBM K10, 
HBM, Darmstadt, Germany) and registered 
by the same application that also controlled 
the indenter. Displacement and reaction 
force was registered simultaneously with 
intervals of 16 ms.

2. 3. Mechanical loading experiment

To determine the regional differences in 
mechanical compressive properties of the 
TMJ disc, all samples were cyclically loaded 
at five different locations namely; anterior 
band (AB), posterior band (PB), intermediate 
zone medial (IZM), intermediate zone lateral 
(IZL) and intermediate zone central (IZC). 
The discs were tested intact in different 
regions, thereby maintaining their integrity 
and confinement. 

Prior to the mechanical loading experiment, 
the frozen discs were immersed in PBS 
solution and allowed to thaw at room 
temperature for 1 h. Then, the inferior sur-
face of the discs was glued to the bottom 
indenter using a thin layer of cyanoacry-
late (Histoacryl, Braun Surgical S.A., Rubi, 
Spain), after which, the chamber was filled 
with PBS solution and samples were 
allowed to equilibrate for 5 min. To maintain 
a proper contact between the top indenter Fig. 2. Indentation test on TMJ disc of porcine sample by the custom-made indentation device.
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and surface of the discs, a tare load of 
0.02 N was applied to each sample 
followed by 5 min of relaxation time. Then, 
the thickness of the sample was measured 
as the platen-to-platen distance using a 
digital caliper. After a steady state contact 
was obtained, a 3-minute preconditioning 
test of 10% strain amplitude with 1 Hz 
frequency was conducted for all samples to 
create a uniform loading history. According-
ly, samples were allowed a further 5 min of 
recovery. Thereafter, the discs underwent a 
dynamic test including 20 cycles of same 
loading profile carried out in the precondi-
tioning test (10% strain at 1 Hz). Following 
completion of the test at one location, 
the disc was carefully detached from the 
bottom indenter, glued at another location 
where it was tested with the same protocol. 
The 10% compressive strain amplitude was 
determined according to the amount of joint 
space reduction during maximum clench-
ing (5-10%) [26]. Additionally, a loading 
frequency of 1 Hz was chosen to simulate 
the average chewing frequency (0.5-1.5 Hz) 
in human [27]. Although porcine chewing is 
faster (2-3 Hz) [27], previous studies [28, 29] 
reported mechanical data of porcine 
disc at 1 Hz which can be used for data 
comparison. 

Deformation of the disc (strain) was deter-
mined by the ratio of the displacement of 
the upper indenter to the initial thickness 
of the sample located between the platens. 
The stress was defined as the ratio between 
the reaction force and cross-sectional area 
of the indenter. Subsequently, to charac-
terize the basic mechanical compressive 
properties of the disc, the instantaneous 
modulus as the maximum stress of the first 
cycle relative to the respective strain and 
the maximum hysteresis as the enclosed 
area between the first stress-strain loop 
were calculated.

2. 4. Enzymatic digestion

To assess the role of collagen fibers in 
compressive stiffness of the disc, samples 
were divided into two groups: control (PBS) 
(left discs, n=5) and treated (collagenase) 
(right discs, n=5). All samples were mechan-
ically tested before and after incubation, 
thus serving as their own controls. Fol-
lowing the first mechanical test, samples 
were equilibrated in PBS for at least 30 min 
at room temperature. Then, the right-side 
discs were submersed in 25 mL of PBS 
solution containing 7.5 mg of collagenase 
type II (100 U/mL, Worthington Inc., Lake-
wood, NJ) and incubated under gentile agi-
tation at 37 °C for 16 h. As a control group, 
the left side discs were incubated in PBS 
solution under the same condition. After the 
incubation, all samples were washed three 
times with saline buffer and then submersed 
in fresh PBS for 30 min at room tempera-
ture. Subsequently, all samples underwent 
the post-incubation mechanical test using 
the same loading protocol as described 
above.

2. 5. Biochemical analysis

After the second mechanical test, the 
samples were equilibrated in PBS for 30 
min at room temperature. To determine the 
regional collagen and GAG content of the 
samples, a 4-mm disposable dermal punch 
(Miltex Instruments, Lake Success, NY) 
was used to excise specimens from the five 
mechanically loaded regions of the TMJ 
discs. The residuals of the discs were fixed 
overnight in a paraformaldehyde solution 
(4%) at 4 °C, subsequently placed in fresh 
PBS and stored for polarized light micros-
copy (PLM) analysis. Extracted specimens 
were lyophilized overnight and weighted 
dry. Following a 16-hour papain (Sigma, St. 
Louis, MO) digestion, the total hydroxypro-

line and GAG content were determined by 
using the protocol described by Ghazanfari 
et al. [30]. The GAG content was measured 
by 1-9-dimethylmethylene blue dye-binding 
assay using chondroitin sulfate from shark 
cartilage (Sigma, St. Louis, MO) as the 
standard. The hydroxyproline, which served 
as a measure of total collagen content, was 
assessed colorimetrically following alkaline 
hydrolyzes of the digest and its subsequent 
reaction with chloramine-T and dimethylam-
inobenzaldehyde.

2. 6. Microscopy

The effect of collagenase digestion on the 
spatial alignment of collagen fibers was 
evaluated by visualizing unstained histo-
logical sections under PLM (Leica DM EP, 
Germany). Therefore, the discs were cut into 
three parts (central, lateral and medial) and 
each part was further sliced into two parts, 
which were subsequently embedded in Tis-
sue-Tek (Sakura Finetek, Netherlands) and 
cryosectioned at 10 µm along the supero-
inferior or sagittal plane. The sections were 
mounted on silane-coated glass slides and 
allowed to dry. Thereafter, they were covers-
lipped with Entellan (Merck, Germany) and 
examined by PLM.

2. 7. Statistical Analysis

To determine whether there were significant 
biological variations in mechanical proper-
ties between the left and right-side samples 
within a single region we performed a 
paired Student’s t-test on the mechanical 
data obtained before PBS or collagenase 
incubation. Given no significant pre-treat-
ment differences either between mechani-
cal properties of both sides, we continued 
further analysis by only considering the 
mechanical data obtained after incubation 
with either PBS or collagenase. 

We performed a two-way analysis of 
variance (ANOVA) to compare the overall 
effects of collagenase treatment and disc 
regions on the mechanical and biochemical 
properties of the associated group. A mul-
tiple pairwise comparison with Bonferroni's 
correction was used to analyze the regional 
differences within each group. The adjust-
ed p-values were used for comparisons. 
Also, a paired Student’s t-test was used to 
analyze the difference between the control 
(PBS) and collagenase treated samples 
within a single region of the disc.

All statistical analyses were performed by 
GraphPad Prism 6.01 (GraphPad Software, 
La Jolla California) using a significance level 
of p<0.05.

3. Results

3. 1. Morphology

The effect of collagenase treatment on 
gross morphology of the TMJ discs is 
shown in Fig. 3. The surface layer of all 
control (PBS) samples were smooth, white 
and intact (Fig. 3A) whereas that of the 
treated (collagenase) samples seemed to be 
disrupted and covered with a loose gel-like 
substance layer (Fig. 3B). After removing 
samples from the five loaded regions of the 
disc, the punched locations were clearly 
visible in the control (PBS) discs (Fig. 3C), 
whereas they were entirely covered by a 
gel-like substance in the treated (collage-
nase) discs (Fig. 3D).

3. 2. Mechanical compressive properties

Representative images of the effect of 
collagenase treatment on stress and 
hysteresis are shown in Fig. 4. While the 
strain amplitude was the same during the 
whole experiment, the stress plateaued 
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off in time (Fig. 4A). Correspondingly, the 
hysteresis showed the maximum dissipation 
of energy in the first cycle and then it 
gradually decreased until the hysteresis 
loops were almost similar (Fig. 4B).

The two-way ANOVA revealed an overall 
significant effect of both disc region 
(p<0.01) and collagenase treatment 
(p<0.001), on the instantaneous modulus 
across the TMJ discs (Fig. 5A). Application 
of post-hoc test confirmed the presence of 
intrinsic heterogeneous properties of 
the disc by indicating regional variations 
of instantaneous modulus in the control 
(PBS) group. The multiple pairwise post-hoc 
analyses showed that PB was the stiffest 

and IZL was the softest region of the disc. 
The PB was significantly stiffer than the AB 
and IZL. In the intermediate region, IZM was 
significantly stiffer than IZL. Collagenase 
treatment resulted in a considerable reduc-
tion of instantaneous modulus in all regions. 
The modulus dropped significantly in IZM 
(89%), AB (80%), IZC (80%) and PB (67%) 
while there was no significant decrease in 
IZL (53%). 

The two-way ANOVA indicated that both 
factors, disc region (p<0.01) and collage-
nase treatment (p<0.001) had an overall 
significant impact on energy dissipation 
capability across the TMJ disc (Fig. 5B). 
Application of multiple pairwise post-hoc 

Fig. 3. Effect of collagenase treatment on gross morphology of the TMJ disc. TMJ discs are 
shown from a superoinferior view after PBS/collagenase incubation (A-B) and after harvesting 
4 mm specimens from their five different regions (C-D). The loose gel-like stratum on the 
surface of treated (collagenase) sample has covered the punched areas on the five regions 
of the disc (D).

Fig. 4. Effect of collagenase treatment on the stress response during cyclic loading. 
(A) stress versus time and (B) hysteresis in stress-strain response. The control (PBS) data 
(black) and treated (collagenase) data (red) indicate the significant reduction of stress and 
energy dissipation capacity of the TMJ disc after the collagenase treatment.
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test showed regional differences in energy 
dissipation properties of the control (PBS) 
group, which is in agreement with variations 
observed in the corresponding instanta-
neous modulus data. Most noticeably, PB 
had the highest energy dissipation capabil-
ity, which was significantly higher than IZL 
and AB. Also, the maximum energy dissi-
pation in the IZM was significantly higher 
than IZL and AB. Collagenase treatment 
significantly reduced the energy dissipation 
capability of all regions. The reduction was 
noticeable in the IZM (76%), AB (70%), IZC 
(69%), PB (59%) and IZL (58%).

3. 3. Biochemical analysis

The content of collagen and GAG of the 
different samples are presented in Fig. 6. 
The two-way ANOVA indicated an overall 
significant decrease in collagen content 
across the TMJ disc due to the collagenase 
treatment (p<0.01, Fig. 6A). However, addi-
tional analysis of collagen content between 
the control (PBS) and treated (collagenase) 
samples within a single region did not 
indicate any significant effect of collage-
nase treatment. More specifically, in the 
PB and AB, the thickest areas of the disc, 
collagen was reduced by only 7% and 10% 
respectively. The thinnest areas of the disc, 
IZC, IZM and IZL, showed relatively larger 
collagen loss, with 20%, 17% and 14% 
respectively. 

The two-way ANOVA revealed an overall 
significant effect of collagenase treatment 
(p<0.001) and disc region (p<0.05) 
on the GAG content across the TMJ disc 
(Fig. 6B). The multiple pairwise post-hoc 
test found regional variations of GAG 
content in control (PBS) samples with PB 
possessing the lowest amount of GAG, 
which was in turn significantly different with 
IZL and AB. Collagenase treatment signifi-

cantly reduced the GAG content across the 
thinnest regions as in IZL (37%), IZM (50%) 
and IZC (43%) whereas thickest areas, AB 
(23%) and PB (24%) were less affected.

3. 4. PLM

Representative PLM images of control 
(PBS) and treated (collagenase) samples are 
depicted in Figs. 7 and 8. The superoinferior 
PLM images revealed a ring-like arrange-
ment of fibrillar collagen in the peripheral 
regions and the anteroposteriorly aligned 
fibers through the intermediate zone (IZL, 
IZM and IZC). Collagen fibers in the control 
(PBS) samples were well aligned, organized 
in a parallel arrangement and showing 
regularity (Figs. 7 and 8). The collagenase 
treatment perturbed the structural integrity 
of the collagenous network resulting in an 
indistinct fiber arrangement (Figs. 7 and 8).

4. Discussion

The TMJ disc is a highly strained 
cartilaginous construct with a functional 
collagenous structure. Distortion of the 
disc architecture by degeneration strongly 
affects functionality and results in pain in 
a large portion of the population [31]. The 
aim of the present study was to analyze the 
contribution of the highly organized colla-
gen fibers to the load bearing capacity in 
the articular disc of the TMJ. Therefore, we 
perturbed its structural collagenous network 
by collagenase treatment and performed 
mechanical tests before and after. The 
collagenase treatment induced a derange-
ment of fibers altering the biochemical 
composition (collagen and GAG) of the TMJ 
disc to a certain extent. Yet, its stiffness 
was greatly affected, and herewith its load 
bearing capacity. Furthermore, following 
the collagenase treatment, it appeared that 
TMJ disc was no longer mechanically and 

biochemically heterogeneous.The heteroge-
neous nature of the undisturbed TMJ disc 
was manifested in its regional variation of 
mechanical and biochemical properties. In 
the control group, the PB and IZM showed 
the highest compressive stiffness in con-
trast to the IZL. This is in agreement with 
Allen and Athanasiou [18] and Kim et al. [8]. 
However, Beek et al. [14] and, Nickel and 
McLachlan [32] found the IZC as the stiffest 
region under compression. This contradic-
tion may be due to the different methodolo-
gies and materials used in their studies. For 
example, Beek et al. [14] used aged human 
samples and applied large strains (20%-
40%), and did not consider mediolateral 
differences. Additionally, a similar regional 
variation as in compressive stiffness was 
observed in maximal energy dissipation of 
the control (PBS) samples. This mechanical 
characteristic facilitates the TMJ disc with 
stress absorbing capabilities to prevent the 
accumulation of excessive strain energy 
leading to associated potential damage 
[33, 34]. 

