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Investigations into mechanotransduction in connective tissue extracellular ma-
trix (ECM) have demonstrated that collagen networks show cell-independent
mechanosensitive behavior. It has been suggested that mechanical strain could
lead to conformational changes in the molecular structure of collagen, thereby in-
fluencing the susceptibility to other molecules. In the process of normal aging, the
collagen fibrils in cartilage undergo a non-enzymatic process known as glycation. It
involves the accumulation of advanced glycation end products (AGEs) after expo-
sure to sugars, resulting in the formation of cross-links between the collagen fibrils.
This process is correlated with increased stiffness and brittleness of the cartilage,
making it more prone to mechanical damage. The goal of this thesis was to assess
whether mechanical compression has any effects on the formation of non-enzymatic
cross-links during the aging of articular cartilage.

Two different models have been developed to mimic aging knees that undergo
static and dynamic compression. Healthy cartilage explants were exposed to L-
threose sugar to induce artificial aging. During incubation, these explants were sub-
mitted to either static or dynamic unconfined compression. Treatment with static
compression consisted of a 5, 10 or 15% strain throughout the whole incubation pe-
riod, using a custom-made bioreactor. Treatment with dynamic compression con-
sisted of multiple loading cycles at a frequency of either 0.01 Hertz (Hz) or 1 Hz,
using a Dynamic Mechanical Analyzer (DMA). We conducted cartilage surface color
analyses, micro-indentation tests, dynamic mechanical analyses and biochemical
measurements of pentosidine cross-links to assess the effects of advanced glycation
cross-linking under these different conditions.

Dynamic compression at a frequency of 1 Hz was found to affect the formation
of non-enzymatic cross-links. Biomechanical and biochemical data showed a similar
trend, namely, the average values for equilibrium modulus, dynamic moduli, phase
shifts and pentosidine per collagen level were noticeably higher (or lower in case of
phase shift) for the 1 Hz treated samples compared to samples of other treatment
groups.

The results of these studies suggest that compression at the physiological fre-
quency of walking does affect the formation of cross-links in the articular car-
tilage during aging. These findings contribute to a better understanding of the
mechanochemistry of collagen fibrils, which is necessary to develop future strate-
gies against cartilage aging and deterioration.
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Chapter 1

Background

1.1 The Knee joint

A synovial joint, also known as a diarthrosis, is the most mobile type of joint in a
mammal’s body. This type of joint has an articular capsule, consisting of an outer
fibrous layer and an inner synovial membrane, which surrounds a fluid-filled syn-
ovial cavity. Multiple types of synovial joints exist in the human body, including
hinge joints, ball and socket joints, saddle joints, pivot joints and gliding joints [1].
The knee joint is the largest and most heavily loaded joint in the human body [2]. It
is a hinge joint that permits flexion and extension and a limited amount of medial
and lateral rotation. It consists of four bones (see Figure 1.1): the femur (thigh bone),
the tibia (shin bone), the patella (knee cap) and the fibula.

FIGURE 1.1: Anatomy of the human knee joint.
[shutterstock.com]

The joint structure of the knee can be divided into two parts: the tibiofemoral
joint, where the medial and lateral condyles of the femur articulate with the tibial
condyles, and the patellofemoral joint, where an aspect of the distal femur articu-
lates with the patella [3]. The tibiofemoral joint is the weight-bearing joint of the
knee [4]. The knee bone surfaces of the femur, tibia, and patella are covered with a
thin (1-6 mm), dense, translucent, white connective tissue, called hyaline articular
cartilage, which represents the weight-bearing surface. Articular cartilage is pre-
cisely suited to withstand the high cyclic loading experienced during daily activities
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without failure for an average individual’s lifetime [5]. One of the two primary func-
tions of articular cartilage is to support and distribute applied joint loads to dissipate
the produced energy and reduce localized stress concentrations in underlying bone
[6, 7]. Its second function is to provide a lubricated and smooth surface, to allow
movement of opposing joint surfaces with minimal friction and wear [8]. Physiolog-
ically, it is devoid of blood vessels, lymphatics, and nerves. Nutrition of the articular
cartilage occurs by diffusion from the synovial fluid [9]. Moreover, cartilage has
the lowest cellular density of any tissue in the body [10]. This limits its capacity
for intrinsic healing and repair, making the health and preservation of the articu-
lar cartilage essential for joint health [11]. Its unique mechanical behavior and poor
regenerative capacities make it a highly specialized material.

1.2 Composition of Articular Cartilage

Articular cartilage is a biphasic material, consisting of a solid matrix phase and an
interstitial fluid phase [12]. The composition of articular cartilage is summarized in
Table 1.1.

The solid phase consists of an extracellular matrix (ECM) with a small number
of fibroblast-like cells, called chondrocytes. Chondrocytes are the only type of cells
that reside in healthy cartilage. These chondrocytes do not directly contribute to the
mechanical properties of cartilage, but they can sense and respond to mechanical
stimuli [13, 14]. Regardless of their sparse distribution, they build, secrete, organize
and maintain the macromolecules of the ECM, a dense network of collagen fibrils
that are enmeshed in a concentrated solution of proteoglycans [15]. These main
constituents and their functions will be discussed separately.

TABLE 1.1: The composition of articular cartilage [16].

Phase Component % wet weight % dry weight

Solid phase Collagen
(ECM) Type II 15-20% 50-75%

Type V,VI,IX,XI < 2% -

Proteoglycans
Aggrecan 4-7% 20-25%
Biglycan, Decorin < 1% -
and Fibromodulin

Solid Phase Chondrocytes 2% -
(Cells)

Fluid phase Interstitial water 60-80% -
and electrolytes

1.2.1 Collagen

Collagen is the most abundant protein in the human body and a predominant struc-
tural macromolecule of cartilage [15]. The majority of the collagen in cartilage is of
type II. Additionally, an array of other types of collagen is present in lesser amounts
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(types V, VI, IX, and XI). The basic biologic unit of collagen is tropocollagen, a
structure composed of three procollagen polypeptide chains (alpha chains) coiled
into left-handed helices which are further coiled about each other into right-handed
triple helices. The sequence follows the pattern Glycine-X-Y, where X is usually pro-
line and Y is usually either proline or hydroxyproline [17]. These rod-like tropocol-
lagen molecules are polymerized extracellularly into larger collagen fibrils that are
often arranged in bundles called fibers [18] (see Figure 1.2). Its hierarchical struc-
ture in combination with the alignment of fibrils, make collagen a component with
an exceptional tensile strength along its primary axis [19]. Collagen fibrils are stiff
and relatively immobile not only individually, but also when they are entwined and
bonded with other structural macromolecules, such as proteoglycans. Moreover, the
collagen in the cartilage tissue is cross-linked, which is thought to add stability to the
network. The collagen fiber network does not offer significant resistance to compres-
sion, but it is stiff and strong in tension, providing resistance to swelling and tensile
strain [19].

FIGURE 1.2: Collagen molecules self-assemble in a quarter-staggered
array into microfibrils to form collagen fibrils with characteristic pe-

riodic D-spacing [20].

1.2.2 Proteoglycans

Proteoglycans are heavy and complex macromolecules that consist of a protein core
to which one or more glycosaminoglycans (GAGs) are covalently bound [21]. Most
of the proteoglycans found in cartilage are organized in aggregates (aggrecan). Ag-
grecan is a large proteoglycan with long and unbranched GAG chains that, because
of their negative charge, spread out like tubular brushes. These structures consist of
chondroitin sulfate and keratin sulfate molecules attached to a protein core [22]. The
N-terminal of this protein core is able to bind to hyaluronate. When many aggre-
can molecules bind to a chain of hyaluronate, a macromolecular complex is formed.
Since aggrecan has many carboxyl (COO-) and sulfate (SO3

-) groups, it is highly neg-
atively charged. This makes the aggrecan very attracted to the mobile cations in the
fluid phase of the ECM. The collagen network immobilizes the aggrecan, resulting
in what is termed the “Donnan osmotic pressure”. This osmotic pressure manages
the water amount within the tissue and causes the cartilage to swell [23, 24]. This
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swelling is restrained by the collagen network and contributes to the compressive
stiffness of tissue.

1.2.3 Interstitial fluid

Generally, the fluid phase contributes to 60-80% of the tissues total wet weight [25].
This viscous fluid consists of water with many free mobile cations (e.g., Na+ , K+

and Ca2+) The flow of water through the matrix and across the articular surface con-
tributes greatly to the nutrition and lubrication processes in the tissue [26, 27]. Most
of the interstitial fluid may be moved through the ECM when a pressure gradient is
applied across the tissue or by compressing the solid matrix [12]. This incompress-
ible interstitial fluid phase encounters friction as it flows out of the porous collagen-
proteoglycan solid matrix. The resulting frictional drag counterbalances the applied
compressive forces. This forms the damping mechanism by which articular cartilage
derives its ability to withstand significant loads [11].

1.2.4 Depth dependency

The way these constituents are arranged and distributed varies throughout the tis-
sue’s depth, making it a heterogeneous material [28, 29]. Four different zones can be
identified: the superficial (or tangential) zone, the middle (or transitional) zone, the
deep (or radial) zone, and the calcified zone [30].

FIGURE 1.3: Zonal organization of healthy articular cartilage [31].

The superficial zone, which represents 10-20% of the total thickness, is the gliding
surface of the cartilage and has a protective role for the deeper layers. Relatively
thin collagen fibers are densely packed in sheets that are aligned in planes parallel
to the articular surface. It has the highest water content and the lowest proteoglycan
content. A relatively small number of chondrocytes with few organelles is flattened
and oriented parallel to the surface [32].

In the middle zone, the largest zone in cartilage, the collagen fibrils are thicker
and arranged randomly. When they traverse deeper in the cartilage, collagen fibers
start bending towards the vertical direction. Furthermore, chondrocytes are at lower
density than in the superficial zone and have a more spherical shape. The proteo-
glycan content increases towards the deep zone where its content is highest [18].

The deep zone provides resistance to compressive forces as the collagen fibrils
and chondrocytes are aligned perpendicularly to the articular surface. The diameter
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of the collagen fibers is the largest. In this zone, the lowest water content ( 65%) and
the highest concentration of proteoglycans is found.

The calcified zone forms the transition where the soft hyaline cartilage is secured
to the stiffer subchondral bone, by collagen fibrils that are anchored to the underly-
ing bone. This tide mark consists of small cells which are distributed in a cartilagi-
nous matrix [11].

All off the components described above have important roles and are indispens-
able in the ability of articular cartilage to resist compressive forces and protect the
bone and joint. Each should be present in the right amount and structure. The chon-
drocytes play a crucial role in the generation and maintenance of the zonal architec-
ture and regulate the equilibrium between synthesis and degradation. The collagen
network is responsible for tensile integrity, while the proteoglycans contribute to
compressive strength. The remarkable mechanical properties of articular cartilage
depend on each of these components and are sensitive to disruption [33].

1.3 Biomechanical properties of articular cartilage

To understand how articular cartilage responds under physiological loading condi-
tions, its biomechanical behavior must be reviewed. The biomechanical behavior of
articular cartilage can best be explained with the biphasic theory, which models the
tissue as a binary mixture of two phases: an incompressible fluid phase and an elas-
tic porous solid phase (i.e., the ECM) [12]. The interaction between these two phases
gives the material viscoelastic properties. The frictional resistance associated with
the interstitial fluid flow through the porous permeable solid matrix is responsible
for the compressive viscoelastic behavior of the tissue.

Viscoelastic materials exhibit both viscous and elastic characteristics when un-
dergoing deformation. When a load is applied to a viscoelastic material, it stores
part of the energy (like an elastic material) and it dissipates part of the energy (like
a viscous material). Hysteresis is observed in the stress-strain curve, with the area
of the hysteresis loop being equal to the energy loss during the loading cycle. Ap-
plying stress results in an instantaneous elastic strain, followed by a viscous, time-
dependent strain.

Characterizing the mechanical properties of viscoelastic materials is important
for understanding their response in specific mechanical conditions. Since articu-
lar cartilage has as main function to support and distribute applied joint loads, its
biomechanical behavior is mainly determined through compression tests. A specific
set of different characterization methods and loading protocols exist to assess the
biomechanical behavior through these compression tests.

1.3.1 Mechanical testing methods

The three methods that are commonly used to determine the biomechanical prop-
erties of cartilage are confined compression, unconfined compression, and indenta-
tion. During confined compression, the specimen is placed in a confining chamber
and compressed with a permeable piston. This way, the fluid is only able to flow
through the piston and transverse expansion is restrained by the confining cham-
ber. In unconfined compression the specimen is placed between two smooth plates,
allowing a transverse flow of the fluid. During indentation, only a part of the speci-
men is compressed, while fluid can flow any way, by using a hemispherical or plane-
ended indenter (Figure 1.4).
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FIGURE 1.4: Unconfined compression, confined compression and in-
dentation loading methods for determination of cartilage mechanical

properties [34].

1.3.2 Loading methods

The main loading methods that are used with these configurations are stress-
relaxation, creep and dynamic loading.

Stress relaxation

When cartilage is in compression, the fixed charged proteoglycans (PGs) in the ECM
are forced in closer proximity, thereby increasing the electrostatic repulsive forces.
Once the fluid is not anymore pressurized and flow has ceased, the tissue is at
steady-state and PGs mainly regulate the equilibrium modulus [35].

Stress-relaxation is the time-dependent decrease in stress under a constant strain.
At the beginning of a stress relaxation test, the strain is applied to the specimen at
a constant rate to achieve the desired elongation. Once the specimen reaches the
desired elongation, the strain is held constant for a predetermined amount of time.
The stress decay, which occurs because of stress relaxation, is observed as a function
of time. The magnitude of stress is recorded at certain time intervals and the results
are plotted to obtain a stress versus time curve. Stress-relaxation protocols aim to
determine the viscoelastic properties by means of strain-controlled loading [12, 36].

