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ABSTRACT

The osteochondral interface is known to smoothly mitigate the stress concentration over
the surface area of the subchondral bone, with a structural transition from the cartilage
to bone. These sites in the body are exposed to high forces, which makes them prone
to failure. To improve the repair strategies, a better understanding of the mechanical
property-structure relationship of osteochondral interface is crucial. The aim of this study
was to observe the structure and map the stiffness of the equine osteochondral interface
during maturation and detect a possible mechanical property-structure relationship.
Osteochondral samples from the metacarpo- and metatarsophalangeal joint of 9 days,
12 days, 7 weeks, 13 months old and three mature horses were investigated in this
study. Histology was performed to observe the structure. The local elastic modulus was
determined using nanoindentation and the strain distribution with compression tests
combined with digital image correlation (DIC).

The cartilage thickness decreased with age and an emerging tidemark was detected in
the 13 months old joint, indicating calcification of the cartilage starts at this age. The
local elastic modulus showed a clear transitional region between low and high values for
the mature interface, indicating the articular cartilage and subchondral bone region was
indented, respectively. For the immature samples, a less clear transition was found and
in the 9 days and 12 days old interface the entire matrix consisted of low elastic modulus
values. The strain distribution from the compression tests over the interface confirmed
the decreasing cartilage thickness with age. The transition location from high to low
strain decreased with age.

The mechanical transition from cartilage to bone showed significant changes within the
interface and during maturation for the local elastic modulus and the strain distribution.
These changes can be compared to the structural changes demonstrated in the histology
images. The data obtained in this research provides new insights into the maturing
osteochondral interface and the mechanical and structural changes within this complex
biological tissue.

Keywords: Osteochondral Interface; Maturation; Nanoindentation; Digital Image Corre-
lation; Elastic Modulus.
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INTRODUCTION

The structure of the osteochondral interface has always been a subject of great interest.
This interface is the connection between bone and the overlaying cartilage layer in the
joints. The main function of this attachment is to distribute and mitigate the subjected
load over the bone to reduce the stress concentration [5]. The interest in this region is
high, due to the strong connection and the slow regeneration rate of these sites. However,
a lot still remains unknown, due to the complexity, irregularity and small scale of the
structures.

Even though the natural connection is strong, due to the fact that these sites are subjected
to high, and in some cases abrupt, forces, these sites are prone to failure. Long-term
injuries or osteochondral diseases, like osteoarthritis (OA), are common, especially in
elderly. These cases are often accompanied with a high pain sensation, up till the point
where one is obstructed from a normal day to day life [6; 7]. Unfortunately, regeneration
techniques of these attachments are still limited. Currently, small defects are often
relieved by removing the damaged tissue instead of fixing or replacing it. The creation
of a microfracture in the joint might cause Mesenchymal Stem Cells (MSCs) from the
underlying bone to be attracted and stimulated to start a healing process [8; 9; 10]. In
larger defects, the entire joint is often replaced by an implant. The downside to this type
of treatment is that it is highly invasive and has a high risk of infections [11]. In addition,
the implant has a lifespan of approximately 15 years. Resulting in more surgeries to
replace the implants, which is more invasive and can only be performed a few times
before the bone is too damaged to hold an implant. For this reason, implants are not
recommended and unsuitable for young patients [12; 13].

A recent emerging technique is the field of tissue engineering, which aims to regenerate
the osteochondral tissue in the defect. In particular bi-layered scaffolds, which are
scaffolds made up of two different materials with differing properties, are emerging
for osteochondral defects. This method tries to mimic the difference in mechanical
properties of cartilage and bone, as bone is found to have a higher stiffness value than
cartilage. However, an artificial connection between a stiff and a soft material often
fails to resist the shear forces it encounters [8; 14]. Therefore, it is crucial to know the
characteristics of the natural structures and the composition as this could lead to new
insights in the connection strength and behaviour. Understanding the development of
the original osteochondral interface and how the mechanical properties develop during
maturation, could lead to new insights and improvement of the current regeneration
methods.[15; 16; 17; 18].