Following the collagenase treatment, 
the compressive moduli of the disc were 
reduced by approximately 50-90%, de-
pending on the regions among which the 
IZM showed the largest and IZL the smallest 
reduction. A similar reduction pattern was 
observed for maximal energy dissipation 
following the treatment, marking the weak-
ened shock absorbing ability in the TMJ 
disc. Due to the non-uniform reduction of 
the mechanical parameters with respect 
to the various regions it appeared that the 
original heterogeneity of the disc had 
disappeared almost completely. The contri-
bution of collagen fibers to the compressive 
stiffness of the TMJ disc can be explained 
from different perspectives. Beek et al. [14] 
suggested that when the disc is compres-
sively loaded, the anteroposteriorly oriented 

collagen fibers direct the interstitial fluid 
flow towards the anterior and posterior 
bands where it is arrested by mediolaterally 
oriented fibers. Although we found PB as 
the stiffest region of the untreated TMJ disc 
under compression, the mediolaterally ori-
ented fibers in that region can be expected 
to serve the same general function as stated 
by Beek et al. [14]. Therefore, the regional 
arrangement of collagen fibers may act as a 
pathway for compression-induced fluid flow 
in an effectively functional way herewith 
distributing force and reducing stress 
concentration on the directly loaded region. 
This is in agreement with earlier findings, 
showing that diffusion along the fiber 
orientation was significantly faster than 
transverse to it [35]. Likely, the collagenase 
treated samples lost much of their fluid dif-
fusion directionality leading to a reduction in 
their energy dissipation capability. However, 
we cannot directly correlate the weakened 
mechanical properties of the treated (colla-
genase) samples to their altered fluid flow 
pattern resulted by derangement of collagen 
fibers. Further studies are needed to inves-
tigate this in detail. Also, the straightened 
collagen fibers in surface layer of cartilage 
have been demonstrated to act like a tram-
poline under compression, spreading the 
direct load and consequently reducing the 
applied stress [24, 36-38].
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Fig.  6. Effect of collagenase treatment on collagen and GAG content of TMJ discs.  
(A) Approximately, 80% of the dry weight of TMJ disc is composed of collagen fibers. Despite  
overall decrease of collagen content across the TMJ disc, the collagenase treatment did not  
induce significant collagen loss within single regions of the treaded (collagenase) sample. (B)  
GAG only consists less than 1% of TMJ disc’s dry weight. Collagenase treatment induced  
GAG reduction in all regions. Also, as a heterogeneous tissue, control (PBS) samples showed  
GAG regional variation. All data are presented as mean ± 95% confidence interval. * indicates 
p<0.05, ** indicates p<0.01, *** indicates p<0.001 and **** indicates p<0.0001.

Fig.  5. Effect of collagenase treatment on mechanical compressive properties of the TMJ  
discs. A: Collagenase treatment had a substantial effect on the instantaneous modulus of TMJ 
discs in all regions. The regional variation was observed for control (PBS) samples. B: Both 
collagenase treatment and disc region factors had a significant effect on energy dissipation   
capabilities of the TMJ discs. Collagenase treatment substantially reduced the maximum ener-
gy dissipation capability within all regions, which shows similar tendency observed for the in-
stantaneous modulus data. All data are presented as mean ± 95% confidence interval. * indi-
cates p<0.05, ** indicates p<0.01, *** indicates p<0.001 and **** indicates p<0.0001.
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Collagen constituted about 80% and GAG 
approximately 1% of the untreated TMJ 
discs, which is in line with previous studies 
[10, 23]. The PB and IZM had the highest 
collagen content, although these differences 
were not significant. Remarkably, they were 
also the regions that showed the largest 
reduction in mechanical properties after 
collagenase treatment. However, following 
the collagenase treatment, the reduction of 
collagen content was much less than the 
reduction in stiffness. This is likely due to 
the selected combination of treatment time 
and collagenase concentration, which led 
to only the perturbation of the collagenous 
network without a significant loss of 
collagen [39]. This implies that the contri-
bution of collagen content as such to the 
mechanical stiffness is limited. 

The difference in GAG concentration in the 
untreated group was most pronounced 
between PB and IZL, which had the lowest 
and highest GAG content respectively. In 
contrast to the limited reduction of collagen 
content, GAG content was significantly re-
duced following the collagenase treatment. 
PGs loss is attributed to the disintegration 
of collagenous network as it releases PGs 
entrapped within the cartilage matrix [40]. 
The relatively minor influence of reduction 
of GAG on the mechanical behavior can 
be explained by their very small amount in 
untreated TMJ discs to begin with. This is 
in line with Willard et al. [21] who showed 
that 96% removal of GAG from all regions
of the TMJ disc did not influence its instan-
taneous compressive modulus. Therefore, 
in this study, the observed alteration of 

Fig. 7. Effect of collagenase treatment on the integrity of the collagenous network. PLM images 
of representative regions of TMJ disc seen from above. The region-dependent collagen fiber 
alignment with its typical ring-like structure is clearly shown across all regions. Comparison of 
control (PBS) samples with treated (collagenase) samples in each region shows the lack of 
structural integrity in the collagenous network of the latter group. Scale bar: 2 mm.

Fig. 8. Effect of collagenase treatment on the integrity of the collagenous network. PLM images 
of representative regions of TMJ disc seen in the sagittal plane. The collagen fibers are aligned 
anteroposteriorly perpendicular to the mediolaterally oriented fibers in the PB and AB (not 
shown in this view). Comparison of control (PBS) samples with treated (collagenase) samples 
shows the lack of structural integrity in the collagenous network of the latter group. Scale bar: 
2 mm.

mechanical properties in the TMJ disc is 
more likely related to its perturbed collage-
nous network than the alteration of its bio-
chemical composition. This is in agreement 
with Detamore et al. [41], who described a 
lack of straightforward correlation between 
mechanical compressive properties and 
biochemical content in TMJ disc.

The PLM images confirmed the loss of the 
structural organization of the collagenous 
network after collagenase treatment of 
the TMJ disc. This was illustrated by a 
haphazard arrangement of fibers, loss of 
fibrillar interconnectedness and reduced 
collagen fiber alignment in the treated sam-
ples. A disorganized collagenous network 
in enzymatically or naturally degenerated 
cartilage has been observed [12, 40, 42-44]. 

For example, Thambyah et al. [44] observed 
fibrillar aggregation and loss of transverse 
fibrillar interconnectivity in the matrix of 
degenerated cartilages. Morphologically, 
the collagenase treatment disrupted the 
superficial surface of the treated samples 
and produced a loose gel-like layer covering 
their surface. Wang et al. [44] observed a 
disorganized superficial structure with irreg-
ular collagen-free lamina in inflamed TMJ 
discs with scanning electron microscopy 
and transmission electron microscopy. 
Since an intact surface of cartilage may 
attenuate the applied stress, its damage 
may have consequences for the mechanical 
behavior of the complete structure.

The region-dependent mechanical 
properties of the TMJ disc supposedly play 
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a role in jaw kinematics by defining 
an articulation path along its anteroposterior 
axis [18, 24, 45]. Considering the small 
distances separating different regions 
of the disc, it is crucial to note that 
even minor deviation of the disc from 
the articulation path as in the case of 
internal derangement of the disc, may 
lead to adverse biomechanical loading 
conditions [8]. Consequently mechanical 
overloading of the cartilage responds in 
more catabolic cytokine production and 
thus more degeneration of matrix [5, 15, 46]. 
Fragmentation of collagen fibrils followed 
by disintegration of the collagenous network 
are one of the earliest signs of OA [5, 15, 
47]. The elusive etiology of OA in the TMJ 
and clinical importance of early recognition 
of any malfunctionality related to the disc 
such as internal degradation, underscore 
the importance of an appropriate collagen 
arrangement and structural integrity of 
TMJ matrix. Enzymatic degradation in 
combination with mechanical loading has 
been commonly applied in the literature 
to mimic the in-vitro OA in cartilage [21, 
39, 48, 49]. Collagenase digestion can 
induce disintegration of the collagenous 
network, which initiates or enhances the 
degenerative process in cartilage [40].

Overall, the contribution of the collagen 
fibers and their region-specific arrangement 
appeared to play a vital role in stabilizing the 
TMJ disc under compression. The results 
of our study strongly suggest that even mild 
disruption of the collagenous network in 
the TMJ disc, without substantial alteration 
of collagen density can produce a dramatic 
impact on its mechanical compressive 
properties. It has been a challenging goal 
for tissue engineers to construct a TMJ 
disc with a quantitatively dominant and 
structurally organized collagenous 
part. Achieving this goal demands an         

in-depth knowledge of structural-functional 
relationship between the components in the 
extracellular matrix of the TMJ disc. Current 
data suggest tissue engineering efforts to 
characterize the TMJ disc compressive 
behavior with a prior focus on the role of its 
structural integrity of collagenous network 
and regional alignment of collagen fibers. 
Quantitative measurement of collagen fiber 
alignments and collagen cross-links could 
further enhance our understanding of the 
fibrillar interconnectivity and reinforcing role 
of collagen fibers in the TMJ disc under 
various loading conditions.
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The temporomandibular joint disc is a fibrocartilaginous 
structure, composed of collagen fibers, elastin fibers and 
proteoglycans. Despite the crucial role of elastin fibers in 
load-bearing properties of connective tissues, its contribu-
tion in temporomandibular joint disc biomechanics has been 
disregarded. This study attempts to characterize the structur-
al-functional contribution of elastin in the temporomandibular 
joint disc. Using elastase, we selectively perturbed the elastin 
fiber network in porcine temporomandibular joint discs and 
investigated the structural, compositional and mechanical 
regional changes through: (1) analysis of collagen and elastin 
fibers by immunolabeling and transmission electron micros-
copy; (2) quantitative analysis of collagen tortuosity, cell 
shape and disc volume; (3) biochemical quantification of 
collagen, glycosaminoglycan and elastin content; and (4) 
cyclic compression test. Following elastase treatment, micro-
scopic examination revealed fragmentation of elastin fibers 
across the temporomandibular joint disc, with a more 
pronounced effect in the intermediate regions. Also, the 
biochemical analyses of the intermediate regions showed 
significant depletion of elastin, and substantial decrease 
in collagen and glycosaminoglycan content, likely due to 
non-specific activity of elastase. Degradation of elastin fibers 
affected the homeostatic configuration of the disc, reflected 
in its significant volume enlargement accompanied by re-
markable reduction of collagen tortuosity, and cell elongation. 
Mechanically, intermediate regions in the treated samples 
exhibited a significant increase in their maximal energy dissi-
pation while their instantaneous modulus was not significant-
ly affected. We conclude that elastin fibers contribute to the 
restoration and maintenance of the disc resting shape and 
actively interact with collagen fibers to provide mechanical 
resilience to the temporomandibular joint disc. 

Key words: Temporomandibular joint disc; Cartilage; Elastin 
fiber; Mechanical properties; Enzymatic degradation.

Abstract 1. Introduction

The temporomandibular joint (TMJ) disc is 
a highly deformable and yet robust fibrocar-
tilaginous tissue that overlies the articu-
lating surfaces of the mandibular condyle 
and temporal fossa providing smooth jaw 
movement. The disc plays a crucial role as a 
shock absorber, force distributor and a con-
gruent agent of the articulating structures in 
complex jaw kinematics [1, 2]. Morphologi-
cally, it has a saddle-shaped structure being 
thicker at the posterior and anterior edges 
and thinner in the intermediate regions. 
The extracellular matrix (ECM) of the disc is 
mainly composed of a highly organized and 
dense collagenous network, encompassing 
interstitial fluid, elastin fibers and a minimal 
amount of proteoglycans and glycosamino-
glycans (GAGs) [3-5]. The region-dependent 
distribution, organization and interaction of 
these elements yield to a heterogeneous 
and anisotropic mechanical behavior of the 
disc under various loading conditions during 
jaw movement [6, 7].

The structural-functional characteristics 
of the TMJ disc may be compromised 
under pathological conditions. One of the 
most ambiguous areas of clinical dentist-
ry is temporomandibular disorder (TMD). 
Approximately, 10% of the population 
exhibit symptoms of TMD [8], among which 
70% demonstrate malpositioning of the 
disc, known as internal derangement [9]. 
Although the etiology of disc pathology 
remains unknown, it has been suggested 
that the internal derangement may alter the 
ECM composition of the disc, subjecting it 
to abnormal loading conditions, which could 
lead to its degeneration and subsequent 
deterioration [10, 11]. This standpoint is of 
high importance considering the presence 
of degradative enzymes as well as their

endogenous inhibitors in the ECM. 
Disturbing their delicate balance by any 
intrinsic or extrinsic factor may result in a 
surplus of enzymatic activity in the matrix, 
altering ECM composition and structure 
and eventually leading to mechanical failure 
of the tissue [12-15]. Structural-functional 
characterization of the individual struc-
tural elements of the TMJ disc can help 
to achieve a better understanding of the 
pathophysiology of the TMJ disc de-
rangement; to establish design criteria for 
construction of a biocompatible tissue-en-
gineered replica; and to develop more accu-
rate computational prediction models.