Creep

Similarly, creep protocols too aim to determine the viscoelastic properties, but
through stress-controlled loading. When constant compressive stress is applied
to the tissue, its deformation increases with time. It will deform, or creep until an
equilibrium value is reached (i.e. there is no fluid flow). The resulting time-data
plots of such tests are used to derive simple estimations for the viscoelastic parame-
ters of materials [12, 36]. Viscoelastic materials also behave strain-rate dependent, as
their stiffness increases with increasing strain. At the same time the part of the en-
ergy that dissipates, decreases with an increasing strain rate. So, at high strain rates,
viscoelastic materials behave more elastic, while at low strain rates, they behave
more viscous [37]. When analyzing the experimental data from stress-relaxation or
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creep measurements, often the instantaneous and equilibrium (Young’s) moduli are
used to express the viscoelastic behavior of the specimen. Hooke’s law can be used
to define these moduli:

Eeq =
σ

ε
(1.1)

Where Eeq is the Young’s modulus, σ the stress and ε the strain at equilibrium.
However, for indentation, analysis of the data requires a mathematical model, be-
cause cartilage is not isotropic. Frequently, Hayes’ method is used to determine the
specimen’s stiffness [38]. The equilibrium modulus is defined from Hayes’ method
as follows:

Eeq =
(1− v2)πα

2κh
F (1.2)

where F is the indentation force, v is the Poisson’s ratio of the soft tissue, a is the
radius of the indenter, h is the tissue thickness, d is the indentation depth, and k is a
scaling factor, which depends on aspect ratio a/h and Poisson’s ratio v.

Dynamic loading

Repeated loading and unloading cycles can be applied to study the viscoelastic
response to dynamic loading, like the subjected loading during daily activity. Si-
nusoidal stress or strain is applied while the resulting displacement or force is
measured as a function of time [39]. Its viscoelastic nature results in a strain rate-
dependent behavior. Because of its viscoelastic behavior, the sinusoidal stress is
out of phase with the applied strain, by a phase angle δ. For a Newtonian liquid
(viscous), this phase angle would be 90 degrees and for a Hookean solid (elastic), it
would be 0 degrees. The phase angle of viscoelastic material falls in between these
two extremes.

With dynamic loading tests, viscoelastic materials can be characterized in terms
of a storage (E’) and a loss (E”) modulus. E’ represents the ability to store energy,
whereas E” represents the ability to dissipate energy in the form of heat [40]. The
storage and loss moduli are defined as follows:

E’ =
σ0

ε0
cosδ (1.3)

E” =
σ0

ε0
sinδ (1.4)

where δ is the phase angle. σ0 is calculated from the peak-to-peak value of the
measured stress and ε0 from the peak-to-peak value of the measured strain. Subse-
quently, the dynamic modulus, E*, can be calculated as follows:

E* =
√
(E’)2 + (E”)2 (1.5)

The correlation between the moduli and phase angle is shown in Figure 1.5.

1.4 Strain dependent enzymatic degradation of collagen

As described in Section 1.2, fibrillar collagen is the most abundant structural
molecule in the ECM and plays a crucial load-bearing role in articular cartilage.
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FIGURE 1.5: Schematic representation of the correlation between the
dynamic modulus (E*), the storage modulus (E’), the loss modulus

(E”) and the phase angle (δ) [41].

Like many matrix components, collagen is synthesized by the chondrocytes. They
play an active role in collagen deposition and the assembly of matrix components.
They regulate the amino acid sequence and influence matrix formation through the
vectorial discharge of packaged monomers into the extracellular space [42].

The collagen molecules are susceptible to enzymatic degradation and capable
of growth, longitudinally and in the radial direction. From development through
adulthood, collagen structures are constantly being remodeled [43] and it has been
known for a long time, that processes involved in collagen remodeling are influ-
enced by external forces. The matrix is therefore capable of adaption, for example,
in order to more efficiently carry the applied loads [44]. Collagen fibers tend to
realign, in response to extrinsic loading, in the direction of the applied force. This
adaptability is one of the properties that make collagen such a successful component
for connective tissue.

The exact mechanisms behind the mechanotransduction in ECM, are not com-
pletely clear. Most investigations focus on the genetic and proteomic responses
of fibroblastic cells (e.g. chondrocytes in the case of cartilage). Thus, fibripositor-
mediated assembly and remodeling of collagen have generally become the standard
model to explain the production of highly anisotropic, load-bearing collagenous ar-
rays [45]. This fibripositor model implies that cells, like chondrocytes, direct the pro-
duction and placement of collagen fibrils. This model implies that fibroblastic cells
must individually ‘weave’ the complex structures, required to support the massive
loads, that are produced in the mechanically disadvantaged musculoskeletal system
(MS) of vertebrate animals.

In 2005, Ruberti & Hallab came with a whole new theory regarding collagen
network adaptability. They suggested that mechanotransduction events, leading to
ECM load adaption, may not only occur at the level of the cells, but also directly
at the level of the matrix molecules [46]. They based their new theory on two ear-
lier studies ([47, 48]) and described that instead of being solely directed by resident
cells, load-bearing collagenous matrices are inherently “smart”. This theory states,
that collagen fibrils within the matrix that are "in use" (strained) are protected from
enzymatic degradation as opposed to fibrils that aren’t. Not only could such a strain-
stabilization mechanism have the potential to explain why collagen is the molecule
of choice for load-bearing, adaptive extracellular matrices. It could also provide
very useful theoretical information concerning embryogenesis, remodeling, repair,
and disease.

Ruberti & Hallab’s statement led to a lot of further research on the subject of
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collagen mechanochemistry. Prior to this thesis, a systematic literature study has
been conducted to review the current understandings of the mechanochemical ef-
fects in collagen structures and the potential cell-independent mechanisms, that are
encoded in the helices of collagen molecules [49]. This study found that strain state
can serve as either a protecting ([46–48, 50–61]) or accelerating ([62–66]) factor in the
catabolism of collagen. This strain dependency of enzymatic degradation can best
be explained by changes in the three dimensional (3D) conformation of amino acid.
It is suggested that strain can create an unfolding or an unwinding conformation,
resulting in respectively less or more accessibility of the cleavage sites for the met-
alloproteinases 1[66–75]. Furthermore, recent studies show that also the assembly of
collagen can be “controlled” by strain [76–81]. The concept of cooperative collagen
molecules is not only important for our view on load-bearing ECM morphogenesis,
growth, homeostasis and pathology, it could also help engineers with finding new
methods to produce collagenous tissues and scaffolds, without the involvement of
biological cells. Its suggested capacity to autonomously form when needed and
break down when not, could even form the basis of a whole new class of ‘smart’
materials that are applicable for many different fields.

In the case of unloaded articular cartilage, the collagen fibrils are pre-stressed by
the osmotic swelling pressure. According to the theory described above, this pre-
stress protects the fibrils from enzymatic degradation.

FIGURE 1.6: Triple helicase unwinding and cleavage of collagen (top).
MMPs enter the triple helix to cleave the alpha chains. MMP-2 has
been shown to aid in the cleavage process by unwinding the alpha
chains at the hinge region for easier MMP access. Inhibition of cleav-
age by enzyme mechanokinetic (EMK) mechanism (bottom). As col-
lagen is stretched it can become resistant to enzyme cleavage from
changes in the collagen’s molecular conformation induced by the me-

chanical tensile force [74].

1Matrix metalloproteinases (MMPs) comprise a large family of zinc-dependent enzymes, collec-
tively capable of degrading ECM components, like collagen.
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1.5 Non-enzymatic glycation

As explained in the previous section, the ECM of articular cartilage is a highly dy-
namic structure, constantly undergoing a remodeling process where components are
deposited and degraded. Another crucial process during the normal aging of articu-
lar cartilage is the formation and accumulation of advanced glycation end products
(AGEs). These AGEs are formed by non-enzymatic glycation of proteins [82]. Glyca-
tion is initiated by the condensation of reducing sugars (glucose, fructose or ribose)
with free amino groups on lysine or arginine residues [83]. The formation of AGEs
is both spontaneous and relatively slow and it only affects proteins with long half-
lives [84]. Fibrillar collagen type II contains lysine and arginine as repeating units
in its triple-helix and has a half-live of more than 100 years. Therefore, it is highly
susceptible to AGEs. [85–87]. Some AGEs present adducts to the proteins, whereas
others form protein-protein cross-links [88, 89]. Once AGEs are formed, they cannot
be removed from the tissue and only leave when the protein involved is degraded.
Therefore, whilst aging, the collagen matrix in cartilage becomes more and more
susceptible to the accumulation of AGEs [90–92].

FIGURE 1.7: Classic view of advanced glycation end product (AGE)
formation Reducing sugars such as glucose or fructose react sponta-
neously with lysine or arginine residues in proteins. Initially, a re-
versible adduct (Schiff base [eg, fructose-lysine]) is formed (1). Sub-
sequently, stabilization of the adduct (by Amadori rearrangement)
and Maillard browning reactions (2) result in the formation of stable
AGEs. Some form protein-protein cross-links whereas others present

protein adducts [85].

The accumulation of AGEs in collagen has adverse effects on the biochemical
and biomechanical properties of articular cartilage. One the one hand, it interferes
with cellular processes and alters molecular recognition, which leads to a decreased
turnover of collagen and proteoglycans [93, 94]. On the other hand, it increases
the stiffness of the collagen network [92], decreasing its viscoelasticity. An increase
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in AGEs makes the cartilage more brittle and thereby more prone to mechanical
damage [92, 95].

As mentioned, AGE accumulation is mainly caused by the very low turnover of
ECM proteins (like collagen) and is therefore age-dependent. As such, it does not
cause disorders like Osteoarthritis (OA) itself. Nevertheless, it is assumed to make
the joint more prone to the development and progression of OA [85, 96].

Pentosidine is a member of the AGEs and is one of the most studied [96]. It
is found in relatively high abundance in cartilage[97] and is frequently used as a
biomarker [91, 98]. Pentosidine is formed in a reaction of the amino acids with the
so-called Maillard reaction products of ribose and forms fluorescent cross-links be-
tween the arginine and lysine residues in collagen. It has been reported to increase
with age in various tissues [99].

1.6 Aim and scope of the thesis

In section 1.4, we explained that enzymatic degradation of collagen is characterized
by strain dependency: 3D conformational changes, as a result of mechanical strain,
probably lead to changes in the accessibility of the enzymatic cleavage sites, without
the involvement of cells.

The cleavage of MMPs shows a lot of similarities with the accumulation of AGEs,
produced by non-enzymatic glycation. MMPs recognize a specific site of amino acid
residues in the tropocollagen molecule. Its binding opens the triple helix locally,
allowing the catalytic domain of the active enzyme to cleave the collagen α-chains
sequentially (Figure 1.6). Likewise, the AGEs bind specifically to the amino acid
residues of arginine and lysine. This raises the question whether these essential
amino acids need a specific 3D conformation as well, to interact with cross-link cre-
ating AGEs. In other words: Does strain have an influence on the susceptibility of
collagen fibrils to AGEs and therefore on the way they age?

In 2018, Pouran et al. investigated whether collagen cross-linking after exposure
to sugars depends on the stretching condition of the collagen fibrils [100]. Healthy
equine cartilage specimens were exposed to L-threose sugar and placed in hypo-,
iso-, or hyper-osmolar conditions that expanded or shrank the tissue and changed
the 3D conformation of collagen fibrils. Amongst others, the cartilage surface color,
stiffness (biomechanical) and pentosidine level (biochemical) were measured to in-
vestigate the effect of the different osmolarity conditions on the chemical response
of collagen fibrils to non-enzymatic glycation. The results indicated that swelling of
ECM due to hypo-osmolarity, protects the ECM against glycation or so-called ‘ar-
tificial aging’, whereas shrinkage makes it prone to glycation. This indicates that
healthy levels of glycosaminoglycans not solely keep cartilage stiffness at proper
levels by swelling and pre-stressed collagen fibrils, but also protect the fibrils from
AGEs. Understanding the mechanochemistry of collagen fibrils could be very use-
ful, for example to provide potential aging prohibiting strategies against cartilage
deterioration in the future.

In this research, we investigated the effects of mechanical strain on non-enzymatic
glycation. The work of this thesis sought to answer the question: does compression
have a significant effect on the number of cross-links in the fibrillar collagen type II
network of articular cartilage during artificial aging?
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During this study, we focused on the potential mechanisms that are encoded in
the structure of collagen molecules, regarding cross-linking. Therefore, dead tissue
was used and no other cellular or enzymatic mechanisms were involved.

Our primary aim was to investigate the effects of mechanical compression on the
number of cross-links in the collagen type II network of articular cartilage. Based on
the work of Pouran et al. [100], it was hypothesized that compression would lead to
an increase in the number of cross-links, as a result of an increase in the susceptibility
of amino acid residues of arginine and lysine.

Taking into account the zonal structure of cartilage (section 1.2.4), our secondary
aim was to investigate the difference in cross-linking during compression between
the radial and superficial zone. We assumed that the Poisson effect2 will result in
the tension of collagen fibrils that are located in the superficial zone, as they are
aligned perpendicular to the loading direction. Therefore, it was hypothesized that
the increase of cross-links would be less in the superficial zone than in the radial and
middle zone.

The first goal was to develop a novel model, that represents an aging knee. A
model was designed in which cartilage could be artificially aged while withstanding
compression. The second goal was to find methods to assess the effects regarding
advanced glycation. The change in cartilage surface color, biomechanical properties
(Section 1.3.1) and pentosidine level (Section 1.5), were characterized to determine
whether or not mechanical compression enhances the formation of non-enzymatic
cross-links in the collagen type II network.

The study consisted of two parts. The first part focused on the effect of static
compression and the difference between the radial and superficial layers. The sec-
ond part focused on the effect of dynamic compression.

2Phenomenon in which a material tends to expand in directions perpendicular to the direction of
compression [101]



The first part of the study focused on the effect of static compression on the formation of non-
enzymatic cross-links in articular cartilage. The experiments of this research were conducted in
the research lab of the UMC Utrecht Regenerative Medicine Center at the Hubrecht Institute and
in the laboratory of the Department of Pharmaceuticals, University Utrecht.