1.1 THE OSTEOCHONDRAL INTERFACE

In this study, the aim is to identify the mechanical properties and micro-structural
changes over the interface layers during different maturation stages. In this chapter, the
general structure of the osteochondral interface will be presented, followed by the matu-
ration process of the attachment. Thereafter, the current knowledge of the relationship
between the material properties and structure of the interface will be elaborated and
finally, the resulting research questions of this study will be presented.

1.1 THE OSTEOCHONDRAL INTERFACE

The natural mature osteochondral interface can be divided into three distinct layers from
the cartilage surface towards the bone: the articular cartilage, the calcified cartilage and
the subchondral bone (Figure 1.1).

The articular cartilage consists of mostly collagen type II, proteoglycans, water and
chondrocytes [19; 20]. The collagen fibers create a stable structure in the cartilage
to increase resistance to the stresses to which it is subjected. The most abundant
proteoglycan present, is aggrecan, which contributes to the cartilage structure and
withstanding compression loads [21]. Proteoglycans have negatively charged parts called
glycosaminoglycans (GAGs), which attract water into the cartilage. This creates the
sponge effect of the cartilage, offering a higher resistance against the load it endures
[22; 23].

Within the articular cartilage, three structural zones can be identified (Figure 1.1). The
most external zone, referred to as the superficial zone, contains a high density of
chondrocytes. Together with the collagen fibers, they are organised in a parallel manner
to the surface of the articular cartilage. In addition, the highest water concentration is
detected within this layer. It was found, that this type of organisation makes the top
zone ideal for resisting the tensile forces[23; 24]. Following the superficial zone, is the
transitional zone. Here, the density of the chondrocytes has decreased and the fibers are
organised randomly. Lastly, the deep zone of the articular cartilage is the zone between
the transitional zone and the calcified cartilage. The lowest water concentration of the
articular cartilage is found here. In addition, the fibers are organised in a perpendicular
manner opposed to the superficial zone, making this layer most ideal for resisting
compressive forces[23; 24].

Below the deep zone of the articular cartilage, the calcified cartilage layer emerges.
Between the articular cartilage and calcified cartilage, a distinct line can be detected,
called a tidemark. In some cases, multiple tidemarks can be identified. This line is
thought to be a gathered mineralization line and found to be approximately 10 um thick

[25].
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Figure 1.1: Schematic overview of the general identified layers and zones of the mature osteo-
chondral interface.

After this boundary mark, the cartilage starts to contain crystalline hydroxyapatite,

which is also abundantly present in bone. The mineralization of the cartilage can be
explained by the protein chondrocalcin, which is formed as a result of the degraded
collagen type Il fibers. This protein is involved in the calcium binding process within bone
formation, thus can cause the mineralization of the cartilage[23]. The calcified cartilage
can be seen as the connecting layer between the articular cartilage and the subchondral
bone. It has been found that the collagen fibrils disperse towards the subchondral bone
and anchor themselves, creating a higher contact area to smoothly mitigate the force
onto the bone [26]. Within the calcified cartilage, a low cell density of hypertrophic
chondrocytes is present[27].
Finally, the subchondral bone layer is reached. The subchondral bone can be divided in
two zones: a compact plate followed by a trabecular bone zone. Within the subchondral
plate, channels with vessels and nerves are found, which branch out to the calcified
cartilage (Figure 1.1). The trabecular subchondral bone contributes highly to the shock
absorbing capacity. The inorganic component most abundantly present in this layer,
is crystalline hydroxyapatite. The bone matrix also contains calcium, carbonate and
phosphate. Furthermore, collagen type I fibers, enzymes, cytokines and growth factors
are detected in this layer [23; 28].

1.2 MATURATION OF THE INTERFACE

The timeline of the development of the skeletal system varies between species. In this
research, equine joints were investigated. In this species, a rapid infant growth, childhood
phase and puberty all occur before the age of three. However, for the human species,
these maturation stages happen over the duration of approximately 18 years (Figure 1.2)
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Figure 1.2: Timeline of the human and equine skeletal development [1].