Elastin fibers of different tissues have been 
characterized extensively in recent studies 
[16-22]. In these studies, selective enzymat-
ic degradation techniques were used in 
combination with mechanical testing, 
biochemical analysis or microscopic exam-
ination to assess the contribution of elastin 
fibers in connective tissue biomechanics. 
In response to loading, connective tissues 
exhibit heterogeneous, anisotropic and 
hyperelastic behavior where expansion of 
the tissue (i.e. proteoglycan-driven swelling 
pressure in cartilage) is restricted by colla-
gen [23, 24] and to a lesser extent by elastin 
fibers [25]. Collagen fibers are responsible 
for providing stiffness and strength to the 
tissue at higher strains while elastin fibers, 
co-distributed within a collagenous network, 
are believed to act as springs, accounting 
for elasticity of the ECM [25, 26]. More 
specifically, elastin fibers store elastic 
energy, thereby preserving collagen for 
damage through impact loading [16, 17, 
22, 27] and contributing to recovery of the 
tissue after straining [17, 26, 28, 29]. This is 
particularly relevant for compliant structures 
like the TMJ disc. 
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While the mechanical contribution of col-
lagen fibers has been extensively studied, 
there are only few studies on the occurrence 
and distribution of elastin fibers in the TMJ 
disc [4, 29-40]. Therefore, the aim of the 
present study is to provide a systematic 
structural-functional characterization of 
elastin fibers in the TMJ disc, in light of their 
contribution in healthy and degenerated 
conditions. We used selective enzymatic 
degradation of elastin fibers in combination 
with microscopic, biochemical and mechan-
ical analyses to elucidate the nature and ex-
tent of elastin fiber contribution to TMJ disc 
biomechanics. We investigated five different 
regions known to possess a different quan-
tity and organization of ECM constituents 
[41]: posterior band (PB), anterior band (AB), 
intermediate zone central (IZC), intermediate 
zone medial (IZM) and intermediate zone 
lateral (IZL).

2. Materials and methods

2. 1. Sample preparation

A total of ten young porcine heads were 
obtained from a local abattoir immediately 
after slaughter. The TMJ discs with intact 
condylar heads were harvested en bloc. The 
discs were then removed from extraneous 
parts and discarded when any gross abnor-
mality was observed. Next, the discs were 
washed in phosphate buffered saline (PBS), 
and wrapped in gauze soaked in a solution 
of PBS and protease inhibitors (Roche Di-
agnostics, Germany). Prior to their use, the 
discs were stored at -20 °C.

2. 2. Enzymatic digestion

Given the sample variations regarding their 
thickness, biochemical composition and 
mechanical properties, our main goal was 
to find a sufficient combination of enzyme 

concentration and incubation time resulting 
in a partial degradation of elastin fibers, so 
that the samples maintain sufficient integrity 
to undergo post treatment mechanical test. 
We based our treatment protocol on results 
of a series of studies performed previously 
[17, 21, 26, 27], in which different concen-
trations of elastase were used to degrade 
elastin fibers in different tissues. These 
studies were performed experiments in the 
presence or absence of soybean trypsin in-
hibitor (SBTI). We used pancreatic elastase 
(E1250, Sigma, St. Louis, MO), as a potent 
elastin degrading enzyme, in combination 
with SBTI (T9003, Sigma, St. Louis, MO) to 
minimize non-specific enzymatic activity of 
elastase [12, 42]. Preliminary tests revealed 
that 16 h of treatment in a physiological 
solution under gentle agitation at 37 °C with 
a volume activity of 3 U/mL elastase and 0.1 
mg/mL SBTI was sufficient for the purpose 
of this study. The left disc of each head was 
assigned to the control (PBS) group (n=5) 
and the right disc to the treated (elastase) 
group (n=5). All discs were mechanically 
tested before and after incubation with 
PBS or elastase, thus serving as their own 
controls. After the pre-treatment mechan-
ical test, samples were relaxed in PBS for 
30 min at room temperature. Then samples 
were distributed to vials containing PBS or 
elastase solution and incubated according-
ly. Following treatment, the samples were 
washed in three changes of PBS for 
5 min each under gentile agitation at room 
temperature before undergoing the 
post-treatment mechanical test with the 
protocol described in the “Mechanical 
loading experiment” section.

2. 3. Immunofluorescence

To visualize the effect of elastase treatment, 
3 pairs of TMJ discs were used for immu-
nohistochemistry and included in the PBS 

or elastase treatment without undergoing 
any mechanical test. Porcine arteries were 
used as positive controls for elastin staining. 
Following treatment, samples were washed 
with PBS, fixed overnight in 4% paraformal-
dehyde and subsequently placed in PBS at 
4 °C until cryosectioning. For that purpose, 
the central, lateral and medial parts of the 
disc were cut into two parts, one used 
for transverse and the other for sagittal 
sectioning. Then, each part was placed on 
a specimen holder using Tissue-Tek (Sakura 
Finetek, Netherlands), and sectioned at 10 
µm. The artery specimens were sectioned 
transversely. 

The sections were incubated with PBS 
followed by blocking buffer (1% BSA, 20% 
goat serum, PBS) for 20 min. The sections 
were then incubated with a cocktail of pri-
mary antibodies containing rabbit polyclonal 
anti-collagen I (1:1000, ab34710; Abcam, 
MA) and mouse polyclonal anti-elastin 
(1:100, ab9519; Abcam) overnight at 
4 °C. Thereafter, sections were washed with 
PBS and a cocktail of secondary antibod-
ies containing Alexa 488 goat anti-rabbit 
(1:2000; Invitrogen, CA) and Alexa 647 
goat anti-mouse (1:200; Invitrogen, CA) 
was added for 1 h. Then, sections were 
washed with PBS, stained with 4’,6-di-
amidino-2-phenylindole (DAPI) for 10 min, 
washed in PBS mounted with Vectashield 
mounting medium (Vector laboratories, CA) 
and stored at 4 °C. Images were obtained 
with an inverted confocal microscope 
(Leica SP8, Leica, Germany) using a ×40 
oil immersion objective with zoom factor 
of ×1 and pinhole adjusted to 5 airy units. 
Recordings were further processed with 
ImageJ (NIH, MD).

 2.4. Transmission electron microscopy
 (TEM)

Cartilage samples were fixed at ambient 
temperature in 4% paraformaldehyde and 
1% glutardialdehyde in 0.1 M Sodium 
cacodylate buffer for 24 h. The samples 
were subsequently washed in buffer and 
postfixed in 1% OsO4 for 1 h. Then, the 
tissue was dehydrated in a series of etha-
nol, and embedded in epoxy resin (LX-112).                           
Ultrathin sections were made from the 
tissue blocks using a diamond knife. 
Sections were stained with uranyl acetate 
and lead nitrate and examined in a CM10 
Philips electron microscope.

2. 5. Collagen tortuosity analysis

Collagen tortuosity index, as a measure 
of collagen fiber waviness, was calculated 
from the microscopy images based on the 
Gabor wavelet algorithm previously devel-
oped in MATLAB (Mathwork, MA) [43]. In 
short, Gabor wavelets with a range of differ-
ent wavelengths (2, 3, 4, 5) and orientations 
                            were convolved with the 
images, and corresponding histograms 
were obtained. The tortuosity index was 
then calculated by deducting the maximum 
number in the Gabor histograms from 1. 
Thus, the tortuosity index values varied 
between 0 and 1. If the tortuosity index is 
0, the fibers are completely straight, and if 
tortuosity index is 1, the tortuosity of fibers 
is maximal.

2. 6. Cell shape analysis

Using DAPI images, cell shape index was 
quantified in MATLAB (Mathwork, MA) as 
previously described [44]. In brief, a binary 
threshold was applied to the gradient im-
ages after the images were converted to 
a grey-scale format and the noises were 

( , , , )0 4 2r r r
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reduced. After removal of small artefacts 
by a geometrical filter, Shape Index (SI) as 
a measure of cell elongation was calculated 
as                                             . If a cell is 
fully circular, it has a shape index of 1, and 
if it is a line, it has a shape index of zero.

2. 7. Tissue volume quantification

To assess the effect of elastase treatment 
on the general morphological aspects of 
the disc, we measured the volume of the 
samples before and after PBS/elastase 
treatment. For that purpose, a measuring 
cylinder was filled with 20 mL of PBS. 
Before treatment, the disc was gently 
placed inside the cylinder causing an in-
crease of PBS level, which was marked 
and imaged accordingly. The same process 
was repeated after treatment. Then, we 
measured the  difference between the 
marked points on the cylinder using Image 
(NIH, MD) allowing us to calculate the 
volume changes of the disc following the 
PBS/elastase treatment.

2. 8. Biochemical analysis

Following the post-treatment mechanical 
test, the samples were relaxed in PBS for 
30 min at room temperature. To determine 
the extent of degradation, we excised two 
adjacent specimens from each of the five 
mechanically tested regions using a 4-mm 
disposable dermal punch (Miltex Instru-
ments, Lake Success, NY). The speci-
mens were placed in vials, frozen in liquid 
nitrogen, sealed and stored at -80 °C until 
testing. From each pair of adjacent speci-
mens, one was assigned to hydroxyproline 
and GAG content measurement and the 
other was used for elastin quantification. 
The total hydroxyproline and GAG content 
were determined according to Ghazanfari et 
al. [43]. Accordingly, the assigned specimen 

was lyophilized overnight, dry weighted and 
digested by papain (Sigma, St. Louis, MO) 
for 16 h. GAG content was quantified by 
1-9-dimethylmethylene blue dye-binding 
assay using chondroitin sulfate from shark 
cartilage (Sigma, St. Louis, MO) to create 
a standard curve. The hydroxyproline, as 
a measure of total collagen content, was 
determined by alkaline autoclaving of the 
papain digest followed by spectrophoto-
metric quantification of its reaction with 
chloramine-T and dimethylaminobenzalde-
hyde. The elastin content was quantified 
following the Fastin elastin colorimetric 
assay protocol (Biocolor Ltd., UK). As 
previously described [45], samples were wet 
weighted and then digested by oxalic acid, 
solubilizing insoluble elastin into-elastin 
polypeptides, which later were quantified 
along with soluble tropoelastin spectropho-
tometrically.

2. 9. Experimental apparatus

To characterize the mechanical properties 
of the samples, we used a custom-built 
materials testing machine [46] with a reso-
lution of 1 µm at a rate of maximally 30 Hz. 
It consists of two 4 mm circular flat-ended 
indenters (stainless-steel) and a chamber. 
One indenter is fixed at the center inside 
the chamber and aligned with the upper 
indenter, which applies cyclic compressive 
displacement controlled by a custom-made 
software (implemented in LabVIEW 8.2, 
National Instruments, Austin, TX). 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. The load cell was connected to 
a bridge amplifier (HBM K10, HBM, Darm-
stadt, Germany). After A/D conversion (NI 
USB 6008, National Instruments, Austin, 
TX), the signals were registered by the same 
software controlling the displacing indenter. 

With this setup, displacement and reaction 
force were recorded simultaneously at a 16 
ms interval.

2. 10. Mechanical loading experiment

We determined the regional mechanical 
properties of the samples using the proto-
col developed previously [47]. Frozen discs 
were immersed in PBS and thawed at room 
temperature for 1 h. Then, using cyanoac-
rylate (Histoacryl, Braun Surgical S.A., Rubi, 
Spain), the inferior surface of the desired re-
gion was glued to the bottom indenter and 
the chamber was filled with PBS allowing 
the disc to equilibrate for 5 min. Next, a tare 
load of 0.02 N was applied to the sample to 
prevent slippage and provide a full contact 
between the indenter, and the disc. 
Following another 5 min of relaxation time, 
the platen-to-platen distance was 
measured by a digital caliper and defined 
as the thickness of the sample. To obtain a 
reproducible loading pattern, samples were 
preconditioned for 3 min through a series 
of cyclic compressive displacements 
corresponding to 10% strain at a frequency 
of 1 Hz. Following 5 min recovery time, 
samples were loaded for another 20 cycles 
similar to the preconditioning loading pro-
tocol. When done, the disc was carefully 
detached from the bottom indenter, glued 
at another region and mechanically tested 
using the same protocol. The loading proto-
col was chosen based on the physiological 
loading during human mastication. Report-
edly, the joint space reduces up to 10% 
during maximum clenching [48]. Regarding 
the chewing frequency, although porcine 
masticates faster than a human (2-3 Hz) 
[49], previous studies using a porcine model 
[50, 51] reported their mechanical data at 
1 Hz, which is shown to be the mean 
frequency of human mastication (0.5-1.5 Hz) 
[49].