Part I

The Effect of Static Compression

13
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Chapter 2

Methods
2.1 Tissue Harvest

An equine knee joint was obtained from a mature euthanized Shetland Pony at the
Faculty of Veterinary Medicine, Utrecht University. Within 4 hours post-mortem,
the joint was stored at -20◦C. After thawing, the joint was disarticulated and mus-
cle and tendon were carefully dissected. Osteochondral plugs were subsequently
extracted from the visually intact femoral condyles, using a custom-made drill bit
(Tubular Chisel 8.5 mm, Smith and Nephew). To prevent the tissue from overheat-
ing, the drilling site was constantly being sprayed on with phosphate buffered saline
(PBS) (Gibco, UK). Post-extraction, the plugs were stored at -20◦C until the day of
the experiment. After thawing, the full cartilage layer was carefully removed from
the bone using a large scalpel, after which it was split into four quarter disks (i.e.
the samples). As the plugs were extracted from the condyles, the bone layers were
slightly curved. As a result, half of the quarter disk had a deviating thickness. We
took this into account when selecting the test and control samples. Each sample
was equilibrated in PBS containing protease inhibitors (complete, Roche, Mannheim,
Germany) and 5 mM Ethylenediaminetetraacetic acid (EDTA), to prevent enzymatic
degradation. In the following of this report, this solution of PBS with enzyme in-
hibitors will be referred to as PBS solution.

2.2 Mechanical conditioning

2.2.1 Bioreactor design

Before the start of the experiment, a device had to be designed and developed, able
to achieve the application of an adjustable, axial, uniform and unconfined compres-
sive strain to the samples. Such a bioreactor should be able to compress the sample
while being submerged in a cross-link inducing sugar solution. The bioreactor had
to comply with the following design requirements:

TABLE 2.1: Design requirements of bioreactor.

Design criteria

1. Contains sample, lbh: ∼5x5x3 mm
2. Fits into 2mL snap-cap vial (Eppendorf), together with 1 mL of solution
3. Allows sufficient fluid flow to the sample
4. Supports application of 0-30% strain

Design wishes
1. Supports application of strain with one hand
2. Quantifies/visualizes amount of applied strain
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A 3D model for the bioreactor was generated using SOLIDWORKS (EDUCA-
TION EDITION 2017-2018). The final design with functional features is presented in
Figure 2.1. Technical drawings can be found in Appendix A. The bioreactor consists
of 2 components that were printed from ABS1 (3DM-ABS resin) in a stereolithogra-
phy apparatus (DLP station 5, Autumn). A digital caliper was used to validate its
accuracy when used to apply deformations with a certain magnitude.

FIGURE 2.1: Bioreactor final design.

1Acrylonitrile butadiene styrene (ABS) is a common thermoplastic polymer with a relatively high
Young’s modulus of 1.5-3.5 GPa (CES EduPack 2013), which is a factor of about 1,000 higher than that
of cartilage. Therefore, the deformation of ABS during the compression of cartilage was neglected.
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2.2.2 Compression treatment

Two quarter disks of each plug were treated by mechanical conditioning. These
samples were compressed with a 15% strain during incubation, while the other two
functioned as control samples. Regardless, all samples were placed in a bioreactor
during incubation. Prior to placement in the bioreactor, the sample thickness was
measured using a digital caliper. Once a sample was placed in the compression
chamber of the bioreactor, the screw was turned until first contact was made between
the sliding component and the sample. Treatment samples underwent a deformation
by turning their screws further, until a 15% strain (n = 16) was applied. For the
control group, no further deformations were applied (n = 16). The right amount of
deformation was achieved by turning the screw of the bioreactor a pre-calculated
amount of degrees. The deformation was simultaneously checked with the digital
caliper.

FIGURE 2.2: Applying compression to sample using the bioreactor.
Image captured with stereo microscope.

2.3 Cross-linking

In order to induce cross-linking during the treatment, the samples were incubated in
the following way: all bioreactors were placed in a 2 mL snap-cap vial, filled with 1
mL of a solution of 40 mM L-Threose (Sigma, T7642) in PBS (Gibco, UK). L-Threose,
a 4-carbon sugar, forms a number of characteristic AGEs [92]. It is able to mimic
the age-related increase in cross-link concentration and it can therefore be used to
"artificially age" articular cartilage. The solution also contained protease inhibitors
(Complete, Roche, Mannheim, Germany) and 5 mM EDTA, to prevent enzymatic
degradation. The vials were subsequently placed in empty 50 mL Falcon tubes,
wrapped in aluminum foil, to prevent any light passing. These tubes were then
placed on a tube roller mixer and stored at 37◦C for 96 hours. In the following of this
report, this procedure of artificial aging will be referred to as the incubation and the
solution as threose solution.

2.4 Surface Color Analysis

The AGEs that are formed during non-enzymatic glycation form brown pigment
[102]. Depending on the intensity of cross-linking, the color of cartilage changes
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from white to brown. This change in color can be used as an indicator for the quan-
tity of the cross-links as a result of the incubation with L-threose [100].

Before and after treatment, all samples were placed side by side on a glass dish
and analyzed under a light microscope. Images of the cartilage surface were cap-
tured with a stereo microscope (SZX7, Olympus, Tokyo, Japan) and photo program
software (Cell∧F, Olympus, Tokyo, Japan). It was of utmost importance that all im-
age acquisition was performed with identical settings and in the absence of ambient
light. The captured background functioned as a reference framework and was con-
figured as white (light intensity: 255 AU). The resulting images were converted to
32-bit images and the average pixel intensity was calculated with Fiji (ImageJ). The
color of both the top and bottom surface of the samples was analyzed. After the
second color analysis was performed, the samples were washed and stored in PBS
solution for 12 hours at 4◦C before biomechanical testing started.

2.5 Biomechanical Analysis

Biomechanical testing was carried out before and after incubation to obtain the
change in Young’s modulus of each sample. Stress-relaxation tests were performed
uniaxially by a macroscopic indentation device. The setup consisted of a Lloyd
LR5K testing machine (Lloyd Instruments, Bognor Regis, UK) with an extension
resolution of less than 1 micron. The machine was equipped with a stainless-steel,
spherical-ended indenter head with a radius (r) of 1 mm, a Young’s modulus of 200
GPa and a Poisson’s ratio of 0.30. To ensure biosafety, the whole set-up had to be
wrapped in transparent plastic foil.

The experimental method that was used for this test, was mainly based on earlier
work of Jurvelin et al. [103, 104]. Prior to the measurement, the sample was allowed
to equilibrate in PBS solution for an hour at room temperature (20◦C). Then it was
placed in a petri dish with the superficial layer facing upwards and with enough PBS
solution to keep it moist, but not too much to prevent it from floating. Before each
measurement, the indenter was lowered with a displacement rate of 1 µm/s until a
preload of 0.015 N was registered by the load cell, to ensure contact between the in-
denter and sample. After the preload was reached, the indenter was directly moved
up again until the registered load dropped to 0 again. The extension of the machine
was tared at this level, as this was the starting point for indentation. Subsequently,
we fully submerged the sample in PBS solution and waited until equilibrium was
reached, before starting the loading protocol.

The following displacement-controlled protocol was defined in Ondio software
(Chatillon Fore Measurement, Largo, FL, USA). It started with a fast ramp compres-
sion with a displacement rate of 0.1 mm/s to a depth of 0.2 mm, to reach a strain
level of approximately 10%. This deformation was kept constant for 130 seconds
while the resulting load was monitored. Unloading followed with the same dis-
placement rate. Indentation was done twice per sample to reveal possible failures
in the test system. The sample was allowed to recover for at least an hour between
both indentations. Similar load curves confirmed the validity of the measurement.

Application of the ramp displacement started the measurement and data acqui-
sition by the computer. Load and position were recorded every 0.1 seconds by the
load cell. As a response to deformation, articular cartilage showed an instant stress
response. This instant response was followed by a relaxation to equilibrium stress,
visualized in a typical stress-relaxation curve.



18 Chapter 2. Methods

The data that were acquired during stress relaxation were used to calculate the
stiffness of the sample. The stiffness measurement was based on the quantitation of
the force by which the tissue resists instantaneous indentation of a constant depth.
The peak load that resulted from the initial ramp compression represents the instan-
taneous stress while the stress-relaxation measured at t = 125 was set as the equilib-
rium stress, as can be seen in Figure 2.3.

FIGURE 2.3: Example of plots from stress relaxation data, acquired
from 1 cartilage quarter disk. The peak load at approximately t=2 is
the result of the tissues instant response to the step displacement and
is directly proportional with the instantaneous stress. The measured
load at t = 125 s is directly proportional to the tissues equilibrium

stress

The Hertz model is often used in the case of spherical indenters to analyze the
indentation data. The load (P) in this model is expressed as:

P =
4
3

Eeff R1/2h3/2 (2.1)

Where R is the radius of the indenter tip, h is the penetration depth and Eeff
denotes the reduced contact modulus between the tip and the sample. Eeff is related
to the cartilage stiffness as follows:

1
Eeff

=
1− ν2

E
+

1− ν′2

E′
(2.2)

Where E’ and ν’ refer to the indenter’s modulus and Poisson’s ratio respectively
and the other terms to those of the cartilage tissue. During ramp loading, Poisson’s
ratio value of 0.5 was used in calculation of the instantaneous modulus (Ei). Pois-
son’s ratio of 0.15 was applied for calculation of the equilibrium modulus (Eeq) [105].
In the case of soft materials, where E’� E, this equation can be simplified as follows:

1
Eeff
≈ 1− ν2

E
(2.3)
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Since stress-relaxation consists of measuring the load relaxation over time in re-
sponse to a constant step indentation input (h0), the modulus can be expressed as:

E =
3(1− ν2)P
4R1/2h3/2 (2.4)

2.6 Pentosidine and Collagen Measurements

The pentosidine and collagen level of the sample were determined using high per-
formance liquid chromatography (HPLC). This is a form of column chromatogra-
phy, generally used in biochemistry to separate, identify and quantify sample com-
pounds. A full description of this technique can be found in Appendix A.

2.6.1 Sample preparation for HPLC

After micro indentation, the samples were prepared for biochemical analysis. In
order to research the difference in the number of cross-links between the superficial
zone and the rest of the tissue, half of the samples were cut in two pieces (n = 16).
We tried to cut off 20% of its thickness, using the bioreactor as a clamping device
and a digital caliper to check the thickness. The samples that resulted from this
splitting, will hereinafter be referred to as the radial and superficial layer. The wet
weight of all samples was measured, after which they were stored at -80◦C for 10
minutes. A lyopholization of 18 hours in a freeze dryer followed, to remove all the
water from the tissue. After dry weight was measured with a microbalance (Mettler
Toledo UMX2 Ultra-microbalance), the samples were cut into small pieces. Then
they were hydrolyzed in 6 M hydrogen chloride (HCl) in an oven at 110◦C for 22
hours to break down the macromolecules in the tissue into individual amino acids.
The liquid phase of the digested samples was allowed to completely evaporate at
60◦C under a fume hood. This step was repeated after adding 800 µL of purified
(MQ) water to remove as much HCl as possible. The residues were dissolved in an
internal standard solution as described in the following section. Both HPLC assays
that were performed, are based on the method, proposed in 1996 by Bank et al.[106].

2.6.2 Pentosidine Level

In this subsection, we describe the quantification of pentosidine in a reversed-phase
HPLC run. Because of its fluorescence, pentosidine can be detected relatively easy.
The hydrolyzed sample was diluted in 0.5% (v/v) heptafluorobutyric acid (HFBA)
in 10% acetonitrile (ACN). An internal standard of pyridoxine (10 µM) was used
to improve the accuracy in the quantification of pentosidine. A volume of 100 µL
sample was injected into the system.

The HPLC system consisted of an Alliance 2695 Separations module (Waters Cor-
poration, Milford, MA, USA) in series with an Alliance 2475 Multi Fluorescence de-
tector (Waters Corporation, Milford, MA, USA). For pentosidine measurement, ex-
citation and emission wavelengths were set at 297 nm and 395 nm respectively. For
pyridoxine measurement, excitation and emission wavelengths were set at 295 nm
and 400 nm respectively. Reversed-phase chromatography was performed using a
Tosoh TSKgel ODS-80-TM column (4.6 mm internal diameter x 15.0 cm) packed with
C18 coated silica particles. Waters Empower 3 Chromatography Data Software was
used for data acquisition and processing. The analysis was performed at 30◦C, using
a tailored gradient run of 50 minutes with a constant 1.0 mL/min flow rate.
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2.6.3 Collagen level

The amount of pentosidine in a sample was normalized by its collagen content to
account for sample-to-sample variation. Collagen triple-helix with ∼300 repetitive
sequences of Gly-X-Y (where X is often proline (Pro) and Y is hydroxyproline (Hyp)),
is usually identified from nucleotide sequences. In this experiment, the amino acid
Hyp was quantified to determine the collagen level in the sample, assuming that ev-
ery 300 Hyp residues represent 1 collagen molecule. Measurements were performed
with the same HPLC set-up and a similar column, as was used for the pentosidine
measurements (Section 2.6.2). Excitation and emission wavelengths were set at 254
nm and 630 nm respectively.

For Hyp analysis, an aliquot of the above diluted sample (Section 2.6.2) was di-
luted another 50 times with 0.1 M sodium borate buffer pH 8.0 (dilution factor: 250).
To enable the detection of amino acids with the fluorescence detector, 200 µL of the
dilution was derivatized with 9-fluorenylmethyl chloroformate (FMOC). Derivation
was followed by two pentane extractions to remove the excess FMOC. An internal
standard of homoarginine (24 µM) was used to improve the accuracy in the quan-
tification of hydroxyproline. A volume of 50 µL sample was injected in the system.

Mobile phases A and B were citrate solutions with different pH values and mo-
bile phase C consisted of 100% ACN. A solution of 10% methanol (MeOH) was used
as a needle wash between each injection. The column was washed and stored in mo-
bile phase C. The analysis was performed at 30◦C using a tailored gradient run of
40 minutes with a constant 1.4 mL/min flow rate. A calibration curve was obtained
using external standards. The external standards contained hydroxyproline (Sigma
H-7279) at concentrations varying from 0 to 60 µM.