In the skeleton, the formation of long bones exceeds from hyaline cartilage in the

primary and secondary ossification centers. The secondary ossification centre (SOC)
is located in the center of the epiphysis of long bones and usually emerges in a latest
stage of prenatal development. Before the formation of the SOC, the fully cartilaginous
epiphysis is invaded by a network of blood vessels. During the late stage of gestation,
the SOC develops from these vessels and a growth plate emerges (Figure 1.3). The SOC
transforms the hyaline cartilage into bone, which eventually forms into the cartilage-bone
interface [29].
Before birth, cartilage canals are abundantly present in the epiphysis. These canals
contain blood vessels and connective tissue (Figure 1.4). It is thought that these canals are
present for multiple reasons; Firstly, they provide nutrition and eliminate waste products
from the growing cartilage. Another reason is that these canals carry mesenchymal cells
and therefore might have a contribution to the ossification process. Lastly, the cartilage
canals serve as a reservoir for cartilage growth cells. The canals undergo regression
and chondrification during the foal stage [30]. At the age of 8-10 weeks the number of
canals has decreased and the thickness of the cartilage layer has lowered. At the age of 6
months, the foals have a cartilage layer with the thickness of mature cartilage and all the
cartilage canals have been resorbed and replaced by bone [29].

4
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Figure 1.3: Schematic overview of the equine bone growth after birth in
long bones. Modified from van Weeren (2006) [2].

From 6 months old, the premature cartilage layer can be divided into three zones, from
which the mature cartilage layers, mentioned above, originate. The most superficial zone
is the zone with the resting chondrocytes (Figure 1.4). Here, the cells are flattened right
beneath the articular surface. The following zone is called the proliferative zone, where
the chondrocytes undergo rapid division perpendicular to the long axis of growth. The
final zone is called the hypertrophic zone, where the hypertrophic chondrocytes can be
found. Their main task is in the cartilage mineralization process to create the calcified
cartilage layer during further development (Figure 1.4) [31].

5
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Figure 1.4: Schematic overview of the layers and zones in the immature
osteochondral interface.

The composition of the growing interface changes over age. It has been found that

collagen type II in the hyaline cartilage of long bones in a maturing foal, is replaced by
collagen type I, which is abundantly present in bone. In the subchondral bone, a decrease
of water and hydroxylysine was found during the first 5 months after birth. In contrast,
the calcium and collagen content highly increased during this period. Interestingly, the
mineralization process does not stabilize at all. This suggests that mineralization is an
ongoing process [16; 18].
Another remarkable finding in the aging osteochondral interface, is the increasing number
of tidemarks. From birth till the adolescent stage, no tidemarks are present at all in
the cartilage. They emerge during the mineralization of cartilage. Furthermore, with
increasing age, the number of tidemarks increases. It is still debated, however, whether
this increase is associated with age or OA, which also has a correlation with aging [32].
Lastly, it is important to note that it is thought that loading has an influence on the
ossification and chondrification process [18; 33; 34]. Different loading conditions can
affect the architecture of the collagen network and mineral composition [16; 18]. This
results in a varying structure of the osteochondral interface amongst different species
and anatomical locations, as these all have a different range of body weight and load
endurance [33].

1.3 MATERIAL CHARACTERISTICS OF CARTILAGE AND BONE

In order to understand and mimic the interfacial properties, it is crucial to investigate the
mechanical characteristics. One way to describe a material mechanically, is by observing
and mapping the local elastic moduli. This property describes the resistance of a material
to elastic deformation. A higher modulus results in a stiffer material, while a lower
modulus indicates a softer material. It is a key property that needs to be considered
in the material selection process. Especially, in the body where the damping of forces

6
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depends on the stiffness of the cartilage and interface [35].

In the osteochondral interface, it has been found that the orientation of the collagen fibers
and their cross-links contribute to the elastic stiffness of the region. In the superficial
layer, the fibers and chondrocytes tend to lay parallel along the articular surface. In
addition, the density of the fibers is higher in the superficial layer compared to the deeper
layers. In contrast, the density of the calcium particles tends to increase towards the bone
[36; 371

Due to all these structural changes within the cartilage, it has anisotropic properties,
meaning that the mechanical properties have different values in every direction. This
can be explained by the orientation of the fibers. A parallel structure reacts differently
to a parallel or perpendicular load. Thus, the compressive stiffness of the cartilage in
the axial direction differs from the compressive stiffness in the transverse direction, for
example (Figure 1.5) [38].