Stress (force divided by cross-sectional area 
of the indenter) and strain (upper indenter 
displacement divided by the specimen 
thickness) were driven from load-displace-
ment data using routines written in Matlab 
(MathWorks, Inc., Natick, MA). For evalution 
of the mechanical data, we focused on the 
following terms: 1) instantaneous modulus 
defined as the ratio of maximum stress oc-
curring at the first cycle to its corresponding 
strain and; 2) maximum hysteresis calcu-
lated from the enclosed area of the first 
loop of stress-strain curve, called maximum 
energy dissipation.

2. 11. Statistical analysis

Initially, to rule out any significant biological 
variation in the pre-treatment (before PBS/
elastase treatment) mechanical properties, 
we performed a paired Student’s t-test be-
tween the corresponding single regions of 
the left and right samples. We also used the 
same analysis to determine any significant 
difference between the left and right disc 
volume before the PBS/elastase treatment. 
Given no significant pre-treatment differenc-
es between either mechanical properties 
or the disc volume of both sides, we 
carried out further analysis by only having 
the post-treatment (after PBS/elastase 
treatment) mechanical data and disc 
volume measurements taken into account.
We applied a two-way analysis of variance 
(ANOVA) with repeated measurements to 
compare two overall factors of elastase 
treatment and disc region on the mechan-
ical and biochemical measurements of the 
associated groups. A multiple pairwise 
comparison with Bonferroni's correction 
was performed to investigate the regional 
differences within each group. The adjusted 
p-values were used for comparisons. Addi-
tionally, a paired Student’s t-test determined 
the differences between the corresponding 
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single regions of the control (PBS) and 
treated (elastase) groups. To analyze the 
differences of collagen tortuosity and cell 
shape indices between the control (PBS) 
and treated (elastase) groups, we calculated 
the average of indices in separate regions 
and then compared the mean of all regions 
indices between the two groups using an 
unpaired Student’s t-test. Furthermore, a 
paired Student’s t-test was used to com-
pare the differences between the average 
of disc volumes in the control (PBS) and 
elastase treated groups.

Statistical analyses were performed using 
GraphPad Prism 6.01 (GraphPad Software, 
La Jolla, CA) using a significance level of 
p<0.05.

3. Results

3. 1. Immunofluorescence

The immunofluorescence staining of 
the control (PBS) samples revealed fairly 
straight, long and branching elastin fi-
bers interlacing heterogeneously through 
the densely packed and highly organized 
collagenous network across the disc (Figs. 
1 and 2). More specifically, collagen fibers 
were seen anteroposteriorly oriented in the 
intermediate regions, merging to the 
encircling fibers at the periphery and 
forming a fibrillar network (Figs. 1 and S. 3). 
The elastin fibers were occasionally 
branching at acute angles and reuniting 
into straight or oblique fibers with a 
preferential alignment mainly parallel to 
collagen fibers (Figs. 1 and S. 2). In the AB 
where the collagen fibers seemed more 
isotropic, the elastin fibers appeared more 
oblique with higher branching frequency 
forming random patterns (Figs. 1 and S. 2). 
Sagittal sections further demonstrated the 
presence of elastin fibers throughout the full 

thickness of the disc (Figs. 2, S.1 and S. 5) 
with straight elastin fibers in the IZC running 
along the collagen fibers and extending to 
the AB and PB where they display more 
branching and random patterns of distri-
bution. The immunofluorescence staining 
of the treated (elastase) samples clearly 
showed loss of elastin compared to the 
control (PBS) group (Fig. 2). Notably, as the 
degradation begins at the exterior surfac-
es, the effectiveness of elastase varied 
throughout the thickness, leaving behind 
different degrees of digestion. The effect 
of degradation was most pronounced in 
the thinnest zone of the disc, intermediate 
region (IZC, IZM, IZL), leading to extensive 
fragmentation, diminishing of elastin fibers 
and sporadic remnants of elastin fragments 
(Figs. 1, 2, S. 2 and S. 5). In the bands (AB 
and PB) of the disc however, due to their 
higher thickness, the elastase incubation 
resulted in less fragmentation but enough 
to create regions containing loose, sparse 
and coiled elastin fibers (Figs. 1, 2, S. 2 
and S. 5). The orientation of collagen fibers 
seemed unaffected by elastase degradation 
(Figs. 1, 2, S. 3 and S. 6). Following elastase 
treatment, we observed severe degradation 
of elastin fibers, disorganization of collagen 
fibers and disappearance of cell nuclei 
in the media and intima layers of porcine 
artery compared to the control (PBS) 
sample (Fig. S. 8).

3. 2. Tissue volume

The disc volume before and after PBS/elas-
tase treatment was quantified. We found a 
significant increase of disc volume in the 
treated (elastase) group (Fig. 3A).

Fig. 1. Top view confocal image and overlay immunofluorescence staining of elastin fibers, 
collagen fibers type I and cell nuclei of porcine TMJ disc before and after elastase treatment. 
Elastin fibers, collagen fibers type I and cell nuclei can be distinguished in red, green and blue, 
respectively. The schematic configuration of the TMJ disc (seen from top), placed in the 
uppermost right corner of the figure exhibits the location of different regions of the TMJ disc 
and the direction of imaging (top view). Region labels with asterisk present the treated (elastase) 
samples. Anteroposteriorly aligned collagen fibers in the intermediate regions (IZC, IZM and IZL) 
merge with fibers at the peripheral bands (PB and AB), forming a dense collagenous network. 
Note the frequent oblique elastin fibers criss-crossing through the isotropic collagenous 
network at the AB, while in other regions elastin fibers are mainly aligned parallel with collagen 
fibers. Following the elastase treatment (regions with asterisk) the elastin fibers are fragmented, 
patched and diminished across the TMJ disc. Also, note the reduction of collagen fibers 
tortuosity and cell nuclei elongation following the elastase treatment (regions with asterisk), 
with more noticeable impact in the intermediate regions (IZC, IZM and IZL). Scale bar: 50 μm. 
For more clarity, refer to Fig. S. 2, Fig. S. 3 and Fig. S. 4, presenting immunofluorescence 
staining of elastin fibers, collagen fibers type I and cell nuclei in separate channels, respectively.
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Fig. 2. Sagittal view confocal image and immunofluorescence staining of elastin fibers, 
collagen fibers type I and cell nuclei of porcine TMJ disc before and after elastase treatment. 
Elastin fibers, collagen fibers type I and cell nuclei can be distinguished in red, green and blue, 
respectively. The schematic configuration of the TMJ disc sagittal cross-section, placed in 
the uppermost right corner of the figure exhibits the location of different regions of the TMJ 
disc. The upper row shows images of different regions in the control (PBS) samples and the 
lower row shows the treated (elastase) ones. The collagen fibers, running anteroposteriorly in 
the IZC, extend to the AB and PB where they merged with fibers mainly aligned mediolaterally 
(perpendicular to the plane). The elastin fibers, running parallel to the collagen fibers in the IZC, 
also extend to the AB and PB where they show less directivity. Following the elastase treat-
ment, the elastin fibers are fragmented, patched and diminished across the TMJ disc sagittal 
cross-section. Also, note the reduction of collagen fibers tortuosity and cell nuclei elongation 
following the elastase treatment with more noticeable impact in the intermediate regions (IZC, 
IZM and IZL). Scale bar: 50 μm. For more clarity, refer to supplemental Figs. S. 5, S. 6 and 
S. 7, presenting immunofluorescence staining of elastin fibers, collagen fibers type I and cell 
nuclei in separate channels, respectively.

3. 3. Collagen tortuosity

Comparing indices between the two groups 
showed that the degree of fiber tortuos-
ity in the treated (elastase) samples was 
significantly smaller than the control (PBS) 
samples (Fig. 3B). As the fibers’ tortuosity 
decreased from left to right, their corre-
sponding indices decreased accordingly 
(Fig. 3C).

3. 4. Cell shape

The results presented in Fig. 3D show 
that cells were significantly elongated 
following elastase treatment. The shape 
index changed from 1 to 0 as the shape 
geometry shifted from line to circle (Fig. 3E).

3. 5. Biochemical analysis

3. 5. 1. Elastin

The elastin content for the control (PBS) 
and treated (elastase) groups are presented 
in Fig. 4A. Elastase treatment reduced the 
average elastin content of the disc by 
40%. Two-way ANOVA showed an overall 
significant effect of elastase treatment 
(p<0.0001) and disc region (p<0.0001) 
on the elastin content across the TMJ disc. 
More specifically, elastase treatment 
significantly reduced elastin content across 
the thinnest regions as in IZC (52%), IZM 
(47%,) and IZL (49%) while the thicker 
regions, AB and PB were less affected.
Additionally, multiple pairwise post-hoc 
test found regional differences of elastin 
content in the control (PBS) group with IZC 
possessing the highest amount of elastin, 
which was in turn significantly different from 
IZM, IZL and AB. In the treated (elastase) 
samples, however, regional variation of the 
elastin content seemed to have a different 
pattern with PB containing the highest 

remnant of elastin, which was significantly 
different from IZC, IZM, IZL and AB.

3. 5. 2. Collagen

The collagen content of the control (PBS) 
and treated (elastase) groups are presented 
in Fig. 4B. Following the elastase treatment, 
the average collagen content of the disc 
was reduced by 22%. The two-way 
ANOVA revealed an overall significant effect 
of elastase treatment (p<0.0001) and disc 
region (p<0.05) on collagen content across 
the TMJ disc. Additionally, analysis of 
the collagen content between the control 
and treated groups within a single region 
showed significant reduction of the colla-
gen content across the thinnest regions 
as in IZC (13%), IZM (16%) and IZL (32%), 
while the thicker regions, AB and PB, had a 
limited reduction.

3. 5. 3. GAG

Fig. 4C. shows the GAG content of the 
control (PBS) and treated (elastase) 
samples. Following elastase treatment, 
there was an average of 41% reduction 
in GAG content of the disc. Two-way 
ANOVA revealed an overall significant effect 
of elastase treatment (p<0.001) and disc 
region (p<0.05) on the GAG content across 
the TMJ disc. Specifically, the effect of elas-
tase treatment was significantly pronounced 
in the IZC (55%), IZM (51%), IZL (40%), and 
AB (35%), while in the PB, the elastin was 
reduced to a small extent. Furthermore, 
multiple pairwise post-hoc test expressed 
regional variation of the GAG content in the 
control (PBS) group as PB possesses sig-
nificantly lower amount of GAG compared 
to IZC, IZM and IZL. The regional heteroge-
neity of GAG content was lost following the 
elastase treatment.
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Fig. 3. Effect of elastase treatment on volume, cell shape and collagen fibers tortuosity of the 
porcine TMJ disc. (A) TMJ disc volume. (B) Average of quantified tortuosity indices obtained 
from all regions of the TMJ disc. (C) Average of quantified cell shape indices obtained from all 
regions of the TMJ disc. All data are presented as mean ± SD. ** indicates p<0.01, and *** 
indicates p<0.001.

3. 6.  Mechanical properties

Fig. 5. shows the representative mechanical 
behavior of the IZC in the TMJ disc, before 
and after elastase treatment. The stress-
strain curve (Fig. 5A) showed a nonlinear 
behavior and a Mullins effect also after the 
elastase treatment. The average of maxi-
mal energy dissipation across the disc was 
increased by approximately 40% following 
the elastase treatment and the stress-strain 
curve continuously shifted down while that 
of the control (PBS) disc relaxed after a few 
consecutive cycles (Fig. 5A). The continu-
ous downward shifting of the stress-strain 
curve is partially reflected in the corre-
sponding stress-time graph (Fig. 5B) as the 
stress peaks did not level off like the control 
(PBS) disc. 

The two-way ANOVA revealed a significant 
effect of elastase treatment (p<0.001) and 
disc region (p<0.0001) on the maximal 
energy dissipation of the disc. The inter-
mediate regions were affected most as the 
maximal energy dissipation of the disc was 
significantly increased in IZC (91%), IZM 
(57%) and IZL (139%), while the thicker 
regions, AB and PB, merely experienced 
minor changes (Fig. 6A). Furthermore, 
multiple pairwise post-hoc test showed 
regional variations in the control group as 
the PB had a significantly higher maximal 
energy dissipation compared to the IZL. Fol-
lowing elastase treatment, maximal energy 
dissipation appeared to be the least in the 
AB, which was significantly different with 
IZC and IZM. 

The effect of elastase treatment on the 
compressive instantaneous modulus of 
the disc is illustrated in Fig. 6B. Two-way 
ANOVA only revealed a significant effect of 
the disc region (p<0.0001) on the maxi-
mal energy dissipation. Following elastase 

treatment, there seemed to be a noticeable 
upward trend of instantaneous modulus 
in the thinnest regions (IZC, IZM and IZL). 
In contrast, the thicker regions showed 
a decreasing response to the treatment, 
which was significantly pronounced in the 
AB (46%) and not significant in the PB. 
Additionally, multiple pairwise post-hoc test 
showed that the instantaneous modulus 
was regionally different in the control group 
as both AB and PB were significantly stiffer 
than IZC and IZL. The treaded (elastase) 
group did not show any regional differences 
of instantaneous modulus.