The protocol of the HPLC measurements is presented in Appendix C , complete
with chemical preparations and machine conditions.

2.7 Statistical Analysis

Statistical analyses were performed using GraphPad, Prism 8. The normality of data
distribution was tested using Shapiro-Wilk tests. For data passing the normality
test, One-way ANOVA was used, followed by a post-hoc Tukey’s range test. For
data not passing the normality test, Kruskal–Wallis was used, followed by a post-
hoc Dunn’s test. The level for statistical significance in all tests was set to p = 0.05.
correlations are examined by the Pearson correlation coefficient r. Non-parametrical
Mann-Whitney U-test and Spearman’s rank correlation coefficient ρ were applied if
a data set did not pass the normality test.
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Chapter 3

Results

3.1 Surface Color

The non-enzymatic reaction of the collagen network with the threose solution (gly-
cation), caused a change in surface color of the articular cartilage. It was clearly
visible that the initial white color of the samples had turned to brown (Figure 3.1).

FIGURE 3.1: Changes in the top (or bottom) surface color of equine
cartilage for compressed and uncompressed specimens after 96 hours

of incubation. These images were obtained with a stereo microscope.

The cartilage surface color analysis allowed us to quantify the differences in the
intensity of the color before and after incubation and between the compressed and
uncompressed samples. The intensity of the color is used as an indicator of the effi-
cacy of the cross-linking process. The mean magnitude of the average pixel intensity
for all samples was 167.24± 17.11 AU (n = 32) before incubation and 123.24± 19.80
AU (n = 32) after incubation. Figure 3.2 shows the mean values of the average pixel
intensity of both the top and bottom surface for the control and treatment group.

Since the Shapiro-Wilk test showed that the data for the average pixel intensity
was not normally distributed, a Kruskal-Wallis test was conducted to examine the
differences per group, followed by a post-hoc Dunn’s test. The test showed that
both test groups significantly changed in color (P < 0.0024), due to the incubation.
However, no differences were measured between the control and treated samples.
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FIGURE 3.2: Average average pixel intensity per treatment group, ob-
tained with Fiji (ImageJ). ** represents P < 0.001. The number at the
bottom of each bar represents the number of replicates averaged for

that bar value and Error bars showing the standard deviation.

3.2 Biomechanical Properties

The stiffness of the samples was measured through indentation experiments. Ev-
ery sample was indented twice and from every indentation a load-time curve was
obtained, representing a typical stress-relaxation. The instantaneous and equilib-
rium moduli of each sample before and after incubation were calculated, based on
the data from the stress relaxations. The mean value of instantaneous modulus,
calculated from all samples, was 1.46 ± 0.38 MPa (n = 16) before incubation and
3.79 ± 1.43 MPa after (n = 31) incubation. The mean value of equilibrium modu-
lus was 0.51 ± 0.20 MPa (n = 16) before incubation and 1.87 ± 1.02 MPa (n = 31)
after incubation. Figure 3.3a shows the mean values of both moduli for the con-
trol and treatment group. The normally distributed data for both moduli (Shapiro-
Wilk) were reviewed with a one-way independent ANOVA, followed by a post-hoc
Tukey’s range test. No significant differences between the control and treatment
group were observed. The analysis showed that for both groups the instantaneous
and equilibrium had significantly increased due to the incubation (P < 0.001).

Since indentation was performed both before and after incubation, we were able
to calculate the change in stiffness per sample. Reviewing the change rate per sam-
ple could potentially exclude stiffness differences as a result of variation in sam-
ple shape and thickness. Nevertheless, these results still varied a lot as the error
bars, representing the standard deviation, show in Figure 3.3b. One-way indepen-
dent ANOVA showed no significant difference in the increase between the control
and treated group or between the instantaneous and equilibrium modulus [F(3,28)
= 1.174, P = 0.3373]. Nonetheless, with respect to this percentage change, it seems
that the equilibrium modulus has increased more during incubation than the instan-
taneous modulus.
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(A) (B)

FIGURE 3.3: Instantaneous and equilibrium modulus obtained by in-
dentation. A) Average moduli per group before and after incuba-
tion. B) Average percentage change in Young’s moduli per treatment
group. The number at the bottom of each bar represents the number
of replicates averaged for that bar value and the error bars show the

standard deviation.

3.3 Pentosidine and Collagen levels

Fluorescence measurements with HPLC were used to obtain the level of the cross-
link Pent and the amino acid Hyp in the cartilage samples. All calibration curves,
created with external standards (0-50 nM Pent. & 0-60 µM Hyp.), were characterized
by a high correlation coefficient (R2 > 0.999). Appendix D provides the following ad-
ditional information, regarding the performed HPLC measurements: Examples of
the chromatograms for pentosidine, pyridoxine and hydroxyproline, the retention
times of these compounds and the equations of the calibration curves. Assuming
that every 300 Hyp residues represent 1 collagen molecule, the pentosidine per col-
lagen levels could be determined.

The mean pentosidine per collagen level was 0.12± 0.018 mol/mol (n = 31). Fig-
ure 3.4 shows the mean values for the radial zone, superficial zone and full quarter
disks per treatment group.

A Shapiro-Wilk test showed that the distribution of the data for each group fol-
lowed a normal distribution. Therefore, the pentosidine per collagen level values
were statistically assessed using one-way independent ANOVA. One-way indepen-
dent ANOVA showed no significant difference between the groups [F(5,57) = 0,7898,
P = 0.5614]. Nevertheless, a higher pentosidine per collagen level can be seen for ra-
dial zones that were assayed in the control group as compared to the ones in the
treated group.

In addition to these results, scatter plots are made of the amount of pentosidine
per collagen molecules versus the instantaneous and equilibrium modulus (Figure
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FIGURE 3.4: Pentosidine per collagen level obtained by HPLC. The
number at the bottom of each bar represents the number of replicates
averaged for that bar value and the error bars show the standard de-

viation.

3.5). A Pearson correlation coefficient was computed to assess the relationship be-
tween these variables. In the case of instantaneous stress, there was a positive corre-
lation between the relative number of crosslinks and the instantaneous modulus (r
= 0.5258, P = 0.0024).

(A) (B)

FIGURE 3.5: Instantaneous (A) and equilibrium (B) modulus versus
pentosidine per collagen molecules for every sample. A) Linear re-
gression of the instantaneous equilibrium moduli of samples versus

their pentosidine per collagen level.

3.4 Conclusion

The first part of the study focused on the effect of static mechanical compression,
experienced by the collagen type II fibril network in articular cartilage on its chem-
ical response to non-enzymatic cross-linking, leading to pentosidine cross-links. In
short, we observed no increase in the number of cross-links in response to the ap-
plication of a 15% compressive strain. Together, all findings of this experiment con-
firmed that the used treatment did not influence the formation of advanced glyca-
tion end-products. Moreover, we observed no differences in cross-linking between
the superficial and radial zone of articular cartilage. These findings are further dis-
cussed in the Discussion (Section 6).



The second part of the study focused on the effect of dynamic compression on the formation of non-
enzymatic cross-links in articular cartilage. The experiments of this research were conducted in the
Molecular Bioelectrostatics & Drug Delivery Laboratory, Northeastern University, Boston; under
the supervision of prof. A.G. Bajpayee.

Part II

The Effect of Dynamic
Compression
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Chapter 4

Methods

4.1 Tissue Harvest

Cartilage explants were extracted from an immature (2-3 weeks old) bovine knee
joint, obtained from a local slaughterhouse (Research 87, Boylston, USA). Cylindrical
plugs were initially extracted from the femoropatellar groove using a 3 mm biopsy
punch. The plugs were then sliced to obtain 1 mm thick cartilage disks contain-
ing the superficial, middle and deep zone of cartilage. Sterile technique was used,
because the samples were also harvested for other purposes (culture experiments).
Upon harvest, the disks were washed and equilibrated in 1x PBS for up to 1 hour to
maintain hydration. Cartilage disks were stored in PBS supplemented with protease
inhibitors at -20◦C until the day of the experiment.

FIGURE 4.1: Tissue harvest. The technique that is used in combina-
tion with the custom made tools resulted in the acquirement of carti-

lage samples with almost identical dimensions.

4.2 Cross-linking

After thawing, the explants were kept in 1x PBS for at least 2 hours to equilibrate. In
order to induce cross-linking, the explants were incubated (at 37◦C) in a solution (2
mL) of 40 mM L-Threose (Sigma, T7642) in 1x Dulbecco’s Phosphate Buffered Saline
(ThermoFisher Scientific, Waltham, MA) for 96 hours, while the negative control was
incubated in PBS without L-Threose. Both solutions contained protease inhibitors
(Roche Life Sciences, Indianapolis, USA) and 5 mM Ethylenediaminetetraacetic acid
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(EDTA), to prevent enzymatic degradation. The PBS, used during the whole exper-
iment, did not contain Ca2+ or Mg2+. Osmolarity differences between the threose
and PBS solution were corrected by adding the required amount of sodium chlo-
ride (NaCl) 1. In the following of this report, these solutions of PBS with enzyme
inhibitors will be referred to as PBS solution and threose solution.

4.3 Mechanical conditioning

Samples were taken out of the incubation solution 8 times to be dynamically com-
pressed. This mechanical conditioning served as the treatment of the experiment. A
cycle of unconfined compression steps was performed using a Dynamic Mechanical
Analyzer (DMA) (ElectroForce 5500, TA Instruments), equipped with a 250 N load
cell.

Before compression, the sample thickness was measured using a digital caliper.
A thin layer of glue was carefully applied to fix the disk on the unconfined com-
pression chamber, with the superficial layer facing upward. For compression under
hydrated conditions, the explants were submerged in 400 µL PBS 2.

FIGURE 4.2: Experimental set-up for mechanical treatment and mea-
surements. Left) Photo of DMA set-up. Right) Schematic of the set-
up. The cartilage explant disk is mounted in radially unconfined axial
compression in a PBS bath. The load cell is installed underneath the

compression well.

The following displacement-controlled protocol was defined in ElectroForce
WinTestTM DMA 7.1 software. Load and piston position were recorded every 0.05

1In 2018, Pouran et al. showed that cross-linking of collagen type II fibrils is tuned via an osmolality
switch. Since we solely wanted to see the effect of compression in our experiment, we had to make
sure that the osmolarity of all incubation solutions is the same.

2In the ideal test set-up, the sample would obviously be compressed while being submerged in
threose solution, instead of PBS. However, L-Threose could not be used inside the compression cham-
ber. Amongst others, because leftover threose, which is a relatively expensive compound, would go to
waste every cycle by sticking to the chamber and piston. On the other hand, if the solution was saved
and reused for multiple cycles it would be impossible to completely control the solution’s composition
and (os)molarity, as there will always be some minor evaporation, contamination and mixing with the
glue. Therefore, we had decided to use PBS during compression cycles
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seconds by the load cell. First, a preload of 0.1 N was automatically applied to en-
sure uniform contact between the articular surface and machine piston, after which
the protocol started. The sample was allowed to equilibrate in the testing solution
first for 600 seconds (step 1). Then, it was initially subjected to a 4% compressive
strain with a displacement rate of 0.0001 mm/s (step 2). Such a strain step is indi-
cated as a ramp. Again, the sample was allowed to relax and equilibrate at this strain
level for 600 seconds before dynamic compression started (step 3). Relaxation steps
are indicated as dwells.

Dynamic compression consisted of 3 hours of sinusoidal dynamic compression
of 1% amplitude superimposed on the 4% static offset strain (step 4). This dynamic
compression functions as the actual treatment of this experiment and the frequency
differed per treatment group (Section 4.3.1). After dynamic compression, a 600-
second dwell followed at the strain level of 4% (step 5).

Directly after the cycle ended, the sample was placed in its incubation solution
again. The sample was incubated 4 hours before the first cycle, 4 hours after the last
cycle and 8 hours between each cycle.

For measurement reasons, 2 additional strain steps of 2% each were applied to
the sample with a displacement rate of 0.0001 mm/s, resulting in a final compression
of 8% (step 6 & 8). Both strain steps were followed by a 600-second dwell step
(step 7 & 9), after which the piston was suddenly raised to start conditions with a
displacement rate of 0.1 mm per second (step 10).

4.3.1 Treatment groups

During this experiment, we focused on the effect of dynamic compression on non-
enzymatic glycation in cartilage. The treatment groups differed in the frequency at
which compression was applied. The treating frequency of 1 Hz is a typical gait fre-
quency and represents approximate physiologic walking, while the slower (0.01 Hz)
frequency represents sitting/office work activities [107, 108]. Treatment started ev-
ery 12 hours. A treated sample underwent a total of 8 loading cycles, each including
a 3 hour long dynamic loading step. Thus, samples were treated 24 hours during the
96-hour experiment.

As described in Section 4.2, artificial aging was induced by L-Threose. Negative
control groups were added to the experiment, in which no response was expected,
to exclude any effects that are not cross-link related. The samples in these control
groups were incubated in PBS solution. The treatment groups are summarized in
Table 4.1.

TABLE 4.1: Treatment groups with related test factors and function.

Treatment group Incubation in Frequency Function

A (n = 3) Threose no compression Positive control
B (n = 3) Threose 0.01 Hz
C (n = 3) Threose 1 Hz

D (n = 3) PBS no compression Negative control
E (n = 1) PBS 1 Hz Negative control
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4.4 Mechanical Analysis

Once the final incubation period was completed, the sample was washed in PBS for
24 hours at 4◦C, with a change of the solution after 8 hours. To obtain the final me-
chanical properties of each sample, an additional unconfined compression test was
performed. For this final measurement, the same displacement-controlled appara-
tus and set-up were used as for the dynamic compression cycles (Section 4.3) and the
same preparations were carried out before starting the loading protocol. Mechanical
testing consisted of unconfined compression in stress-relaxation followed by har-
monic loading, to determine respectively the equilibrium and dynamic stiffness of
the cartilage explants. The following displacement-controlled protocol was defined
in ElectroForce WinTestTM DMA 7.1 software. Load and position were recorded ev-
ery 0.05 seconds by the load cell.