Furthermore, the materialistic behaviour of cartilage can be described as viscoelastic
behaviour. Viscoelastic materials have a time-dependent property, due to the liquid it
contains. If a constant load is applied to a viscoelastic material, the displacement will
non-linearly increase over time, due to the movement of the fluid within the material
[39; 40]. It has been found, that the amount of collagen cross-links also influences the vis-
coelasticity of the cartilage. Interestingly, the cross-link concentration of collagen depends
on age and gender, which might lead to a difference in elastic modulus and viscoelasticity
of the interface over age [41]. Furthermore, the proteoglycan matrix within the artic-
ular cartilage is found to be the main contributor to the elastic behaviour of the tissue [37].

Axial

%5 g ¢ Transverse

T

Figure 1.5: The organisation of collagen fibers in cartilage, resulting in
different mechanical behaviour in the axial and transverse
direction.

The morphology of collagen fibers (i.e., shapes and orientations) are not the only
indication for the mechanical characteristics. The degree of mineralization also has an
effect on the stiffness of the cartilage and bone. Several studies have investigated the
elastic modulus of the osteochondral interface with different measuring techniques [16].
Often it has been found that the value of subchondral bone can be an order of magnitude
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higher than that of articular cartilage (Table 1.1) [42; 43]. A higher value has also been
measured for the calcified cartilage, compared to the non-calcified cartilage. Confirming,
that the mineralization has a contribution to the stiffness values and mechanical proper-
ties of the tissue [43; 16; 41]. It is, however, important to realize that different measuring
methods result in different values. In addition, the mechanical properties may vary with
anatomical location and species. Therefore, it is challenging to determine the the absolute
value of the elastic modulus.

Table 1.1: Elastic modulus of the tissue types in the osteochondral interface.

Tissue Type Study Method* | Orientation | Elastic Modulus [GPa]
Articular Cartilage | Campbell, 2012 Nano. Transverse 5
Gupta, 2005 Nano. Transverse 5
Moshtagh, 2016 Nano. Axial 1.6x103
Calcified Cartilage | Campbell, 2016 Nano. Transverse 20-25
Gupta,2005 Nano. Transverse 13 -25
Hargrave-Thomas, 2015 | Nano. Transverse 6—8
Hargrave-Thomas, 2015 | Micro. Transverse 4—6
Hargrave-Thomas, 2015 | TPB Axial 05-1
Mente, 1994 TPB Axial 0.32
Subchondral bone | Campbell, 2016 Nano. Transverse 20— 25
Gupta, 2005 Nano. Transverse 13 —25
Gardner-Morse, 2010 Micro. Axial 3.7
Hargrave-Thomas, 2015 | Nano. Transverse 10 —-18
Hargrave-Thomas, 2015 | Micro. Transverse 6—8
Hargrave-Thomas, 2015 | TPB Axial 4—-6
Mente, 1994 TPB Axial 5.7

The methods used were Nanoindentation (Nano.), Microindentation (Micro.) and the Three-Point Bending test

(TPB).




1.4 RESEARCH QUESTIONS

1.4 RESEARCH QUESTIONS

The osteochondral interface is a complex structure of which the mechanical properties
are challenging to determine. Previously, research has been performed on the structure
and fiber orientation of the different cartilage layers. However, knowledge is still lacking
in the mechanical properties of the different layers and especially the calcified cartilage.
In addition, knowledge of the mechanical properties and structural changes during
maturation might lead to new insights on the process of formation of the interface. The
main objective of this research, is to map the elastic modulus of the different tissue
types within the osteochondral interface during maturation. In order to measure this
mechanical property locally, the Piuma Nanoindenter (Optics 11, Amsterdam. The
Netherlands) will be used and strain distribution will be measured using compression
tests with digital image correlation (DIC). Here, the osteochondral interface of equine
metacarpo- and metatarsophalangeal joints of different ages will be investigated. This
leads to the following research question, which will be answered by several sub-research
questions:

What is the property-structure relationship of the equine osteochondral interface and
how does that vary during maturation?