3. 7. TEM

A representative image of the IZC region of 
the control (PBS) disc (Fig. 7) demonstrates 
a densely-packed and highly-ordered array 
of collagen fibrils with their characteristic 
D-periodic banding pattern. With regard to 
the elastin fibers, we observed microfibrils 
both independently and in close association 
with amorphous elastin core, forming ma-
ture elastin fibers (Fig. 7A). Notably, these 
fibers were intimately associated to and 
ran parallel to the collagen fibrils (Fig. 7A). 
Following elastase digestion, we could not 
identify any type of elastin fiber except 
some elastin devoid areas appeared in 
collagen interfibrillar spaces, containing 
some delicate microfibrils and seemingly 
remnants of elastin. These interfibrillar void 
spaces may be a potential indication of 
partially digested elastin fibers (Fig. 7B). 
Furthermore, the collagen fibrils seemed 
to be less densely-packed; nonetheless 
the orientation of the fibrils was retained
(Fig. 7B).

4. Discussion

The purpose of this study was to 
provide a systematic structural-functional 

Chapter three



51Biomechanical Characterization of the Temporomandibular Joint Disc 50

characterization of elastin fibers in the 
TMJ disc. Using a top-down approach by 
selectively degrading elastin fibers, in 
combinatio nwith assessment of mechani-
cal, structural and compositional changes in 
the native and degenerated discs, equipped 
us with a powerful analytical arsenal to 
better understand the nature and the extent 
of the elastin fiber contribution to the TMJ 
disc biomechanics. 

Our study indicates a crucial and complex 
structural-functional role of elastin fibers in 
the disc. Immunofluorescent localization of 
elastin revealed that elastase treatment of 
the disc resulted in a varying extent of 
elastin fragmentation especially in the 
intermediate zone (IZC, IZM and IZL; Figs. 
1 and S. 2) where most changes occurred. 
Interestingly, as byproducts of perturbing 
the elastin fibers network, we found a 
significant volume enlargement of the disc 
(Fig. 3A), reduction of collagen fibers 
tortuosity (Fig. 3B) and cell shape elonga-
tion (Fig. 3D). 

Biochemical analysis confirmed the efficacy 
of the elastase treatment and its corre-
sponding structural changes by showing 
significant reduction of elastin (Fig. 4A), 
collagen (Fig. 4B) and GAG (Fig. 4C) content 
in the reported regions. The resultant effect 
of these structural and compositional 
changes was evidently reflected in the 
altered viscoelastic mechanical properties 
of the disc (Figs. 5 and 6).

Following elastase treatment, the Mullins 
effect and nonlinear stiffening behavior of 
the control (PBS) group (Fig. 5A) still 
occurred in the corresponding stress-strain 
curves, meaning that the progressive 
engagement of collagen fibers were still 
taking place. Despite the degradation and 
reduction of elastin in different regions, the 

treated (elastase) discs appeared to be elas-
tic enough to retreat back to the zero-strain 
state during the unloading cycle (Fig. 5A). 
However, the treated (elastase) samples 
were experiencing continuous softening 
likely associated with inability of tissue to 
recover completely (remnant strains). This 
observation is in accordance with Schriefl et 
al. [26] as they also observed continuous 
softening in elastase treated samples 
attributed to the continuous elongation of 
the tissue over the loading cycles.

In agreement with Yu et al. [52], we 
observed elastin fibers forming cross-bridge 
connectivity between adjacent collagen 
fibers, especially in the AB (Figs. 1, 2, S. 2 
and S. 5). Probably, the collagen fibers are 
no longer anchored to the matrix or to one 
another at locations emptied from the 
elastin fibers (Fig. 7), and hence they are 
able to separate, rearrange and slide 
against each other more easily. The regions 
with significant loss of elastin fibers (IZC, 
IZM and IZL; Fig. 4A) exhibited significant 
increase of maximal energy dissipation (Fig. 
6A). Given the higher thickness in the AB 
and PB, our confocal images showed only 
partial degradation of elastin fibers (Figs. 1, 
2, S. 2 and S. 5) in these regions, leaving 
more elastin fibers through the collagenous 
network; consequently, limited changes of 
their hysteresis properties (Fig. 6A) were 
observed. 

Elastase treatment of the disc also resulted 
in regionally different values of the instanta-
neous modulus (Fig. 6B). However, unlike 
the hysteresis data, two-way ANOVA did 
not reveal an overall significant effect of 
elastase treatment on the instantaneous 
modulus. This may be due to the fact that 
its calculation is based on the maximal point 
(higher strain range) of the stress-strain 
loading curve where the mechanical 

Fig. 4. Effect of elastase treatment on elastin (A), collagen (B) and GAG (C) content of the por-
cine TMJ disc. After elastase treatment, the elastin content was significantly reduced in the 
intermediate regions (IZC, IZM and IZL) and the heterogeneous distribution of elastin content 
was changed. Elastase treatment resulted in a significant reduction of collagen content in the 
intermediate regions (IZC, IZM and IZL). The elastase treatment significantly reduced the GAG 
content in the intermediate regions (IZC, IZM and IZL) and AB. All data are presented as mean 
± SD. * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001 and **** indicates 
p<0.0001.
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Fig. 5. Effect of elastase treatment on the stress response of the intermediate regions (IZC, 
IZM and IZL) in the porcine TMJ disc during cyclic loading. The control (PBS) data (black) and 
treated (elastase) data (red) indicate the mechanical changes induced by elastase treatment in 
(A) mechanical hysteresis graph and (B) stress-time graph. Note the increase of maximal 
energy dissipation (A) and the continuous softening behavior of the treated (elastase) disc 
(A and B).
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behavior of the tissue is primarily governed 
by collagen fiber [25]. In accordance with 
previous studies [17, 20, 26, 53], we 
observed an increasing trend of the modu-
lus in the intermediate zone of the treated 
(elastase) discs, especially in the IZC and 
IZL. This stiffer behavior can be explained 
by a significant reduction of the collagen 
fibers tortuosity across the treated (elastase) 
discs, with more noticeable effect in the 
intermediate zone (Fig. 6B), yielding to 
collagen recruitment at lower strains. This 
phenomenon highlights a vital mechanical 
function of elastin fibers in the TMJ disc as 
they could provide shock absorption, 
taking up small strains and thereby shield-
ing collagen fibers against repetitive 
impact loading. This mechanism has also 
been suggested in experiments with 
elastase treatment of other tissues 
[17, 20, 22, 26, 53]. Elastase treatment also 
caused a significant enlargement of disc 
volume (Fig. 3A), in line with other forms of 
size enlargement reported previously [20, 
26, 54]. In fact, this could explain the 
interconnection between the elastin fibers 
and collagen crimp, as the origin of the 
latter has been associated with a pre-stress 
induced by elastin fibers along the collagen 
fibers axis during dehydration of the matrix 
[55, 56]. With elastin being removed, the 
existing pre-stress on collagen fibers is 
abolished, leaving them in a relaxed state. 
Another study [57] suggested a cell-induced 
mechanism involving traction forces 
generated by fibrocartilage cells, which 
buckles the collagen fibers and create a 
periodic crimp structure. However, this view 
is opposed by Ghazanfari et al. [43] who 
found formation of collagen crimps upon 
the appearance of elastin fibers in tissue 
engineered constructs. In light of this 
perspective, considering the collagen fibers 
acting as a contact guidance for the cells, 
having them straightened following the 

elastase digestion forces the cells elongate 
accordingly [58]. The significant elongation 
of cells (Figs. S. 4 and S. 7) after elastase 
treatment in our study might support this 
theory, but we cannot confirm it without 
further experiments. 

The reduction of instantaneous modulus in 
the AB and PB is likely due to differences 
in orientation of collagen and elastin fibers, 
biochemical composition and thickness, 
which all impede the diffusion of elastase 
and compromise its degradative role. This 
is in line with a study of Chow et al. [20] in 
which the elastase was used to degrade 
elastin fibers in porcine aortas with five dif-
ferent incubation periods and reported four 
different stages of mechanical behavior (see 
Fig. 6 therein). This has been attributed to 
the different structure of elastin lamella and 
uneven degradation of elastin fibers due to 
the thickness. In fact, Shi et al. [59] reported 
an isotropic diffusivity of fluid in the AB of 
native porcine TMJ disc, due to its multi-di-
rectional fibrillar arrangement, emphasizing 
the potential mechanical consequence of 
perturbing this fibrillar organization on the 
load-bearing capacity of the AB.

Interestingly, we found that elastase 
treatment caused significant reduction of 
collagen fibers and GAG content in some 
regions of the disc (Fig. 4B and 4C). It has 
been shown that elastase is selective but 
not specific [60], being capable of de-
grading a broad range of substrates in the 
ECM. Indeed, elastase has been described 
as a powerful agent, facilitating collagen 
degradation by de-masking collagen fibers 
through removal of the ground substance 
such as GAG and elastin, as well as de-
polymerizing the insoluble collagen [60] or 
even directly denaturing the collagen fibers 
as reported previously [42]. By contrast, 
although collagenase is considered as the 

Chapter three



Fig. 6. Effect of elastase treatment on mechanical compressive properties of the porcine 
TMJ disc. (A) Following elastase treatment, the maximal energy dissipation was significantly
 increased in the intermediate regions (IZC, IZM and IZL) while decreased minimally in the 
AB and PB. The regional variation in the control (PBS) samples was only observed between 
PB and IZL, with the former being significantly higher. However, this pattern was changed after 
elastase treatment with IZC an IZM being higher than AB. (B) The effect of elastase treatment 
on the instantaneous modulus of the disc found to be pronounced only in the AB where the 
stiffness reduced significantly. Also, there seemed to be a general increasing trend in the 
instantaneous modulus of the intermediate regions. All data are presented as mean ± SD. 
* indicates p<0.05, and ** indicates p<0.01
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main collagenolytic enzyme, it cannot digest 
the highly crosslinked insoluble collagen 
polymers [12]. This may explain the limited 
reduction of collagen content after the colla-
genase digestion of the TMJ disc in our pre-
vious study [47] vis-à-vis the corresponding 
results we obtained after elastase digestion 
in this study. Despite the presence of SBTI 
in our enzymatic solution, reduction of colla-
gen content was not completely prevented. 
This finding is in agreement with other stud-
ies who also reported different extent of this 
non-specific degradation in presence [27] or 
absence [20, 21] of SBTI. Despite this inev-
itable side effect of elastase, we conclude 
that the mechanical changes in our study 
should not be attributed solely to the con-
tribution of remaining collagenous network 
but to the fragmentation and reduction 
of elastin fibers. This is of significant 
importance as we observed a completely 
different structural and mechanical re-
sponse to the collagenase digestion in our 
previous study [47]. We found a strong 
reduction of the instantaneous modulus and 
maximal energy dissipation in all regions of 
the collagenase treated disc (manifested in 
a highly linear stress-strain curve; see Fig. 4 
therein), despite a minimal reduction of 
collagen content in the corresponding 
regions. We attributed this intriguing effect 
to a severe structural disorganization of 
collagenous network caused by collagenase 
digestion (see Fig. 7 and 8 therein). In the 
present study, however, the elastase 
treatment did not affect the structural 
alignment of collagen fibrils (Fig. 7), which 
was manifested in the still occurring 
nonlinearity and the Mullins effect in their 
stress-strain curve (Fig. 5A). 

Contextualizing the inferred properties with-
in complex kinematics of the TMJ disc pro-
vides us a better insight into the functional 
role of elastin fibers. It has been suggested 

that the superior layer of the bilaminar zone 
(posterior attachment) of the disc acts as an 
antagonist, limiting the anterior-medial 
displacement of the disc while storing the 
produced strain energy during the jaw 
opening [61, 62]. During the closing move-
ment, the highly resilient superior layer 
of the bilaminar zone couples with the 
posterior distal traction of non-elastic inferi-
or one, thereby restoring the disc back to 
its resting posture through an interaction 
with the masticatory muscles [61, 62]. 
According to Scapino [63] however, the 
bilaminar zone is considered as a hydraulic 
device in which elastin fibers facilitate fast 
fluid redistribution in the cavities to promote 
the congruent movement of the TMJ disc. 
Compared to the hyaline cartilage, given 
the low amount of GAG content in the disc 
suggests that elastin fibers compensate 
their associated restorative role by recoiling 
the collagen fibers and the disc back to 
the pre-stressed state, thereby maintain-
ing the homeostatic form of the disc upon 
load removal during the jaw movement [4, 
64]. Our data supports this mechanism by 
showing the reduction of collagen tortuosity 
and volume enlargement of the disc after 
the elastase treatment.