4.4.1 Loading protocol

After achieving a contact preload of 0.1 N, the cycle started with a dwell of 600
seconds, allowing the sample to equilibrate. Preliminary tests revealed that a 600-
second relaxation period was sufficient to allow the specimen to fully equilibrate.
The preload was based on the signal-to-noise ratio of the apparatus and was used
to ensure contact between the sample and the piston. Ramp-stress relaxation test-
ing was performed, where a series of 3 consecutive ramps was applied to compress
the sample in the following order: 4%, 6% and 8% of its initial thickness with a dis-
placement rate of 0.0001 mm/s. Each ramp was followed by a dwell of 600 seconds,
resulting in 3 typical stress-relaxations.

FIGURE 4.3: Plots of the loading cycle. Left) Applied strain in per-
centile. Right) Resulting stress in Pascal. The 10 loading steps of the

cycle can clearly be identified

The 3 stress-relaxations were followed by harmonic loading, to determine the
dynamic stiffness of the sample. After the last dwell, a 1% amplitude sinusoidal
strain was superimposed on the 8% strain at a frequency of 0.01 Hz for 20 cycles. A
600-second dwell followed to let the specimen recover. Subsequently, a second sinu-
soidal strain was applied with a 1% amplitude at a frequency of 1 Hz for 30 cycles,
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after which the piston was suddenly raised to start conditions with a speed of 0.1
mm per second. The piston displacement and corresponding loads were recorded
and stored for analysis.

4.4.2 Data processing

To acquire the mechanical properties, the raw data from the loading cycle were pro-
cessed with MATLAB (MathWorks, version R2016b). By means of a custom-made
MATLAB script (Appendix E) all peaks and equilibrium forces were identified, data
was smoothened and calculations were performed (See Figure 4.3).

The magnitude of the equilibrium stress of each strain increment was calculated,
by dividing the measured forces by the sample cross-sectional area. The equilibrium
modulus was determined from the slope of the best linear fit of the equilibrium
stress, plotted against the applied strain.

The dynamic modulus (E*) and phase angle (δ) were determined from a dynamic
analysis of the measured stress and strain responses. E* is defined as the ratio of
maximum stress to maximum strain and provides a measure of the total resistance to
deformation of the sample when subjected to loading. The fundamental component
of load was normalized to original area and the fundamental component of position
was normalized to current thickness (considering the 8 percent compression offset).
By dividing these two components, the dynamic modulus was obtained.

The phase angle is a measure of the viscoelastic balance of the sample behavior.
If δ equals 90◦ then the sample can be considered to be purely viscous in nature,
whereas δ of 0◦ corresponds to purely elastic behavior. Between these two extremes,
the material behavior can be considered to be viscoelastic in nature with a combina-
tion of viscous and elastic responses.

4.5 Pentosidine and Collagen Measurements

At the conclusion of the experiment, the wet weight of the sample was measured.
The sample was digested overnight at 57◦C in 1 mL solution of the broad-spectrum
enzyme proteinase K (0.5 mg/L) in Tris (UltraPureTM 1M Tris-HCl, pH 8.0) Buffer
(ThermoFisher Scientific, Waltham, USA)).

4.5.1 Pentosidine Level

Pentosidine was quantified based on fluorescence measurement. The fluorescence
intensity of 100 µL digest samples was measured using a Synergy H1 Microplate
Reader (Biotek). The emission signal was monitored at 328 nm upon excitation at
378 nm. Fluorescence values were correlated to Pentosidine concentrations using a
calibration curve equation. The calibration curve was obtained using external stan-
dards. The external standards contained Pentosidine (Cayman 10010254) at concen-
trations varying from 0 to 10 µM.

4.5.2 Collagen level

The amount of pentosidine in a sample was normalized by its collagen content to
account for sample-to-sample variation. The measurement of hydroxyproline con-
centration was used to determine the collagen content in the samples. The hydrox-
yproline concentration was determined by the reaction of oxidized hydroxyproline
with 4-(dimethylamino)benzaldehyde (DMAB), resulting in a colorimetric product,
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proportional to the hydroxyproline present. The protocol for the hydroxyproline
assay can be found in Appendix F. Absorbance measurements were used to quan-
tify hydroxyproline content, using a Synergy H1 Microplate reader (Biotek). The
absorbance signal was monitored at 560 nm. Absorbance values were correlated to
hydroxyproline concentrations using a calibration curve equation. The calibration
curve was obtained using external standards. The external standards contained hy-
droxyproline (Sigma H-7279) at concentrations varying from 0 to 60 µM.

All values in the results from the plate reader represent the mean value of two
measured injections of the same sample.

4.6 Statistical Analysis

Statistical analyses were performed using GraphPad, Prism 8. The normality of data
distribution was tested using Shapiro-Wilk tests. For data passing the normality
test, One-way ANOVA was used, followed by a post-hoc Tukey’s range test. For
data not passing the normality test, Kruskal–Wallis was used, followed by a post-
hoc Dunn’s test. The level for statistical significance in all tests was set to p = 0.05.
correlations are examined by the Pearson correlation coefficient r. Non-parametrical
Mann-Whitney U-test and Spearman’s rank correlation coefficient ρ were applied if
a data set did not pass the normality test.
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Results

In this experiment, bovine femoral cartilage was studied to evaluate the effects of
dynamic unconfined compression on non-enzymatic glycation of articular cartilage.
The first part of this experiment aimed at the assessment of the biomechanical prop-
erties of the samples. The second part focused on the quantification of advanced
glycation end products. All the data are presented as mean ± standard deviation.

5.1 Biomechanical Properties

5.1.1 Equilibrium properties

The final equilibrium modulus of each sample was calculated, based on the data
from the three stress relaxations. The mean magnitude of equilibrium modulus for
all the samples was 0.22± 0.09 MPa (n = 13).

(A) (B)

FIGURE 5.1: Equilibrium modulus obtained by unconfined compres-
sion. A) Individual modulus per sample. Error bars showing the
mean and standard deviation from individual measurements (strain
increments). Distinction is made between each treatment group. B)
Average equilibrium modulus per treatment group. The number at
the bottom of each bar represents the number of replicates averaged
for that bar value and the error bars show the standard deviation. *

represents P < 0.05.

Figure 5.1 shows the individual values per sample and mean values per treat-
ment group. All equilibrium moduli were calculated with the data from three stress
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relaxations. Therefore, error bars are also added in Figure 5.1b, representing the
standard deviations of the calculated moduli per strain increment.

Dynamic compression with a frequency of 1 Hz "during" incubation seems to in-
crease the tissue’s equilibrium modulus, compared to treatment with 0.01 Hz com-
pression or no compression at all. However, since the same phenomenon can be seen
for the in PBS incubated (negative control) groups, it is not clear if this increase is
cross-link related.

According to the Shapiro-Wilk test, the data of all treatment groups were nor-
mally distributed. Therefore, the calculated mean equilibrium moduli were sta-
tistically assessed using a one-way independent ANOVA, followed by a post-hoc
Tukey’s range test. The one-way independent ANOVA showed that there was a sig-
nificant difference in equilibrium modulus between the 5 treatment groups [F(4,8)
= 10.12, P = 0.0032]. Samples that were compressed with a 1 Hz frequency during
incubation (treatment group C) showed a significant higher equilibrium modulus
compared to those that were not compressed during threose incubation (treatment
group A) (P = 0.0473) or incubated in PBS (treatment group D) (P = 0.0015).

5.1.2 Dynamic properties

The dynamic modulus of the samples at both frequencies is presented in Figure 5.2.
The mean magnitude of dynamic modulus for all the samples was 4.11± 1.63 MPa
(n = 13) at 0.01 Hz and 7.08± 2.90 (n = 13) at 1 Hz. When comparing the results
of the dynamic moduli at the 2 frequencies, one can immediately recognize a very
similar trend.

(A) (B)

FIGURE 5.2: Average dynamic modulus per treatment group, ob-
tained by unconfined dynamic compression at a frequency of A) 0.01
Hz. B) 1 Hz. The number at the bottom of each bar represents the
number of replicates averaged for that bar value and the error bars

show the standard deviation. * represents P < 0.05.
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According to the assessed one-way independent ANOVA, there were statistically
significant differences between the treatment groups in dynamic modulus at 0.01
Hz [F(4,8) = 6.994, P = 0.0101]. The dynamic modulus at 0.01 Hz of the samples of
treatment group C was significantly higher compared to those of treatment group B
(P = 0.0163) and D (P = 0.0114).

Since the Shapiro-Wilk test showed that the data for dynamic compression at 1
Hz were not normally distributed, a Kruskal-Wallis test was conducted to examine
the differences in dynamic modulus between treatment groups, followed by a post-
hoc Dunn’s test. A significant difference was found between treatment groups B and
C (P = 0.0211). Additionally, samples of treatment group D showed a significantly
lower dynamic modulus at 1 Hz compared to both treatment group A ( P= 0.0464)
and treatment group B (P = 0.0119). This is not shown in the graph. It seems that the
treatment with a 1 Hz compression during incubation increases the tissue’s dynamic
modulus significantly more than treatment with a 0.01 Hz compression, regardless
of whether you measure the modulus at a frequency of 1 Hz or 0.01 Hz.

The phase shift of the samples at both frequencies is presented in Figure 5.3. The
mean magnitude of phase shift for all samples was 39.3± 5.53 degrees (n=13) at 0.01
Hz and 8.87± 2.84 (n = 13) at 1 Hz.

(A) (B)

FIGURE 5.3: Average phase shift per treatment group, obtained by
unconfined dynamic compression at a frequency of A) 0.01 Hz. B)
1 Hz. The number at the bottom of each bar represents the number
of replicates averaged for that bar value and the error bars show the

standard deviation. * represents P < 0.05.

The normally distributed data for phase shift were again reviewed with a one-
way independent ANOVA, which showed a significant difference between the dif-
ferent treatment groups for both frequencies; 0.01 Hz [F(4, 8) = 3.716, P = 0.0540],
1 Hz [F(4, 8) = 6.073, P = 0.0151]. Regarding dynamic compression at 0.01 Hz, a
post hoc test shows a significant difference in phase shift between the samples of
treatment group A and treatment group C (P = 0.0418).
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In the case of dynamic compression at 1 Hz, the test shows that the samples
of treatment group C have a significant lower phase shift (viscosity) than those of
treatment group D.

5.1.3 Stiffness over time

As briefly mentioned in the Methods (Section 4.3), two additional loading steps were
added to each treatment loading cycle (step 6-9). Based on the obtained data, an
attempt was made to determine the equilibrium stiffness of the treated samples af-
ter each cycle, by reviewing the stress response of the explant to these additional
compression steps. Unfortunately, the data that we retrieved from these interme-
diate stress relaxations, gave us very conflicting and unusable results. A possible
explanation for this, may have to do with the fact that the tissue was not recovered
from the 3-hour cyclic loading [78]. Therefore, these findings were excluded from
the study.

5.2 Pentosidine and Collagen levels

A fluorescence measurement with a plate reader was used to determine the pento-
sidine level of the samples, as an indicator for the number of cross-links. The cali-
bration curve, that was created with 8 standards (0-10 µM), was characterized by a
high correlation coefficient (R2 > 0.999). The mean pentosidine level was 0.24± 0.03
µmol (n = 9) for samples that were incubated in threose solution and 73± 5.3 pmol
(n = 4) for samples that were incubated in PBS solution. Figure 5.4 shows the mean
values per treatment group.

FIGURE 5.4: Average pentosidine level per treatment group, obtained
by fluorescence measurement. The number at the bottom of each bar
represents the number of replicates averaged for that bar value and
the error bars show the standard deviation. * represents P < 0.05 and

** represents P < 0.001.

A Shapiro-Wilk test showed that the distribution of the data for each treatment
group followed a normal distribution. Therefore, the pentosidine level values were
statistically assessed using a one-way independent ANOVA, followed by a post-hoc
Tukey’s range test. A one-way independent ANOVA showed a significant difference
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between the treatment groups [F(4,8) = 84.25, P < 0.0001]. Samples of all treatment
groups, incubated in threose (A, B and C) showed significant higher pentosidine
levels compared to those incubated in PBS solution (P < 0.001). Moreover, samples
of treatment group C showed a significant higher pentosidine level compared to the
samples of treatment group A (P = 0.0217).

The level of hydroxyproline was measured with the use of absorbance measure-
ments, to determine the collagen level per sample. The calibration curve for this
assay, created with 9 standards (0-60 µM), was characterized by a high correlation
coefficient (R2 > 0.999). By means of these values, the collagen levels could be cal-
culated. The mean collagen level for all samples was 4.90± 0.96 µmol (n = 13). The
amount of pentosidine per collagen molecules (mol/mol) is presented in Figure 5.5a.

(A) (B)

FIGURE 5.5: A) Average molecular amount of pentosidine per colla-
gen (mol/mol) per treatment group. The number at the bottom of
each bar represents the number of replicates averaged for that bar
value and the error bars show the standard deviation. B) Linear re-
gression of the individual equilibrium moduli of samples versus their

pentosidine per collagen level.

The trend that we observed earlier with the absolute pentosidine levels of the
samples had changed after normalization to collagen content. For the treatment
group that was treated with no compression, it meant a relative increase in mean
cross-link level with a high standard deviation. A one-way independent ANOVA
showed no significant difference anymore between the treatment groups that were
incubated in threose. The groups that were incubated in PBS still showed signifi-
cantly lower cross-link levels than those that were incubated in threose (P < 0.05).

A Pearson correlation coefficient was computed to assess the relationship be-
tween the pentosidine per collagen level and the equilibrium modulus. As expected,
there was a positive correlation between the two variables (r = 0.7006, P = 0.0077). A
scatter plot summarizes these results (Figure 5.5b).
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Discussion

The first part of the study focused on the effects of static mechanical compression,
experienced by the collagen type II fibril network in articular cartilage on its chem-
ical response to non-enzymatic cross-linking, leading to pentosidine cross-links. We
observed no increase in the number of cross-links in response to the application of a
15% compressive strain. Together, all findings of this experiment confirmed that the
used treatment had no influence on the formation of AGE cross-links. Moreover, we
observed no differences in cross-linking between the superficial and radial zone of
articular cartilage.