¢ Which protocol should be used for the Piuma nanoindenter to measure the localized
mechanical properties?

¢ What are the differences in elastic stiffness between the osteochondral layers?

e What are the changes in the elastic stiffness of the osteochondral layers during
maturation?

* What are the changes in the (micro-)structure of the osteochondral layers during
maturation and how does it associate to the elastic stiffness measurements?

These questions will be answered by creating a protocol to measure the local elastic
moduli across the bone-cartilage interface and observing the structure with histology
stainings. In the following chapter, the materials and methods will be presented. Followed
by the results and the discussion and, lastly, the conclusion of this research.



MATERIALS AND METHODS

Specific dimensions and restrictions were required for the samples to be able to perform
the mechanical tests. The joints were sectioned in such a way, that their surfaces were
flat and smooth, for nanoindentation, and had a thickness large enough to resist failure
during compression tests. Before testing the equine joints, different sectioning techniques,
polishing trials and nanoindentation profiles were performed on bovine metacarpopha-
langeal joints (Appendix I). The equine metacarpo- and metatarsophalangeal joints were
sampled and after sectioning, nanoindentation was performed on all the mechanical test-
ing samples and histology stainings on the histology samples. Furthermore, compression
tests were executed with cameras with Digital Image Correlation (DIC) software.

2.1 TISSUE SAMPLING

The joints used in this study were from horses with the age of 9 days, 12 days, 7 weeks,
13 weeks old and three fully mature horses, of which the exact age was unknown. The
biological material was provided by the Faculty of Veterinary Medicine at the University
of Utrecht in the Netherlands. After death, the lower legs were separated from the tarsus
or carpus down till the hoof. From each horse, one lower leg was used in this study.
After separation, they were stored at —20 °C till further processing.

The next step was to section the joints into samples for mechanical testing and histology.
The legs were thawed overnight at 4 °C, and the metacarpo- or metatarsophalangeal joint
was freed from the surrounding skin and subcutaneous tissues. The joint was opened up
and inspected visually to confirm the absence of degenerative changes. The proximal
part of the joint was used for further analysis. The joint was freed from the proximal
phalanx bone at the neck of the bone by using a bench vice and a handsaw, while keeping
the head of the joint intact. Subsequently, the lateral and medial sides of the head of the
proximal phalanx were sliced off using the handsaw. The anterior and posterior sides
were cropped off for optimal clamping in the circular saw (Proxxon Micromot, Fohren,
Germany).

A diamond blade was used to create a straight, smooth surface. The samples were
constantly cooled by dripping distilled water onto the sample with a pipette to prevent
high temperatures and burning the the tissue during cutting.

The mature joints were larger than the immature joints; thus, approximately four samples
for mechanical testing were obtained from the mature joints, while for the immature
joints, two mechanical samples per joint. From every joint, two samples were cut for
histology, one from the medial side and one from the lateral side (Figure 2.1). This
method resulted in 21 samples for mechanical testing and 14 samples for histological
analysis (Table 6.1). The dimensions of all the mechanical samples were similar and they
were measured with a caliper (Appendix II).
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2.1 TISSUE SAMPLING 11

The histology samples were cut as separate samples, as the samples undergoing mechan-
ical could get damaged during testing. Furthermore, it would save time due to the long
decalcification process for larger samples. After sectioning, all the samples were stored
in histological cassettes and labeled. The mechanical samples were stored at —20 °C till
further use, and the histology samples were immediately processed.

The samples were all labeled according to the age and position of the samples within the
joint. The immature samples were indicated with a "Y', the mature samples with an 'A’,
followed by the age and an 'L' for the lateral side or 'M' for the medial side of the joint.
For the mature and 13 months old joint a 'D' or P' was added to the label, for the distal
or proximal sample of the medial or lateral side of the joint (Figure 2.2 and Appendix II).

Histology Mechanical

he—] Ee——
1cm 1 cm

Figure 2.1: Sectioning of the proximal part of the joint. (a.) Sectioning of the mature and 13
months old sample. For the younger samples, only two mechanical samples were
sectioned per joint. (b.) A sample for mechanical testing. (c.) A histology sample.