In light of the presented findings, any 
structural and compositional changes of 
elastin fibers caused naturally through aging 
or pathologically as in degenerative condi-
tions is of clinical importance. The elastin 
content is reported to decrease through 
advancing age and is not only accountable 
for the loss of elasticity of tissues but also 
provokes structural changes of collagenous 
network, potentially leading to irreversible 
mechanical changes in the tissue [53]. 
Elastolysis could also occur in case of an 
imbalance between the activated degrada-
tive proteases and the functional inhibitory-
initiate or exacerbate a self-reinforcing 
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Fig. 7. Transmission electron micrographs of IZC of porcine TMJ disc before (A) and after (B) 
elastase treatment. (A) Two different stages of elastin fiber development are visible: 1) the 
premature elastin fiber (white arrowhead) is seen as microfibrils, assembling together to create 
a layout where elastin will be deposited. Also, a mature elastin fiber (white asterisk) can be 
recognized by its amorphous elastin core and surrounding microfibrils. These fibers seem to 
be running along the collagen fibrils, which are distinguishable by their distinctive D-periodic 
banding pattern. (B) Following elastase treatment, we could hardly spot any elastin fibers, 
except some elastin devoid areas in the middle of collagen fibrils (white asterisk), seemingly 
containing some remnants of microfibrils (white arrowhead) and elastin. Except the appear-
ance of these void spaces, the collagen fibrils arrangement did not seem to be affected 
following the elastase treatment. Scale bar: 2 μm.
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degenerative process, referred as the 
“vicious circle” by Vergroesen et al. [65] 
(see Fig. 2 therein). Fragmentation of elastin 
fibers and depletion of elastin are consid-
ered to be common characteristics of aneu-
rysms [20]. Regarding the diarthrodial joint, 
a higher level of elastase has been reported 
in the synovial fluid of rheumatoid arthritis 
[66, 67]. As in case of the TMJ, different 
components are exposed to the synovial 
fluid, which could be affected by presence 
of proteases in it. For example, reduction 
of elastin fibers has been observed in the 
bilaminar zone of TMJ discs with anteri-
or displacement [68]. We show here that 
degradation of elastin fibers influences its 
viscoelastic properties; this could subject 
it to unfavorable biomechanics during the 
jaw movement; thereby affecting kinematics 
of the TMJ disc. This may lead to malposi-
tioning of the disc relative to the mandib-
ular and condylar bone, known as internal 
derangement [69].

Overall, the elastin fibers, despite their 
low quantity in the TMJ disc ECM, revealed 
some remarkable structural-functional 
properties, vital to the TMJ disc biome-
chanics. The elastase treatment resulted in 
region-dependent mechanical, structural 
and compositional changes in the TMJ disc. 
Degradation of elastin fibers resulted in 
volume expansion of the TMJ disc, reduc-
tion of collagen tortuosity and cell elon-
gation, indicating a release of a pre-stress 
responsible for holding up the homeostatic 
configuration of the disc. Given the intimate 
connection of elastin fibers with collag-
enous network, having them degraded 
resulted in a less confined rearrangement 
and incomplete recoil of collagen fibers 
during cyclic loading. These results point 
out the contribution of elastin fibers to 
the TMJ disc biomechanics goes beyond 
merely a recovering role; influencing on the 

viscoelastic properties of the disc through 
an interaction, mainly with collagen fibers 
and other ECM components. It is hoped 
that this study offers a better insight on 
the potential degradative contribution of 
elastase in pathophysiological conditions 
and also provides a stepping stone toward 
development of new and improved tissue 
engineering strategies by bringing elastin 
fibers into the perspective.

4. 1. Limitations

In this study, we chose the porcine TMJ 
disc material as it has been identified similar 
to the human model regarding its morphol-
ogy, biochemical composition and function 
[70]. Also, we used this model, so that we 
can compare our results with our previous 
study [47], in which we investigated the 
mechanical, biochemical and structural 
effects of collagenase treatment using a 
similar experimental setup. We did not 
intend to use the “equivalent” concentration 
of collagenase for our elastase solution, as 
that could not be meaningfully determined. 
Also, we did not aim for complete degrada-
tion and depletion of the elastin fibers as 
the samples had to be integrated enough      
following the treatment, so we could per-
form the post-treatment mechanical loading 
test. Given the differential degradation of 
elastin fibers, and unavoidable reduction of 
collagen fibers caused by nonspecific elas-
tase activity, distinguishing the individual 
mechanical contribution of elastin fibers is 
challenging. Schriefl et al. [26] used human 
abdominal aortas and tried to find out the 
optimal concentration of SBTI to combine 
with elastase solution to avoid the non-spe-
cific effect of degradation on the collagen 
fibers. They tried varying amounts of SBTI 
and found that adding amounts above 600 
µg/mL PBS can negatively affect the 
elastolysis. While they reported that half 
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of above-mentioned concentration provided 
partial degradation of elastin fibers, which 
served the purpose of their study based on 
their type of tissue, elastase concentration 
and treatment time, it still could only prevent 
“some” collagen digestion. Therefore, the 
nonspecific activity of elastase remains to 
be an open issue.

It is important to note that we could not 
find any relevant study in the literate of 
the TMJ disc which involves any forms of 
mechanical assessment of elastase treated 
samples. Therefore, we discussed our data 
with regard to other studies that performed 
experiments, similar in nature, but using 
different tissues and mechanical loading 
protocol. The most important difference to 
consider is that unlike ours, all of these 
studies investigated the role of elastin under 
tensile loading while we used compression 
as it is one of the common types of load 
applied on the TMJ disc [71]. More 
importantly, we wanted to have a meaning-
ful comparison with our previous study 
[47] where we used the same mechanical 
loading regimen to study mechanical 
properties of the collagenase treated 
samples.
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Supplement

Fig. S. 1. Representative confocal imaging and immunofluorescence staining of elastin fibers, 
collagen fibers type I and cell nuclei from the superior surface of IZC in the porcine TMJ disc 
before and after elastase treatment. Elastin fibers, collagen fibers type I and cell nuclei can be 
distinguished in red, green and blue respectively. The schematic configuration of the TMJ disc 
sagittal cross-section, placed in the uppermost center of the figure exhibits the superior sur-
face of IZC region in the TMJ disc. The upper row images show the overlay and separate im-
munofluorescence staining of the control (PBS) samples and the lower row shows the treated 
(elastase) ones. The overlay immunofluorescence staining of the control (PBS) sample exhibits 
that collagen fibers run anterioposteriorly at the superior surface where elastin fibers and cell 
nucleuses are present in abundance. In the treated (elastase) sample however, the collagen 
fibers seemed to be more disorganized near the surface where elastin fibers were severely 
disintegrated and cell nucleuses were markedly diminished. Scale bar: 50 μm.

Supplement

Fig. S. 2. Top view confocal imaging and immunofluorescence staining of elastin fibers of por-
cine TMJ disc before and after elastase treatment. The schematic configuration of the TMJ 
disc (seen from the top), placed in the uppermost right corner of the figure exhibits the loca-
tion of different regions of the TMJ disc and the direction of imaging (top view). Regions 
labeled with asterisk present the treated (elastase) samples. Note the frequent oblique elastin 
fibers criss-crossing through the isotropic collagenous network at the AB, while in other 
regions, elastin fibers are mainly aligned parallel with collagen fibers. Following the elastase 
treatment (regions with asterisk), the elastin fibers are fragmented, patched and diminished 
across the TMJ disc. Scale bar: 50 μm.
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Fig. S. 3. Top view confocal imaging and immunofluorescence staining of collagen fibers type 
I of porcine TMJ disc before and after elastase treatment. The schematic configuration of the 
TMJ disc (seen from the top), placed in the uppermost right corner of the figure exhibits the 
location of different regions of the TMJ disc and the direction of imaging (top view). Regions 
labeled with asterisk present the treated (elastase) samples. Anteroposteriorly aligned 
collagen fibers in the intermediate regions (IZC, IZM and IZL) merge with fibers at the 
peripheral bands (PB and AB), forming a dense collagenous network. Note the reduction of 
collagen fibers tortuosity following the elastase treatment (regions with asterisk), with more 
noticeable impact in the intermediate regions (IZC, IZM and IZL). Scale bar: 50 μm.

Fig. S. 4. Top view confocal imaging and immunofluorescence staining of cell nuclei of porcine 
TMJ disc before and after elastase treatment. The schematic configuration of the TMJ disc 
(seen from the top), placed in the uppermost right corner of the figure exhibits the location of 
different regions of the TMJ disc and the direction of imaging (top view). Regions labeled with 
asterisk present the treated (elastase) samples. Note the cell nucleuses elongation following 
the elastase treatment (regions with asterisk), with more noticeable effect in the intermediate 
regions (IZC, IZM and IZL). Scale bar: 50 μm.

Supplement
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Fig. S. 5. Sagittal view confocal imaging and immunofluorescence staining of collagen fibers 
type I of porcine TMJ disc before and after elastase treatment. The schematic configuration of 
the TMJ disc sagittal cross-section, placed in the uppermost right corner of the figure 
exhibits the location of different regions of the TMJ disc. The upper row shows images of dif-
ferent regions in the control (PBS) samples and the lower row shows the treated (elastase) 
ones. The collagen fibers, running anteroposteriorly in the IZC, extend to the AB and PB 
where they merged with fibers mainly aligned mediolaterally (perpendicular to the plane). Note 
the reduction of collagen fibers tortuosity, with more noticeable impact in the intermediate 
regions (IZC, IZM and IZL). Scale bar: 50 μm.

Fig. S. 6. Sagittal view confocal imaging and immunofluorescence staining of collagen fibers 
type I of porcine TMJ disc before and after elastase treatment. The schematic configuration of 
the TMJ disc sagittal cross-section, placed in the uppermost right corner of the figure exhibits 
the location of different regions of the TMJ disc. The upper row shows images of different 
regions in the control (PBS) samples and the lower row shows the treated (elastase) ones. 
The collagen fibers, running anteroposteriorly in the IZC, extend to the AB and PB where they 
merged with fibers mainly aligned mediolaterally (perpendicular to the plane). Note the 
reduction of collagen fibers tortuosity, with more noticeable impact in the intermediate regions 
(IZC, IZM and IZL). Scale bar: 50 μm.
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Fig. S. 7. Sagittal view confocal imaging and immunofluorescence staining of cell nuclei of 
porcine TMJ disc before and after elastase treatment. The schematic configuration of the TMJ 
disc sagittal cross-section, placed in the uppermost right corner of the figure exhibits the 
location of different regions of the TMJ disc. The upper row shows images of different regions 
in the control (PBS) samples and the lower row shows the treated (elastase) ones. Note the 
diminishing and elongation of cell nucleuses, with more noticeable impact in the intermediate 
regions (IZC, IZM and IZL). Scale bar: 50 μm.

Fig. S. 8. Sagittal view confocal imaging and immunofluorescence staining of collagen fibers 
type I of porcine TMJ disc before and after elastase treatment. The schematic configuration 
of the TMJ disc sagittal cross-section, placed in the uppermost right corner of the figure
exhibits the location of different regions of the TMJ disc. The upper row shows images of 
different regions in the control (PBS) samples and the lower row shows the treated (elastase) 
ones. The collagen fibers, running anteroposteriorly in the IZC, extend to the AB and PB 
where they merged with fibers mainly aligned mediolaterally (perpendicular to the plane). Note 
the reduction of collagen fibers tortuosity, with more noticeable impact in the intermediate 
regions (IZC, IZM and IZL). Scale bar: 50 μm.
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The temporomandibular joint disc is a structure, character-
ized as heterogeneous fibrocartilage, and is composed of 
macromolecular biopolymers. Despite a large body of 
characterization studies, the contribution of matrix bio-
polymers 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, respec-
tively. 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.

Abstract
1. Introduction 

The temporomandibular joint (TMJ) disc is 
a highly incongruent and deformable fibro-
cartilaginous tissue. It facilitates a smooth 
articulation of the mandibular condyle 
against the temporal bone during jaw move-
ments [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 extracellu-
lar 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 col-
lagenous network, forming a skeletal com-
posite that is highly porous and anisotropic 
with a low permeability [5]. 

Understanding the molecular mechanisms 
of disc biomechanics is not only import-
ant 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 approach-
es towards tissue-engineering of the disc. 
It also helps with developing phenomeno-
logical 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-

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 mecha-
nisms have been considered responsible for 
the time-dependent behavior of the carti-
lage [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-indepen-
dent mechanism, associated with intermo-
lecular 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 qua-
si-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 deforma-
tion; 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 condi-
tions [22].

As for the TMJ disc, biphasic and po-
ro-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 composi-
tional, 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 scatter-
ing 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 pressur-
ization in the TMJ disc, it is thought that the 
flow-dependent mechanism is even less of 
a determinant factor in tissue’s time-depen-
dent behavior than that of the hyaline 
cartilage. This view is supported by Setton 
et al. [6] who emphasized that the contribu-
tion 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 

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 compos-
ite of macromolecular biopolymers [27-29] 
(Fig. 1), polymer dynamics has shown to be 
an apt model to describe its flow-indepen-
dent 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 prop-
erties of a material depend on the flexible 
motions and interactions of high length-to-
width 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 biopoly-
mers, 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 short-
er 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 biomechan-
ical 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 

digestion, respectively. In both studies, 
following the enzymatic treatment, we ob-
served structural and biochemical changes 
of the targeted molecules and discussed 
their associated impact on the instanta-
neous 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 colla-
genase and elastase digestion. The underly-
ing 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 mix-
ture 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, respec-
tively. Samples were treated for 16 h under 

Fig. 1. Schematic representation of extracellular matrix (ECM) components of the TMJ disc.
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gentle agitation at 37 °C. All discs were 
mechanically tested before and after incu-
bation with PBS or the enzymatic solution, 
thus serving as their own controls.