The results are not in accordance with findings reported by Pouran et al., that
suggested that shrinkage makes cartilage tissue more prone to glycation. It was
shown that shrinkage of less than 3%, induced by exposure to hyper-osmolality,
affected the cross-link efficiency significantly [100]. The main difference between
both studies is the direction of deformation. The treatment in our study consisted
of uniaxial compression, which is different from strain in all directions (like shrink-
age). Pouran et al. have explained that shrinkage of the tissue can result in a denser
collagen fibril network, which potentially alters the spatial conformation of the ly-
sine and arginine, the amino-acids responsible for non-enzymatic cross-linking. The
compression in our experiment was unconfined, which may have resulted in a less
dense network in which fibrils can more easily recover, preventing them from con-
formational changes.

A biomechanical and biochemical analysis was performed to assess cross-linking
efficiency. The mechanical properties were obtained by indentation experiments. In-
cubation of articular cartilage with threose clearly resulted in an increase in stiffness,
but no differences in stiffness were observed between the different treatment groups.
The smallest available indenter for our experiments was a spherical indenter with
a radius of 1 mm. Therefore, the indentation tests were applied at a homogenized-
scale [109]. The elastic response was analyzed using the Hertzian contact model,
which focuses on the loading portion of the load-displacement curve; instead of the
classical unloading portion, like in the Oliver-Pharr model. The Hertzian model
is more suitable for soft biological tissues, according to literature [110]. The mean
values of the instantaneous and equilibrium modulus calculated from all samples
before incubation was 1.46± 0.38 MPa (n = 16) and 0.51± 0.20 MPa (n = 16) respec-
tively. Since the methods and tissues in literature vary and we not have based our
method completely on an existing study, it was hard to determine whether our re-
sults were in the expected range. The study with the most comparative test method
found an average equilibrium modulus of 0.47± 0.15 MPa (n = 9) for bovine femoral
cartilage, using a spherical indenter with a radius of 1.5 mm [111]. An instantaneous
and equilibrium modulus of 1.79± 0.59 and 0.45± 0.26 Mpa (n=7) respectively, were
measured for bovine patellae, using a flat-ended cylindrical indenter with a radius
of 4 mm [112]. These results correlate with ours. Though, for future experiments, it
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is advised to use a reference material (like rubber) with predefined mechanical prop-
erties, to use as a standard for this protocol. This way the method can be validated
before starting the measurement.

An apparent limitation of the indentation method was the detection of the sur-
face. This was done by manually lowering the indenter until pre-stress was ob-
served. Because cartilage is a soft and viscoelastic material, it will relax as soon as
load is applied to it; making it hard to determine the right starting position. Addi-
tionally, the samples were not fixed to the petri dish, making it hard to keep them
fixed when applying pre-stress. In many other studies, the bone substrate is being
glued to the petri dish before loading [12, 113–115]. This was not possible in our
case, as the cartilage layer was removed from the bone and glue seemed to damage
the samples in a preliminary study when directly applied.

HPLC was performed to determine the pentosidine and collagen content of the
samples. No clear differences in the relative amount of pentosidine were observed
between the different treatment groups. Half of the samples were cut into two pieces
before HPLC preparations started, to compare the pentosidine per collagen levels
between the radial and superficial zone. The average value for the radial zone of
compressed samples was slightly lower than the rest, indicating that fewer cross-
links have been formed in this deeper zone. The mean value of the level pentosi-
dine per collagen molecule, measured for all samples with HPLC, was 0.12± 0.018
mol/mol (n = 31). Considering the differences in incubation time and sugar concen-
tration, this result ties well with previous studies in which pieces of cartilage were
incubated in threose [100, 116]. As expected, also a strong correlation was found be-
tween the collagen content and the dry weight (r = 0.964, p < 0.0001). HPLC seemed
to be an accurate method for the separation and quantification of the analytes.

Since only one strain magnitude was used to investigate the effects of static com-
pression, an additional experiment has been conducted (see Appendix G). Compres-
sion with multiple different strain magnitudes were investigated for their effect on
cross-link formation. No significant differences were observed between the treat-
ment groups with regard to pentosidine level. Therefore, we conclude that static
compression does not influence non-enzymatic glycation in articular cartilage.

In the second part of this exploratory study, we have investigated the effects of
dynamic mechanical compression on enzymatic glycation, leading to pentosidine
cross-links. The findings reported here demonstrate that dynamic compression at
the physiological magnitude and frequency of walking can lead to increased non-
enzymatic cross-linking. Biomechanical and biochemical variations were observed
between treatments with different frequencies. The highest stimulation of cross-
linking was observed at a frequency of 1 Hz. These findings show an interesting
trend, which indicates that dynamic mechanical stress in vivo, may regulate the ac-
cumulation of AGEs and thereby may influence cartilage aging and deterioration.

In this study, biomechanical properties of the bovine cartilage samples were de-
termined only after the incubation period, by analyzing the tissue response during
unconfined compression. The biomechanical properties (stiffness) of the samples
were hypothesized to be correlated with the level of cross-links in the collagen type II
network [92, 117]. To quantify the biomechanical properties, the samples were char-
acterized by an equilibrium modulus (elastic properties) and two dynamic moduli,
together with two corresponding phase shifts (viscoelastic properties). The biome-
chanical data together indicated that incubation with L-threose as reducing sugar
results in a stiffened collagen matrix, which is consistent with a previous study [92].
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The biomechanical analysis that was used in this experiment is a widely used
measuring technique within the lab. It is assumed to be an accurate way of mea-
suring the biomechanical properties of cartilage explants. Moreover, the average
equilibrium modulus of immature femoral bovine cartilage, that was obtained from
the samples that were incubated in PBS without any treatment, agrees with the find-
ings of another study (0.1 MPa [118]). Yet, (despite some minor variation in used
sample dimensions and methods) different values have been published too, e.g. (0.7
MPa [119]).

Our data, regarding the equilibrium modulus, illustrate that alternating the L-
threose incubation with dynamic loading cycles with a frequency of 1 Hz, enhances
the formation of cross-links compared to treatment with a frequency of 0.01 Hz or
no compression at all. However, the negative control groups, the treatment groups
that were incubated in the absence of a cross-link inducing sugar, show a similar
difference. The negative control samples that were treated with 1 Hz show a much
higher equilibrium modulus than the “no compression” group. This unexpected
value cannot be caused by AGEs. As this group only consisted of one sample, it is
hard to tell whether this high value is caused by its treatment or by an anomaly.

Furthermore, the effect of the treatment on the dynamic moduli was analyzed.
The dynamic loading protocol for these measurements consisted of a sinusoidal
loading at a frequency of 0.01 and 1 Hz (not to be confused with the treatment fre-
quencies). For the dynamic moduli, a similar pattern of results was obtained as for
the equilibrium modulus. Again, the results suggest that alternating the L-threose
incubation with dynamic loading cycles with a frequency of 1 Hz, increases the stiff-
ness of the tissue, supposedly by enhancing the formation of cross-links. The dy-
namic moduli for samples that had been treated with a 0.01 Hz compression were
remarkably low.

Lastly, also the phase shift could be determined from the sinusoidal loading. The
phase shift is a measure of the tissue’s viscoelasticity. The values for phase shift at a
low frequency (0.01 Hz) were substantially higher than those at a higher frequency
(1 Hz). During low-frequency loading, the interstitial fluid can flow more freely
through the cartilage matrix. This way, a relatively large amount of energy can be
dissipated, resulting in highly viscoelastic behavior. As frequency increases, the flow
of the interstitial fluid is more restricted. Fluid pressurization and fiber tension take
over its role, resulting in a more elastic behavior [120]. When comparing the data
between the treatment groups, a similar trend was recognized for treatment at the
high frequency as before. The group that has been treated with dynamic loading
at 1 Hz had a visibly lower phase shift compared to the other groups, indicating a
higher stiffness. On the other hand, at the low frequency, we see that this trend has
changed. If we relate stiffness directly to cross-links, this would indicate that in our
experiment, cross- links influenced the tissue’s elastic behavior, without influencing
its viscoelastic behavior. This could mean that cross-links, which are relatively small
molecules, have less influence on the attraction of fluid by proteoglycans and the
tissue’s permeability. Unfortunately, no literature could be found on this matter.

The observations regarding the biomechanical properties were partly substan-
tiated by the results of the biochemical analysis. The absolute pentosidine levels,
that were measured with the plate reader, show a similar trend and thereby con-
firm our previous findings to some extent. Again, samples that were treated with
1 Hz dynamic loading showed to have a higher level of pentosidine than the other
treatment groups. However, only significant difference was found between treat-
ment at 1Hz and no compression at all. The bovine explants that were used during
this experiment were considered to have similar initial properties and structures,
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as they were harvested from the “unloaded” patellofemoral groove of an immature
calf. Nonetheless, the absolute pentosidine levels were normalized to collagen con-
tent, to exclude potential irregularities in sample dimensions or composition. After
normalization with collagen content, the difference between the 0.01 Hz and 1 Hz
treated groups was still visible. Though, the data of the untreated group (threose -
no compression) showed a very high standard deviation.

Plotting the amounts of pentosidine per collagen molecules versus equilibrium
modulus revealed an increasing trend as expected [92]. Overall, the findings of this
study show a trend that is in line with previous research by Pouran et al. [100]. It
has been shown that shrinkage of the ECM, as a result of an osmolarity difference,
makes it more prone to glycation. Such shrinkage seems comparable with our dy-
namic compression. We can indirectly relate this to previous research, that revealed
intrinsic strain dependency of collagen fibrils to enzymatic degradation [46–48, 50–
81]. Sufficient compressive strain of the ECM has been shown to decrease the elastic
pre-stress developed in the collagen network. By affecting the molecular conforma-
tion of the fibrils, this results in a higher susceptibility for enzymatic degradation
[121]. We observed no increased glycation for compression at 0.01 Hz. We specu-
late that this might be due to the fact that the tissue does have time to recover its
original shape during intermittent compression at such a low frequency, due to the
viscoelastic (rate-dependent) mechanical properties of articular cartilage [122].

Although our study provided insight into the biomechanical and biochemical
effects of compression during aging of articular cartilage, it had some significant
limitations that should be considered. First, samples were dynamically compressed
in PBS, instead of threose solution as described in Section 4.3. This was a limiting
factor, as the goal of this study was to examine the direct effect of compression on the
formation of cross-links. Accumulation during compression was also inhibited by
the temperature, as the loading cycles were performed at room temperature. These
adaptations resulted in an aging model in which the samples were incubated for
roughly 64 hours. Second, the sample size was limited. The time frame of the treat-
ment was chosen to be 96 hours in total. Treatment consisted of two loading cycles
a day with 8 hours of incubation in between. Consequently, only one sample could
be treated at a time. The sample size could be increased to enhance the power of the
study. Nevertheless, the aim was to create an experimental setup.

We have found a trend in which dynamic mechanical compression with a fre-
quency of 1 Hz increases the glycation efficiency in collagen fibrils. We believe that
this is due to conformational changes in the collagen molecules. These findings sug-
gest that walking could negatively influence the aging of articular cartilage. What
could be the biological reason for this cell-independent mechanism? Several stud-
ies have shown that the accumulation of collagen cross-links increase resistance to
collagenolytic digestion [80, 92, 123, 124]. The increased susceptibility for AGEs
might be a protection mechanism of the fibrils against the increased susceptibility
for enzymes. During this study, we have not investigated the potential depletion of
proteoglycan. Collagen cross-linking may protect the matrix from proteoglycan loss,
by creating a denser collagen mesh. However, no existing literature could be found
on this matter.

Future research should include analysis of PG loss. For a follow-up study we rec-
ommend using dynamic mechanical analysis and HPLC for respectively biomechan-
ical and biochemical analysis of the samples after treatment, because these methods
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are both more accurate than their alternatives, described in this report. For the treat-
ment, we advise designing a test set-up in which one or more samples can be com-
pressed in threose solution for a longer period of time at 37◦C. The compression
chamber could be covered with parafilm to minimize the evaporation of the test liq-
uid over the course of the experiment and a pump could be inserted to accomplish
re-circulation [125]. The primary goal of a follow-up study is to increase sample size
with the same frequencies. If the trend is confirmed, a similar study could be con-
ducted on whole knee joints from cadavers with a specially designed loading and
connecting device [126].
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Chapter 7

Conclusion

In conclusion, our results suggest that non-enzymatic cross-linking of collagen fibrils
in articular cartilage is enhanced by dynamic loading in the physiological frequency
of walking, which we applied in unconfined conditions using a dynamic mechan-
ical analyzer. We have created two different aging knee models to investigate the
effect of both static and dynamic compression. We tested and compared different
methods to measure the biomechanical and biochemical properties of the treated
samples. Our micro-indentation data, dynamic mechanical analysis and pentosidine
level measurements indicate that 1 Hertz compression accelerates advanced glyca-
tion and the “aging” of articular cartilage. On the contrary, static compression with
a 5, 10 and 15% strain and dynamic compression at a frequency of 0.01 Hz showed
no effect. Altogether these findings contribute to a better understanding of how ex-
ternal mechanical factors influence the chemical reactions of collagen fibrils on the
micro-scale. They provide insight into the cell independent mechanisms that are po-
tentially encoded in the molecular structure of collagen. Moreover, this study builds
on previous work, investigating the mechanochemistry in collagen networks, that
revealed strain dependency of the enzymatic degradation. A better understanding
of the intrinsic properties of collagen fibrils is necessary to develop future strategies
against cartilage aging and deterioration.
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Appendix A

Bioreactor Design
This section presents the technical drawings of the bioreactor components. These
drawings were generated using SOLIDWORKS (EDUCATION EDITION 2017-
2018). The scales have been adjusted to fit on the page (scale = 0.75).
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Appendix B

Explanation HPLC
This section presents a full description of the liquid chromatography technique, used
in section 2.6.

High Performance Liquid Chromatography (HPLC) is a form of column chro-
matography, generally used in biochemistry to separate, identify and quantify sam-
ple compounds. HPLC typically utilizes a pump that moves one or more liquid
mobile phases (eluents) through a column that holds packing material, known as
the stationary phase. A detector at the end of the cycle shows the retention time of
the different molecules. The retention time depends on the interaction between the
stationary phase, the analyte and the mobile phase(s). The sample with analyte is
introduced in a small volume to the stream of the mobile phase and is retarded by
specific chemical or physical interactions with the stationary phase.

Analytes within the sample are separated based on their specific affinity for the
stationary and mobile phase(s), often due to different polarities for example. There-
fore, analytes that have a relatively high interaction with the mobile phase and
low interaction with the stationary phase, will move faster through the column.
Molecules of the same compound will generally move in groups, seperating the
compounds into distinct bands within the column. The components of a basic HPLC
system are shown in the diagram in Figure B.1.

FIGURE B.1: Schematic set-up of an HPLC system with components
[courtesy: https://www.idex-hs.com/ literature-tools/ educational-materials /hplc-center/]

Reversed phase HPLC (RPC) is characterized by a non-polar stationary phase
and an aqueous, polar mobile phase. The underlying principle common to RPC
is that it operates through hydrophobic interactions, as a result from the repulsive
forces between a polar eluent, moderatly non-polar analyte and non-polar station-
ary phase. The hydrophobic molecules in the mobile phase tend to adsorb to the
hydrophobic stationary phase, while the hydrophilic molecules in the mobile phase
pass through the column and are eluted first [127].
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The chemical separation that occurs, is visualized in a chromatogram. A chro-
matogram shows a time axis with a series of peaks rising from the baseline. Each
peak represents the detector’s response to a certain compound. The area under the
peak curve is considered as a measure of component concentration. All detectors
for HPLC respond to some physico-chemical property of the analyte. Two popular
ones are UV absorbance and fluorescence. These detectors often contain flow cells,
that function as detecting components (Figure B.2). The resulting chromatogram is
a plot of the absorbance or fluorescence signal as a function of elution time. A flu-
orescence detector provides additional selectivity because only a few of a sample’s
components are fluorescent.

(A) (B)

FIGURE B.2: HPLC detectors - basic instruments for measuring A)
absorbance & B) fluorescence [courtesy: https:// community.asdlib.org /imageandvideoexchangefo-

rum/2013 /08/02/absorbance - and-fluorescence-detection -for-hplc-separations/]
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Appendix C

HPLC protocol
This section presents the protocol that has been used for the HPLC measurements.
It includes the preparation of samples and standards, as well as the apparatuses and
settings.
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	 50nM	Pent.	
2mM	Pyr.	

25nM	Pent.	
2mM	Pyr.	

10nM	Pent.
2mM	Pyr.	

5nM	Pent.	
2mM	Pyr.	

2,5nM	
Pent.	

2mM	Pyr.	

0nM	Pent.	
2mM	Pyr.	

B5.	 15 mL 7,5 mL 3 mL 1,5 mL 0,75 mL 0 mL 
B6.	 0 mL 7,5 mL 12 mL 13,5 mL 14,25 mL 15 mL 

 
Preparation	of	samples	
C1. Dilute 100 μl supernatant with 400 μl 0.5% (v/v) HFBA in 10% (v/v) acetonitrile. 

By doing so, the supernatant is diluted with a factor 5. Bring 150 μl in an HPLC 
insert; inject 100 μl on the reversed-phase HPLC column for crosslink analysis 
with the protocol as described below.  

 
HPLC	analysis	of	cross‐links	

 
Apparatus: 
 Waters 2795 Separation Module 
 Column: TosoHaas TSKgel ODS-80-TM, 4.6 mm ID x 15 cm 
 Waters 2475 HPLC Multi Fluorescence detector (excitation 254 nm, emission 630 

nm) 
 Waters Empower 3 Chromatography Data software programme for data analysis 

 
Machine settings: 
 Analysis time: 0:50:00 
 Injection volume: 150 μl 
 Column temperature: 30°C 
 Sample environment temperature: 20°C. 
 Initial system pressure before sample injection (150μl) was 1790 psi with a steady 

pressure ripple between 15-20 psi. 
 Flow rate of 1 ml/min. 
 The injection needle was washed after every injection with 10% methanol. 
 After measurements, the column is washed and stored in 100% acetonitrile. 

 
Chromatographic gradient conditions for HPLC analysis of cross-links 
Time 
(min) 

% eluent A % eluent B % eluent C remarks 

0 100 0 0 elution of HP and LP 
17 0 100 0 elution of pentosidine 
30 0 0 100 cleaning of the column 
40 100 0 0 back to start conditions 
50 100 0 0 equilibration of the column 
 
0-20 min: excitation 295 nm, emission 400 nm (wavelengths for pyridoxine, HP and LP) 
20-30 min: excitation 328 nm, emission 378 nm (wavelengths for pentosidine) 
 
Preparation of eluents: 
D1. Eluent A: 0.09%-0.16% (v/v) HFBA in 24% (v/v) methanol 

240 ml methanol + 0.9 to 1.6 ml HFBA; bring the volume to 1000 ml with Milli-Q 
water. The amount of added HFBA depends on the quality of the column (with 
eluent A the cross-links HP and LP are separated) and should be determined by 
trial and error (start with 0.09%).  

D2. Eluent B: 0.07% (v/v) HFBA in 40% (v/v) methanol 
400  methanol + 0.7 ml HFBA; bring the volume to 1000 ml with Milli-Q water. 

D3. Eluent C: 0.15% (v/v) HFBA in 75% acetonitrile 
750 ml acetonitrile + 1.5 ml HFBA; bring the volume to 1000 ml with Milli-Q 
water. 
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HPLC	analysis	of	FMOC	derivatized	amino	acids	

 
Reagents	
 L-homoarginine (Sigma H1007) 
 Boric acid (Sigma B0252) 
 Pentane > 95% (Interchema 601-006-00-1) 
 Tri-sodiumcitrate-dihydrate (Merck 1.06448) 
 Citric acid monohydrate (Sigma 251275) 
 Tetramethylammonium chloride (Sigma T19526) 
 Sodium azide (Sigma S2002) 
 Phosphoric acid 85%wt (Acros Organics) 
 Acetonitrile (Biosolve HPLC grade) 
 Methanol absolute, HPLC (Biosolve, 136806) 
 Acetone (Merck 100014) 
 Sodium hydroxide (Sigma S8045) 
 FMOC-L-Hydroxyproline ≥ 98%, HPLC (Sigma 47686) 
 9-fluorenylmethyl chloroformate (Sigma 8.18203) 
 5 M NaOH: dissolve 6 g NaOH in 30 ml MilliQ water. 
 0.1 M borate buffer: dissolve 6.183 g boric acid in ± 900 ml MilliQ water. Bring the 

pH to 8.0 with 5 M NaOH; add Milli-Q water to 1000 ml. Store at 4 ºC; check before 
use the clarity of the solution (it should be clear). 

 6 mM FMOC: dissolve in a stoppered glass tube 15 mg 9-fluorenylmethyl 
chloroformate in 10 ml acetone. Prepare freshly every day; avoid attraction of water 
from the air by closing the glass tube. With 10 ml about 40-45 samples can be 
derivatized.  

 25% (v/v) acetonitrile in 0.1 M borate buffer pH 8.0: Add 125 ml acetonitrile to 375 
ml 0.1 M borate buffer pH 8.0. Store at 4 ºC. 

 
Preparation	of	External	Standards	(ES) 
E1.  60 μM FMOC-Hyp in 0,1 M boric acid buffer pH 8,0: Dissolve 21,2 mg FMOC-Hyp-

OH to 1 L 0,1 M borate buffer pH 8,0. Use a magnetic stirrer for 30 minutes to 
make sure all is dissolved. 

E2.  4,8 mM Homoarginine solution: Dissolve 0,1079 gram homoarginine in 100 ml 
Milli-Q water to make a 4,8 mM solution. Store at -20˚C in 5 mL tubes. 

E3.  60 μM Hyp-Standard 9,6 μM Homoarginine in 0,1 M boric acid buffer pH 8,0: Mix 
200 mL FMOC solution (Reagent	E1.) with 400 µL 4,8 mM Homoarginine solution. 

E4. 9,6 μM Homoarginine in 0,1 M boric acid buffer pH 8,0: Mix 200 mL 0,1 M boric 
acid buffer pH 8,0 with 400 µL 4,8 mM Homoarginine solution. 

E5. Hydroxyproline standards 9,6 μM Homoarginine in 0,1 M boric acid buffer pH 8,0: 
Mix Reagent	E3. and E4. as indicated to make hydroxyproline standards with the 
right concentrations.  Store at -20˚C in 15 mL tubes. 

 
	 60	μM	Hyp	

9,6	μM	HA	
30	μM	Hyp
9,6	μM	HA

10	μM	
Hyp	

9,6	μM	HA

5	μM	Hyp	
9,6	μM	HA

2,5	μM	
Hyp	

9,6	μM	HA	

0	μM	Hyp	
9,6	μM	HA	

Reagent	
c	

15 mL 7,5 mL 2,5 mL 1 mL 0,5 mL 0 mL 

Reagent	
d	

0 mL 7,5 mL 12,5 mL 11 mL 11,5 mL 15 mL 

 
Preparation	of	samples	
F1. Dilute 20 μl of the above diluted sample subsequently with 980 μl 0.1 M borate 

buffer pH 8.0. The total dilution factor of the supernatant is now 250. Derivatize 
200 μl of this diluted sample with FMOC for amino acid analysis with the protocol 
described below.   
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Derivatisation	of	amino	acids	with	FMOC	
 
Protocol 
G1. Add 200 μl sample (dissolved in 0.1 M borate buffer pH 8.0) or 200 μl amino acid 

standard pH 8.0 in a safe lock Eppendorf tube 
G2.  Add 200 μl 6 mM FMOC, vortex immediately, allow to stand at room temperature 

for at least 5 minutes. FMOC gives with amino acids a strong fluorescent signal; 
the FMOC reacts with both secondary and primary amino acids. A 75-fold excess 
of FMOC is present 

G3. Add 600 μl pentane, vortex rigorously (extraction step!), allow to stand at room 
temperature for at least 1 minute (in order to allow phase separation), and 
remove the upper layer (with this extraction step the hydrolysis product of FMOC 
with water (=FMOC-OH), the excess FMOC and the acetone is removed). Carry the 
extraction out in a fume hood.  

G4. Repeat the extraction step 
G5. Add to the remaining lower layer 400 μl 25% (v/v) acetonitrile in 0.1 M borate 

buffer pH 8.0 and vortex 
G6. Add 150 μl of the mixture into HPLC inserts 
G7. Inject 50 μl onto the reversed-phase HPLC column for separation of the amino 

acids. 
 

HPLC	analysis	of	FMOC	derivatized	amino	acids	
 
Apparatus: 
 Waters 2795 Separation Module 
 Column: TosoHaas TSKgel ODS-80-TM, 4.6 mm ID x 15 cm 
 Waters 2475 HPLC Multi Fluorescence detector (excitation 254 nm, emission 630 

nm) 
 Waters Empower 3 Chromatography Data software programme for data analysis 

 
Machine settings: 
 Analysis time: 0:40:00 
 Injection volume: 50 μl 
 Column temperature: 30°C 
 Sample environment temperature: 20°C. 
 Initial system pressure before sample injection (50μl) was 1790 psi with a steady 

pressure ripple between 15-20 psi. 
 Flow rate of 1.4ml/min. 
 The injection needle was washed after every injection with 10% methanol. 
 After measurements, the column is washed and stored in 100% acetonitrile. 
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Chromatographic gradient conditions for HPLC analysis of FMOC derivatized amino 
acids  
 
Time	(0.1	
min)	

%	eluent	A	 %	eluent	B	 %	eluent	C	 flow	μl/min.	

 citrate	pH	
2.85	

citrate	pH	4.5	 Acetonitrile	  

0 75  25 1400 
115 60  40 1400 
130 60  40 1400 
131  64 36 1400 
180  62 38 1400 
250  30 70 1400 
300  25 75 1400 
320  25 75 1400 
321 75  25 1400 
400 75  25 1400 
 
Preparation of eluents: 
H1.	 solution	1	

8,56 g citric acid 
1.10 g tetramethylammonium chloride 
200 mg sodium azide 
Dissolve in 2000 ml Milli-Q water 

H2.	 solution	2	
11.17 g tri-sodiumcitrate-dihydrate  
1.10 g tetramethylammonium chloride 
200 mg sodium azide 
Dissolve in 2000 ml Milli-Q water 

H3.	 Eluent	A: bring 1600 ml solution 1 to pH 2,85 with solution 2 (about 200 ml) 
H4.	 Eluent	B: bring 1600 ml solution 2 to pH 4.5 with phosphoric acid, add 400 ml 

methanol 
H5.	 Eluent	C: acetonitrile 
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HPLC results

This section presents supplementary information from the HPLC measurements:
data of the calibrations, retention times and examples of chromatograms.

Compound Retention time (min) Calibration curve R2

Pentosidine 22.93 y = 0.0267x - 0.0072 0.9998
Pyridoxine 5.96

Hydroxyproline 10.19 y = 0.119x - 0.0324 0.9993
Homoarginine 9.20

TABLE D.1: Data from HPLC measurements

FIGURE D.1: Example of HPLC chromatogram, showing the sepa-
ration of pyridoxine, the internal standard for pentosidine measure-

ments.
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FIGURE D.2: Example of HPLC chromatogram, showing the sepa-
ration of pentosidine, the analyte representing the amount of cross-

links.