 2. 3. Testing apparatus and loading
conditions

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 indent-
er. 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 tempera-
ture. To prevent slippage during the exper-
iment, 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 de-
tached 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 

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

2. 4. Dynamic viscoelastic parameters

Stress (force divided by cross-sectional 
area of the indenter) and strain (indenter 
displacement divided by loaded region 
thickness) were derived from load-displace-
ment data using routines written in Matlab 
(MathWorks, Inc., Natick, MA). The visco-
elastic 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 sinusoi-
dally but, out of phase with the strain. Thus, 
the strain (   ) and stress (   ) equations for 
a viscoelastic material can be written as:

                                   (Eq. 1)
 
and

                                   (Eq. 2)

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

                                                             
                                  

which shows that there is one component in 
phase                   and one component out 
of phase                  with the strain. For an 
elastic material, the stress is in phase with 
the strain             , implying a constant ratio 
of               at all times, which represents 
the Young’s modulus E (stiffness) of the 
material. By contrast, if           , the stress 

is 90° out of phase with the strain, repre-
senting an absolute viscous material. For 
a viscoelastic material, the phase angle is 
between 0° and 90°, which results in a 
ratio of               that depends on loading 
rate or frequency. Thus, the strain amplitude 
for any frequency allows calculating the 
phase lag and              , 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:

                                   (Eq. 4)

                                   (Eq. 5)

Where               and           is the loss tan-
gent. 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:

                                   (Eq. 6)

where        and       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)

                                   (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
(          ) 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 deforma-
tion (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. There-
fore, 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.
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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 (   ) 
varies between 0° and 90°, resulting in a complex modulus (    ), consisting of a real (storage 
modulus,    ) and an imaginary (loss modulus,    ) component, shown in distinguished 
vectors. The tangent of the phase angle (   ) represents the ratio of energy loss to the energy 
stored per cycle of loading.

1d =

E*

E"E '

Using two-way analysis of variance 
(ANOVA) with repeated measurements, 
we compared the overall factors of two 
independent variables, enzymatic treat-
ment (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 multi-
ple pairwise comparison with Bonferroni’s 
correction was used to investigate the 
regional differences within each group. The 
adjusted p-values were used for compari-
sons. 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 investi-
gated 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

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 signifi-
cant 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 signifi-
cant effect of the disc region on E (p<0.01), 
but not on the E. The multiple pairwise 
post-hoc analysis showed regional varia-
tions 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 

1d =

~
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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.

(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           is 
shown in Fig 5. The collagenase treatment 
seemed to decrease           in all regions, 
although the effect was not significant 
(Fig. 5A). By contrast, the elastase treatment 
resulted in a noticeable increase of the 
          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

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 approx-
imated 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 biopoly-
mer molecular length and entanglement. 
Polymer dynamic assumes that the cartilage 
contains numerous long-chain biopolymers 
that are highly entangled and non-dilute, 

governing the mechanical behavior of the 
cartilage via interaction between neigh-
boring 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 inter-
pretive 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 biochemi-
cally, 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 transmis-
sion 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 dis-
cussed 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 no-
ticeable 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 reach-
ing 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 extracel-
lular 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.

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 dynam-
ic 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-

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 arrange-
ment of the collagenous network of the disc 
following collagenase treatment [7]. There-
fore, 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 asso-
ciated 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 inter-
fibrillar crosslinking and loss of the superfi-
cial 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 corre-
sponding values for the elastase treatment 

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 *** indi-
cates p<0.001.

  Chapter four



89Biomechanical Characterization of the Temporomandibular Joint Disc 88

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 ob-
served 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 mechan-
ical 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-

tude as ours. Our data is also in agreement 
with Tanaka et al. [56] who reported steady 
modulus for porcine samples under dynam-
ic 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 stiff-
er 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 rest-
ing 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]. Consequent-
ly, overloading could degrade the disc up 
to a point that perforation appears at the 

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 en-
ergy 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 prote-
ases and the functional inhibitory system of 
the ECM can initiate or exacerbate a self-re-
inforcing 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 mechan-
ically 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 expres-
sion 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 differ-
ent tissue that can reduce the resiliency and 
viscosity of different regions up to the point 
that the tissue loses its characteristic het-
erogeneity 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 character-
izing 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 com-
putational 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 phys-
iochemical 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 per-
formed 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 distin-
guishing the impact of different treatments 
(collagenase or elastase) on the dynamic 
viscoelastic properties of the TMJ disc.
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General Discussion
The temporomandibular joint (TMJ) is a 
delicate synovial, ginglymo-diarthrodial joint 
with high mobility and complex kinematics 
[1, 2]. The highly synchronized interaction 
between the articular surfaces of the tem-
poral bone, the mandibular condyle, 
the articular disc, the ligamentous tissue 
surrounding the joint and the masticatory 
muscles are largely dependent on the 
structure and biomechanical function of the 
individual components. Compared to the 
joints of the appendicular skeleton, little 
attention has been given to the TMJ [3]. 
Because of the presence of a cushioning 
disc, the TMJ has often been mistaken-
ly considered a joint similar to the knee, 
despite many structural and functional 
differences [4]. One of the most obvious dif-
ferences is the presence of fibrous cartilage 
in the TMJ, while in most other joints hyaline 
cartilage is applied. Such a disregard has 
largely affected long-suffering TMD patients 
with severe degenerative conditions as 
the bioengineering community has not yet 
managed to engineer a functional replace-
ment for a deteriorated TMJ. At the heart 
of any tissue engineering effort, lies a well 
characterized native tissue, serving as a 
guideline for design criteria and validation of 
an engineered construct. Given the crucial 
biomechanical role of the TMJ disc, numer-
ous studies have been performed over the 
past decades, that shed light on its 
structural-functional characteristics [5]. 
However, these studies vary greatly due 
to their differences in methods, choice of 
species, gender and mechanical loading 
modalities. Consequently, characterization 
studies have failed to establish a consistent, 

reliable relationship between the structure 
and function of the TMJ disc. 

In 2003, Detamore et al. [5] published an 
extensive review article on the motivations 
and implications of tissue engineering of 
the TMJ disc. The authors addressed the 
variations in the findings and provided a 
guideline for future studies to narrow down 
the contradictory findings in favor of a 
more consistent framework for tissue 
engineering endeavors. After almost two 
decades, despite many TMJ disc charac-
terization studies, there are still inconclusive 
and contradictory subjects to address. 

The studies presented in this thesis have 
investigated the structural-functional 
characteristics of likely the most (collagen 
fibers) and the least (elastin fibers) studied 
components of the TMJ disc. First, we 
performed a characterization of collagen 
(chapter 2) [6] and elastin fiber’s (chapter 
3) [7] contribution to the dynamic com-
pressive mechanical properties of the disc. 
Then we elucidated the intrinsic viscoelastic 
contribution of collagen and elastin to the 
TMJ disc compressive properties in the 
context of polymer dynamics. The basis of 
our studies was a top-down approach using 
enzymatic digestion of collagen and elastin 
to understand their contribution to the me-
chanical behavior of the disc. These studies 
underlined the tied relationship between the 
structural, compositional and mechanical 
properties of the disc and how the interplay 
between these factors govern the TMJ disc 
biomechanics under compression.
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Animal model

One of the key sources of variation 
characterization studies is the use of 
different species for experiments. The TMJ 
is a cardinal feature, distinguishing mam-
mals from other vertebrates. Even among 
mammals, the TMJ shows large morpholog-
ical and functional differences, reflecting the 
evolutionary adaptive changes of feeding 
mechanisms among species [8]. These 
structural changes are closely linked to the 
biomechanics of the TMJ in different 
mammals known to have different loading 
and movements of the jaw. Previously, many 
studies have been performed on a variety 
of species (herbivorous, omnivorous and 
carnivorous), including cow, dog, goat, 
rabbit, rat, sheep and porcine. Notably, in 
an interspecies study, Kalpakci et al. 
[9] successfully established a relationship 
between the mechanical properties and 
biochemical composition of the disc and at-
tributed it to the different patterns of loading 
and jaw movement among the species. The 
authors concluded that the porcine TMJ 
disc is by far the most appropriate com-
parative model to the human’s due to its 
remarkable similarity in terms of anatomy, 
biochemical composition and mechanical 
properties. Pigs also happen to be omni-
vores, like humans and thus may have very 
similar chewing habits. Therefore, we used 
porcine TMJ disc in all our studies.

Findings and contributions

In chapter 2 [6], a characterization of the 
collagenous network was carried out to 
understand its contribution to the TMJ 
disc compressive mechanical properties.
Collagen fibers are known to dominantly 
govern the tensile properties of the disc 
[10-13], but little was known about their role 
under compressive forces. This chapter 

provided a quantitative characterization of 
the biochemical composition and compres-
sive mechanical properties of the disc along 
with microscopic images of the structural 
organization of collagen fibers. The results 
of the mechanical tests showed that the 
regional instantaneous compressive moduli 
and the energy dissipation properties of the 
disc reduced drastically following treatment 
with collagenase. Yet, this reduction of 
collagen content was much less than the 
reduction in stiffness. This observation 
indicates that even a mild disruption of the 
collagen fibers can lead to substantial 
mechanical softening of TMJ disc under-
scoring its reinforcement and mechanical 
stability under compression. This could be 
of significant importance from a pathologi-
cal point of view, as mechanical softening of 
the cartilage has been reported in primary 
stages of osteoarthritis (OA) [14]. This is 
likely due to the selected combination of 
treatment time and collagenase concentra-
tion, which led to only the perturbation of 
the collagenous network without a signifi-
cant loss of the collagen itself. This implies 
that the contribution of the actual content of 
collagen as such to the mechanical stiffness 
is limited. This is in line with of Detamore et 
al. [15] who stated that the tensile proper-
ties of the disc depend rather on the 
orientation of the collagen fibers than on the 
amount. Notably, the polarized light 
microscopy images confirmed the loss of 
the structural organization of the collage-
nous network after collagenase treatment of 
the TMJ disc: in the treated samples we 
observed a haphazard arrangement of 
fibers, loss of fibrillar interconnectedness 
and reduced collagen fiber alignment. While 
collagen reduction was limited, glycosami-
noglycans (GAGs) content was significantly 
reduced following the collagenase treat-
ment, most likely because they were the 
water-binding molecules no longer      

entrapped within the disintegrated collage-
nous network. Analysis of these findings 
emphasizes that tissue engineering efforts 
will have to account not only for biochemi-
cal content, but also for structural integrity 
and architectural organization of the 
collagen fibers to produce anisotropic 
heterogenous mechanical properties as in 
the native disc. 

In chapter 3 [7] , the structure and function 
of the elastin fiber network was character-
ized. Despite the crucial role of elastin fibers 
in load-bearing properties of connective 
tissues [16-22], its possible contribution in 
TMJ disc biomechanics has been disregard-
ed. Elucidating the structural-functional 
relationships of elastin fibers is a key 
stepping stone towards tissue engineering a 
disc replacement by providing specific 
design criteria. Using elastase, we per-
turbed the elastin fiber network in porcine 
TMJ discs and investigated structural, 
compositional and mechanical regional 
changes. Following elastase treatment, 
intermediate regions in the treated samples 
exhibited a significant increase in their 
maximal energy dissipation, while their 
instantaneous modulus was not significantly 
affected. This observation was attributed to 
a loss of interconnectedness between 
collagen fibers as some of the elastin fibers 
were fragmented and no longer forming a 
cross-bridge connectivity between the 
fibrillar collagen. Therefore, with less 
restraining elastin fibers in place, collagen 
fibers were no longer tightly packed and 
anchored to the ground matrix; thus, they 
were able to separate, rearrange and slide 
against each other more easily. The minor 
impact of elastase treatment on the 
instantaneous moduli can be explained by 
the large strain amplitude (10%) used in our 
mechanical test. This large strain results in a 
maximal stress point, located in the linear 

segment of the stress-strain curve where 
the mechanical behavior of the disc is 
known to be governed by collagen fibers. 
Microscopic examination revealed fragmen-
tation of elastin fibers across the TMJ disc, 
with a more pronounced effect in the 
intermediate regions. Also, the biochemical 
analyses of the intermediate regions 
showed significant depletion of elastin, and 
substantial decrease in collagen and GAGs 
content. This could have been caused by 
some non-specific activity of elastase 
[18, 20, 23]. Therefore, the possibility that 
elastase may exert some nonspecific 
activity needs further investigation. Further-
more, degradation of elastin fibers affected 
the homeostatic configuration of the disc, 
reflected in its significant volume enlarge-
ment accompanied by remarkable reduction 
of collagen tortuosity, and notable cell 
elongation across the disc. It has been 
suggested that the collagen crimp may be 
caused by pre-stress induced by elastin 
fibers along the collagen fibers axis during 
dehydration of the matrix [24, 25]. With 
fragmentation of elastin fibers, the existing 
pre-stress on collagen fibers is abolished, 
leaving them in a relaxed state. A conse-
quence of this phenomenon may be the 
enlargement of the disc volume, altering its 
resting posture. Considering the collagen 
fibers acting as a contact guidance for the 
cells, having them straightened following 
the elastase digestion forces the cells to 
elongate accordingly. The elongation of the 
cells after elastase treatment in our study 
might support this theory, but we cannot 
confirm it without further experiments. Our 
findings can represent a series of interrelat-
ed phenomena, shedding light on the 
functional importance of elastin fibers in 
the disc. We concluded that the contribution 
of elastin fibers in the disc biomechanics 
is more than merely a secondary role in 
restoration and maintenance of the disc 
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resting shape. In fact, elastin fibers actively 
interact with collagen fibers, providing 
mechanical resilience to the TMJ disc.