FIGURE D.3: Example of HPLC chromatogram, showing the separa-
tion of hydroxyproline, the analyte representing the amount of colla-

gen, and homoarginine, the internal standard.
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Appendix E

Matlab code
This section presents the Matlab code that has been used for the analysis of biome-
chanical data from the Dynamic Mechanical Analyzer. The code involves multiple
visual checks, of which the plots are presented here too.
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    max_indexes = [max_indexes (max_indexes(i-
1)+dwell_time+(height*int_strains(i)/strain_rate))]; 
     
end 
max_indexes = (max_indexes/pps); 
  
min_indexes = [(height*int_strains(1)/strain_rate)+dwell_time]; 
for j = 2:num_ints 
     
    min_indexes = [min_indexes (min_indexes(j-
1)+dwell_time+(height*int_strains(i)/strain_rate))]; 
     
end 
min_indexes = (min_indexes/pps); 
  
% Plotting Stress/Relax Data 
figure(); 
subplot(1,2,1); 
plot(time, (strain-strain(1))); 
xlabel('time'); 
ylabel('Strain'); 
title('Controlled Strain over Time'); 
  
subplot(1,2,2); 
hold on 
plot(time,raw,time(min_indexes), raw(min_indexes),  'b*'); 
plot(time,stress,time(max_indexes), stress(max_indexes),  'g*', 
'LineWidth', 1.5); 
%movmean(raw-min(raw),53) 
hold off 
xlabel('time'); 
ylabel('Stress (Pa)'); 
title('Smoothed/Tared Stress Data Over Raw'); 
  
strain_add = (strain1(151/0.05)-strain1(143/0.05))/height; 

%% Visualize whole raw data set 
  
figure(); 
subplot(1,2,1) 
plot(time1, raw01); 
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title('Stress')  
ylabel('Stress (Pa)');    
xlabel('Time (Sec)') 
 
subplot(1,2,2) 
plot(time1, strain1-min(strain1)); 
title('Strain') 
ylabel('Strain'); 
xlabel('Time (Sec)') 
 
 

 
 
%% Isolating and fitting each S/R Interval 
figure(); 
xs = [0 0 0 ]; 
x0 = [1 1 1]; 
hybridopts = optimset('MaxFunEvals', 1000000000000, 'MaxIter', 
1000000000000); 
  
for p = 1:1:num_ints 
  
%isolate interval to be regressed 
    iso_time = time([max_indexes(p):min_indexes(p)]); % 
independent (X) variable in the curve fitting tool 
    iso_time = iso_time - min(iso_time); 
    iso_stress = stress([max_indexes(p):min_indexes(p)]);% change 
"RAW" to "STRESS" to regress smoothed data 
    r = 5;  
     
    S = @(x,xdata)((x(1)*10^5)+(x(2)*10^r)*exp(-
(xdata)/(x(3)*100)));  
%SLV equation format 
    x = lsqcurvefit(S,x0,iso_time,iso_stress,[],[],hybridopts); 
  
    subplot(1,num_ints,p) 
    hold on 
    plot(iso_time, iso_stress); 
    plot(iso_time, S(x, iso_time), 'LineWidth', 1.5); 
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    hold off 
    xlabel('Time'); 
    ylabel('Stress (Pa)'); 
  
    xs = [xs; x];  
end 

 
 
%% Linear fit for eq stress vs. dwell strain plot 
strains = [0 0.04 0.06 0.08];%+strain_add; 
stresses = (xs(:,1)')*10^5; 
p = fitlm(strains, stresses); 
figure(); 
plot(p) 
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%% Dynamic analysis 
  
starts = [dyna_cutoff (length(time1)*0.05)-30];  
ends = [dyna_cutoff+2000 (length(time1)*0.05)-5]; 
 
fs = [0.01 1]; % frequencies 
   
G_average = [];% dynamic modulus 
phi = [];% phase shift 
  
for p = 1:1:2 
  
 disp('new run'); 
    
     start = starts(p)/0.05; 
     fin = ends(p)/0.05;  
    
f = fs(p); 
c = 16; 
  
dynamic_time = time1(start:fin); 
dynamic_time = dynamic_time-min(dynamic_time); 
dynamic_strain = strain1(start:fin); 
dynamic_stress = raw01(start:fin); 
  
stress_maxes = maxes(dynamic_time,dynamic_stress, f); 
stress_mins = mins(dynamic_time, dynamic_stress, f); 
strain_maxes = maxes(dynamic_time,dynamic_strain, f); 
strain_mins = mins(dynamic_time, dynamic_strain, f); 
  
A_stress = (mean(dynamic_stress(stress_maxes(3:c-1)))-
mean(dynamic_stress(stress_mins(3:c-1))))/2; 
A_strain = (mean(dynamic_strain(strain_maxes(3:c-1)))-
mean(dynamic_strain(strain_mins(3:c-1))))/2; 
  
y_stress = mean(dynamic_stress(stress_mins(3:c-1)))+(A_stress); 
y_strain = mean(dynamic_strain(strain_mins(3:c-1)))+(A_strain); 
  
hybridopts = optimset('MaxFunEvals', 100000, 'MaxIter', 10000); 
S3 = @(x3,xdata3)(A_strain*cos((2*pi*f*xdata3)+x3(1)))+y_strain; 
x03 = [0]; 
x3 = lsqcurvefit(S3,x03,dynamic_time, dynamic_strain,[], [], 
hybridopts); 
  
S2 = @(x2,xdata2)(A_stress*cos((2*pi*f*xdata2)+x2(1))); 
x02 = [0]; 
x2 = lsqcurvefit(S2,x02,dynamic_time, dynamic_stress,[], [], 
hybridopts); 
  
figure(); 
hold on 
plot(dynamic_time,dynamic_stress-y_stress, 'r', 
dynamic_time(stress_maxes), dynamic_stress(stress_maxes)-
y_stress, 'b*', dynamic_time(stress_mins), 
dynamic_stress(stress_mins)-y_stress, 'r*'); 
plot(dynamic_time, S2(x2, dynamic_time), 'b', 'LineWidth', 1.5) 
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hold off 
title('Dynamic Stress, 0.01 Hz') 
xlabel('Time') 
ylabel('Stress (Pa)'); 
  
G_average = [G_average A_stress/A_strain]; 
  
phi = [phi ((x3-x2)*-1)*180/pi] 
end 
figure(); 
subplot(1,2,1) 
plot(fs, G_average, '-o', 'LineWidth', 2); 
xlabel('Frequency'); 
ylabel('Dynamic Modulus'); 
  
subplot(1,2,2); 
plot(fs, phi, '-o', 'LineWidth', 2); 
xlabel('Frequency'); 
ylabel('Phase Shift'); 
  
  
results = [G_average; phi] 
if abs(results(2,1)) > 100 
   results(2,1) = results(2,1) + 360;  
end 
% (1Hz graph will have “0.01Hz” as title too)     
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Hydroxyproline assay protocol
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 *Bring up to 100ml with nanopore water ~25mL 
 

Add in all reagents except for the NaOH pellets into a 250-mL beaker and 
then bring up the volume to 100mL with nanopore water. Use the pH probe 
to check pH (should be acidic >6) and slowly add in NaOH pellets 
continuously checking with probe until pH=6 is reached.    

 
3. Working Assay buffer 

Make working assay buffer by performing a 1/10 dilution of pH6 buffer.  
a. Each sample requires 0.5mL of working assay buffer. Make sure to make 

an extra 10mL for standard as well as 30mL for Chloramine T reagent.   
 

# 
samples 

Amt Working Assay 
Buffer (samples+ 40 
mL) 

pH 6: nanopore ratio 

10 
samples 

(10 samples/2) 
+40mL= 
45mL  

4.5mL pH6 : 40.5mL 
nanopure 

50 
samples 

(50 samples/2) + 
40mL= 
65mL  

6.5mL pH 6: 58.5mL 
nanopure 

 
4. Chloramine T reagent-50mL (store in a dark bottle at 4o for max of 2 

weeks) 
*****make at least 24 hours in advance***** 

 Chloramine T    0.57g 
 n-propanol    13.00ml 
 nanopure H2O    10.35ml 
 10x diluted pH 6 buffer  26.65ml 
 Total     50.00ml 

Each samples needs ~.1mL of sample and the standard needs ~1mL. Thus, 
50mL should be enough for about 450 samples and the standard. 

 
5. p-DMAB solution (**DMAB degrades rapidly-Use within 24 hrs of 

preparation.) 
 

Total Volume 10mL 6.9mL
n-propanol 6.97mL 4.81mL
DMAB 1.74g 1.20g
60% perchloride Acid 3.03mL 2.09mL

 
(6.9mL of DMAB90 samples max; 10mL130 samples max) 
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Make an ice bath by filling a large beaker with ice. Measure DMAB directly into 
smaller beaker before adding a stir bar and placing in ice bath. Put ice bath on the 
stir plate in the fume hood. Add in n-propanol and turn on stir plate. While stirring, 
slowly add in 60% perchloric Acid in a drop-wise fashion. The solution should turn 
yellow. Allow to stir in hood for at least 10min after which parafilm the beaker and 
leave at room temp for max of 24 hrs.  
 
Procedure: 
 
Hydrolysis & Evaporation of samples at 110oC 

 
2. Digest tissue sample with proteinase K or papain. Calculate the amount of 

tissue digest that contains approximately 6.25ug of Hydroxyproline 
(Assuming a bovine cartilage explant contains ~20ug hydroxyproline per ul 
tissue, a standard 3mm 1mm explant contains ~141400 ug of hydroxyproline. 
If sample is digested in 1000uL of proteinase K, 45uL of sample will be used.  
 

3. Aliquot the calculated amount of sample to correlating glass vial. Bring 
volume up to 200uL with nanopore H2O if necessary.   
 

4. Add an equal volume of 12N HCl to the sample vial. (So, if each vial contains 
200uL of sample (or sample + water), add 200 uL of HCl.)  
            The final HCl concentration is 6N. 
 

5. Close the cap tightly and place vials in oven @ 110oC to hydrolyze overnight 
(16h) 
 

6. Remove caps and allow HCl to evaporate in oven/ hot plate in fume hood set 
to 60oC 

 
Reconstituting samples 
 

7. Add 375 ul of working assay buffer to each vial pipetting up and down until 
thoroughly mixed. 

 
Making Standard 
 

8. Make standard as following: 
Perform a 1:5 dilution of hydroxyproline sample to working assay buffer to 
make a 1mL stock of 200ug/ml hydroxyproline from the original 1mg/ml 
stock.  

 
Hydroxyproline stock (1mg/mL) Working Assay Buffer 
200 uL 800 uL
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9. Add 300uL of diluted stock solution (200ug/mL) and 700uL of nanopure to 
vial #6. For each consecutive vial, take 500uL form previous and mix with 
500uL of nanopure. Vial #0 should have only nanopure.  
 

Make 1ml of 
each std 

OH 
standard(ug/ml) 

200ug/ml of 
OH(diluted 
stock)

Nanopure water 

6 60 300uL 700uL 
5 30 500uL 500uL 
4 15 500uL 500uL 
3 7.5 500uL 500uL 
2 3.75 500uL 500uL 
1 1.875 500uL 500uL 
0 0 0uL 1000uL 

 
10. Transfer 150 ul of each sample in duplicates into a 96 well plate.  
 
11. Transfer 150ul of each Hydroxyproline standard in duplicates into wells on 

the same 96 well plate. 
 
12. Add 75ul of Chloramine T reagent to each samples and standards in the 96 

well plate. 
 
13. Put foil on the plate and let stand 20 minutes at room temperature  
 
14. Add 75 ul of DMAB to each samples and standards in the 96 well plate. The 

samples will fizz on addition. After fizzing stops, seal tightly with plate 
sealers (Costal #3095). 

 
15. Place the plate on the foam rack that has been adjusted to 600C water bath, and 

heat for 15 minutes. 
 
16. Cool sample in cold water until room temperature for about 5 minutes. 
 
17. Blot the plate dry and remove the plate sealer and determine absorbance at 

560λnm with 96 well plate reader. 
 
*****Perchloride acid must be handle with extreme care. It is a strong acid and a 
powerful oxidizing reagent.  Contact with flammables, combustibles, organic 
compounds and other oxidizable material may result in violent and even explosive 
reactions, especially when heated. Read protocol and MSDS before 
handling.******* 
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Experiment 1B
An additional experiment was conducted to research the effects of different strain
magnitudes (static compression) on the formation of cross-links in articular cartilage.

G.1 Methods

This experiment was an addition to the experiment in Part 1 of this report. Thus, the
used treatment of samples was very similar, except for the fact that we used mul-
tiple different strain magnitudes. As this experiment was conducted in the Boston
laboratory, the other used methods are very similar to those in Part 2 of this report.

The bioreactors were used to treat bovine cartilage samples with static compres-
sion (n = 16). Depending on the treatment group, the samples were compressed with
a strain magnitude of : 0%, 5%, 10% or 15%. The bioreactors with samples were in-
cubated in a 40 mM L-Threose solution at 37◦C) for 96 hours. At the conclusion of
the experiment, after the samples were digested, the pentosidine and hydroxypro-
line levels were measured using a microplate reader. The obtained values were used
for statistical analysis.

G.2 Results

(A) (B)

FIGURE G.1: A) Average pentosidine level per treatment group, ob-
tained by fluorescence measurement. B) Average molecular amount
of pentosidine per collagen (mol/mol) per treatment group. The
number at the bottom of each bar represents the number of replicates
averaged for that bar value and the error bars show the standard de-

viation.
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The mean pentosidine level of all samples was 0.31± 0.03 µmol (n = 11). The
mean collagen level of all samples was 4.97± 0.81 µmol (n = 11). Figure G.1 shows
the mean values of the absolute and normalized pentosidine level per treatment
group. A Shapiro-Wilk test showed that the distribution of the data for each treat-
ment group followed a normal distribution. One-way independent ANOVA showed
no significant difference between the treatment groups.

G.3 Discussion

No significant differences were observed between the treatment groups with regard
to pentosidine level. Static compression with a strain magnitude of 0, 5, 10 or 15%
during incubation seemed to have no influence on the formation of cross links. De-
spite the fact that the samples that were treated with a 10% strain seemed to have a
slightly higher pentosidine level after incubation, no clear trend could be identified.
Therefore, we conclude that static compression does not influence non-enzymatic
glycation in (bovine) articular cartilage.
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