In chapter 4 [26], the structural-functional 
contribution of collagen and elastin fibers to 
the viscoelastic properties of the disc were 
characterized in the context of polymer 
dynamics. Constitutive models developed 
to describe viscoelastic behavior of the 
hyaline cartilage are based on flow-depen-
dent mechanism [27-31]. However, while 
these models have successfully described 
hyaline cartilage viscoelasticity, it may not 
do the same for that of the TMJ disc due to 
considerable large structural, compositional 
and mechanical differences between the 
two [32, 43]. It has been suggested that the 
intrinsic viscoelastic nature of the solid 
matrix plays a more dominant role than the 
fluid flow effect in governing the time-de-
pendent disc behavior [33, 34]. Considering 
the cartilage as a composite of macromo-
lecular biopolymers, polymer dynamics has 
shown to be an apt model to describe the 
flow-independent viscoelastic mechanism 
in cartilage [35]. Despite a large body of 
characterization studies, little is known 
about the contribution of matrix biopoly-
mers to the dynamic viscoelastic behavior 
of the TMJ disc. Considering the disc as a 
composite of high length-to-width entan-
gled macromolecular biopolymers, we used 
polymer dynamics to investigate the 
contribution of collagen and elastin fibers to 
the viscoelastic behavior of the disc. In 
chapters 2 [6] and 3 [7], we performed a 
20-cycle dynamic mechanical indentation 
and used the derived mechanical parame-
ters of the first cycle to analyze the 
alteration of instantaneous mechanical 
properties of the disc following collagenase 
or elastase treatment. For the modelling 
study in chapter 4 [26], we used the 
steady-state portion of the load-displace-

ment data (last 10 cycles). Then we approxi-
mated the storage modulus and loss 
modulus as a measure of energy stored and 
dissipated in a cycle of deformation, 
respectively. We also calculated the 
proportion of loss modulus to storage 
modulus, the loss tangent, as a measure to 
understand the materials’ tendency to the 
elastic or viscous behavior. Following the 
collagenase and elastase treatment, the 
storage and loss moduli across the disc 
were reduced significantly, to such an 
extent that the disc was no longer mechani-
cally heterogenous. This is attributed to the 
loss of structural organization of collage-
nous network and disruption of elastin fiber 
network following the treatments as shown 
in chapters 2 and 3 [6, 7], respectively. 
Also, the proportion of changes in storage 
and loss moduli as reflected in loss tangent, 
were different for each treatment, showing 
different contribution of collagen and elastin 
to the time-dependent behavior of the disc.

As shown in chapter 2 [6], collagenase 
treatment harshly disrupted the structural 
integrity of the collagenous network, leaving 
the fibers disconnected such that they 
cannot transmit the stress effectively from 
one fiber to another. Therefore, the whole 
disc as a mechanical system fails to 
accommodate the external strain, which 
results in a sharp weakening of load-bearing 
properties of the tissue. However, the effect 
of elastase was more complex as it disrupt-
ed the mechanical coupling between elastin 
and collagen fibers through disengaging 
the intimate connection between the two 
networks [7]. While this resulted in a less 
confined undulation and rearrangement of 
collagen fibers during the loading, it did 
not disrupt the interconnectedness and 
orientation of fibrillar collagen as it occurred 
following the collagenase treatment. 

The findings of chapter 4 [26] indicates that 
the compositional and structural changes of 
collagen and elastin fibers alter the time-de-
pendent mechanical properties of the disc 
due to the changes in the flexible motions 
of elastin and collagen fibers and the 
interactions between the two networks [36]. 
This is consistent with polymer dynamics 
which should be considered as an appro-
priate approach for developing interpretive 
models to describe the TMJ disc flow-inde-
pendent viscoelastic behavior. With this in 
mind, a proper understanding of the specific 
types of polymer motions and molecular 
length distribution can benefit by develop-
ing accurate patient-specific computational 
models, detecting potential pathologic 
conditions at early stages. Moreover, 
application of polymer dynamics can 
provide us with new benchmarks for tissue 
engineering and also develop novel strat-
egies for designing and tailoring scaffolds 
to better mimic the natural physiochemical 
properties of the native tissue.

Clinical significance

The etiology of temporomandibular disorder 
(TMD) is not completely understood [37]. 
It is still unclear whether structural and 
biochemical changes are the cause or effect 
of the degenerative diseases such as OA 
[38]. The answer to this question requires 
thorough investigations, which are experi-
mentally difficult to perform due to several 
reasons. Evaluation of structural-functional 
relationships in the disc cannot be done 
in-vivo without invasive approaches. This 
prevents us from identifying the responsible 
factors on the onset or in the advanced 
phase of the disease. Furthermore, the 
debilitating symptoms of the OA generally 
express themselves only in the advance 
stages of the disease. Given the relatively 
young patient population dealing with TMD, 

many of them are unaware of any degenera-
tive condition. The experimental limitations 
and complex nature of the degenerative 
diseases such as OA has led to many 
unanswered questions.

Contextualizing the inferred properties 
within complex kinematics of the TMJ disc 
provides us with a better insight into the 
significant functional role of heterogeneous 
properties of the disc. The region-depen-
dent mechanical properties of the TMJ disc 
supposedly play a pivotal role in jaw 
kinematics by defining an articulation path 
along its anteroposterior axis [11, 39]. 
The relative difference between stiffness 
and viscosity of different regions facilitates 
the disc to conform its shape, distribute the 
stress and dissipate the excessive strain 
energy during the jaw movement [33, 40]. 
We found the posterior band and Intermedi-
ate zone medial of the articular disc to be 
stiffer than other regions under compres-
sion. Also, we found that the posterior and 
anterior bands are more viscous than the 
intermediate regions by showing a higher 
loss modulus. When the disc is in resting 
position, articulation would start by rotation 
of the condylar bone and resistance of 
relatively stiff and viscous posterior band 
against the applied compression. Due to 
this resistance and low friction between 
the surfaces, rotation of the condylar head 
towards the less stiff and less viscous 
region of the disc, intermediate zone 
central, will be promoted [33]. thus, changes 
in the viscoelastic properties of the various 
regions of the TMJ disc may change the 
articulation path of the condyle and thereby 
the loading patterns. This is important as 
our findings showed that viscoelastic 
properties of the disc were no longer 
heterogeneous following the collagenase [6] 
and elastase [7] treatments. Considering the 
small distances separating different regions 
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of the disc, it is crucial to note that even 
minor deviations of the disc from the 
articulation path as in the case of internal 
derangement of the disc, may lead to 
adverse overloading conditions [32].
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Through this thesis, we presented new insights into temporoman-
dibular joint (TMJ) disc’s biomechanics. Using mechano-enzymatic 
tests in combination with various biochemical and microscopy 
techniques, we investigated the mechanical contribution of collagen 
and elastin fibers in the porcine TMJ disc and discussed their func-
tionality with regard to their regional structural density and organiza-
tion in the extracellular matrix. Using dynamic mechanical analysis, 
we also quantified the alteration of viscoelastic properties of the 
TMJ disc following enzymatic treatments and discussed the visco-
elastic behavior of the disc in the context of polymer dynamics. The 
outcome of our research provides a guideline for bioengineers to 
better tailor the design of tissue-engineered constructs, meeting the 
biomechanical properties of the native disc. Also, our findings offer 
new details on mechanical properties of the disc which can be used 
to optimize existing computational and predictive models. 

In chapter 2, we investigated the regional compressive mechanical 
contribution of collagen fibers in the porcine TMJ disc in relation to 
the regional density and organization of the fibers. We found that the 
contribution of the collagen fibers with their region-specific arrange-
ment plays a vital role in stabilizing the TMJ disc under compression. 
Our study shows that even mild disruption of the collagenous 
network in the TMJ disc, with marginal alteration of collagen density 
can dramatically affect its mechanical compressive properties. It has 
been a challenging goal for tissue engineers to construct a TMJ disc 
with a quantitatively dominant and structurally organized collage-
nous part. To that extent, our data suggest that tissue engineering of 

Conclusion
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the TMJ disc requires a prior focus on the structural integrity of 
collagenous network rather than the biochemical content. Further 
studies on quantitative measurement of collagen fiber alignments 
and collagen cross-links could enhance our understanding of the 
fibrillar interconnectivity and the reinforcing role of collagen fibers 
in the TMJ disc.

In chapter 3, we used a similar approach to chapter 2, we attempt-
ed to characterize the regional compressive mechanical contribution 
of elastin fibers in the TMJ disc in relation to the concentration and 
organization of the elastin fibers. We found that the elastin fibers, 
despite their low quantity in the TMJ disc extracellular matrix, 
provides some remarkable structural-functional properties, vital 
to the TMJ disc biomechanics. Structurally, degradation of elastin 
fibers resulted in volume expansion of the TMJ disc, reduction of 
collagen tortuosity and cell elongation. These findings suggest that 
elastin fibers contribute in maintaining the homeostatic configuration 
of the disc by holding the disc in a pre-stressed status. Mechan-
ically, perturbing the elastin network structure and their intimate 
connection with collagenous network resulted in a less confined 
rearrangement and incomplete recoil of collagen fibers during me-
chanical cyclic loading. These results point out the contribution of 
elastin fibers to the TMJ disc biomechanics goes beyond merely a 
recovering role; influencing on the viscoelastic properties of the disc 
through an interaction, mainly with collagen fibers, and other 
extracellular matrix components.

In chapter 4, we quantified the alteration of viscoelastic properties 
of the TMJ disc following collagenase and elastase digestion. Fol-
lowing the polymer dynamics, we found that digestion of interfibrillar 

biopolymers can have a dramatic impact on the intrinsic viscoelastic 
nature of the TMJ disc. Both treatments dramatically reduced both 
storage and loss moduli of the disc, the collagenase more strongly 
than the elastase. Following the enzymatic treatments, the mechan-
ical heterogeneity of the disc was no longer present. Also, the loss 
tangent of the treated discs was altered differently. The collagenase 
treated samples got a lower damping ratio of the material, while the 
elastase treated group showed an increase in damping ratio. This 
difference is attributed to the dissimilar pattern of underlying struc-
tural changes of the disc following the collagenase and elastase, 
discussed in chapter 2 and 3, respectively. 

Our findings have shown that structural integrity of the collagenous 
network is the most important factor for governing the stress distri-
bution and energy dissipation capacities of the disc under compres-
sion. Therefore, disruption of this cohesive fibrillar network, e.g. as 
a consequence of local inflammation, can lead to sincere impacts 
on the load-bearing abilities of the disc. Fragmentation of collagen 
fibrils followed by disintegration of the collagenous network has 
been reported as earliest signs of osteoarthritis. Furthermore, we 
have shown that elastin fibers have a proactive role in the TMJ disc 
biomechanics. Elastolysis can occur in case of an imbalance be-
tween activated degradative proteases and the functional protease 
inhibitory activity of the extracellular matrix, leading to disruption 
of the fibers and decrease in amount. This could further provoke 
structural changes of the collagenous network, potentially leading 
to irreversible mechanical changes in the tissue. Overall, in the TMJ, 
different components are exposed to the synovial fluid, which could 
contain proteases, targeting degradation of different molecules. 
These structural changes, either as a cause or as an accompanying 
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factor, influence the viscoelastic nature of the disc and could result 
in overloading of some regions in the disc. Consequently, mechan-
ical overloading often leads to more catabolic cytokine production 
and enhanced matrix degradation. This may result in an irreversible 
exacerbating and self-reinforcing degenerative process, finally 
leading to a deterioration of the disc.

The viscoelastic properties of the TMJ disc play a vital role in the 
normal physiological functioning of the TMJ: the TMJ disc is not 
a static structure. This robust and highly deformable structure is 
the end result of a molecular hierarchical organization, following 
a continuous remodeling. Once this balance is perturbed by an 
extrinsic or intrinsic factor, the disc dynamically remodels itself by 
overproduction or underproduction of macromolecular structures. 
The result might be a chemically, structurally, and mechanically 
different tissue. The complete understanding of the disc structur-
al-functional relationship is only achieved when the tissue is con-
sidered as an integrated system and by considering the structural 
organization and interactions among all its components. This thesis 
was an attempt to deepen our knowledge on structural-functional 
characteristics of the TMJ disc, hoping to shed light on new aspects 
of the long ongoing characterization research in this field.
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