Table 2.1: Age, number of joints and number of samples used in this research

Age Number of Joints | Mechanical Samples |Histology Samples
9 Days 1 2 2
12 Days 1 2 2
7 Weeks 1 2 2
13 Months 1 4 2
Mature 3 11 6
Total 7 21 14




2.2 HISTOLOGY

Medial-Distal, Medial-Proximal | Lateral-Proximal,  Lateral-Distal Medial Lateral

Figure 2.2: Labelling of the samples.(a.) Labels for the mature and 13 months old joints. (b.)
Labels for the 7 weeks, 12 days and 9 days old joints

2.2 HISTOLOGY

The samples destined for histology were fixed in 4% formalin for 2 days. After that,
the samples were decalcified in 10% formic acid for approximately 14 days. The formic
acid was refreshed every 2-4 days. After decalcification, all the histology samples were
embedded in paraffin.

From each joint, one sample was sliced into 6 pm sections with a microtome (Leica,
Nussloch, Germany) at different depths. After that, one slide with three coupers was
made per joint for every staining. Three histological staining procedures were performed.
First, all the slides were deparaffinized with xylene, ethanol series (100%, 96%, and
70%) and lastly rinsed with distilled water. Thereaftes, the step-by-step protocols for the
individual histology stainings were performed (Appendix III).

2.2.1  Haematoxylin & Eosin staining

Haematoxylin and Eosin staining (HE) was performed to observe the overall structure.
The slides were first immersed in Haematoxylin Gill’s (Sigma-Aaldrich, Saint Louis,
U.S.A)) for 5 minutes and then carefully rinsed under running tap water. After that, the
slides were immersed in Eosin (Merck, Darmstadt, Germany) for 45 seconds. Following,
the slides were dehydrated in a series of ethanol and xylene, after which they were
mounted with Depex (Merck) and dried overnight at 37 °C.

2.2.2  RGB staining

RGB-trichrome staining was used to show a distinct difference between the uncalcified
and calcified zones in the tissue. Here, the blue color represents the GAG density, the red
color the collagen fibers, and the green the calcified tissue [44]. After deparaffinization,
the slides were immersed in Alcian Blue solution with a pH of 2.5 (Sigma-Aaldrich) for
20 minutes, carefully rinsed with tap water, and then immersed in Fast Green solution
(Sigma-Aaldrich) for 20 minutes. Lastly, the slides were rinsed with tap water again and
immersed in Picro Sirius Red (Sigma-Aaldrich) solution for 30 minutes, followed by a
quick rinse with 1% acetic acid solution. After the staining procedure, the slides were
dehydrated in ethanol series, mounted with Depex, and dried overnight at 37 °C.
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2.3 NANOINDENTATION

2.2.3 Safranin O staining

In order to observe the cartilage area and the GAG distribution in the interface, Safranin
O (Honeywell Fluka, Charlotte, U.S.A.) staining was used with a counterstaining of Light
Green (Honeywell Fluka). The slides were first immersed in Light Green solution for 8
minutes and quickly rinsed with 1% acetic acid. Subsequently, the slides were immersed
in Safranin O solution for 12 minutes, rinsed with 96% ethanol, and dehydrated in 100%
ethanol and xylene. Finally, the slides were mounted with Depex and dried overnight at
37 °C.

After histology staining, the samples were analyzed and images were obtained with a
microscope (Olympus, Tokyo, Japan). To obtain images of the complete section with a
higher resolution, a Nanozoomer (ND.view2, Hamamatsu, Japan) was used on the HE
stained samples. From these images, the thickness of the articular cartilage and calcified
cartilage layer, if present, was determined (Appendix II). Histology was performed either
on the samples of the medial or lateral side of the joint.

2.3 NANOINDENTATION

The local elastic modulus of the osteochondral interface was measured with a displacement-

controlled nanoindentation machine (Piuma, Optics 11, Amsterdam, Netherlands). This
device used a micro-scale spherical probe attached to a cantilever connected to an optical
fiber (Figure 2.3 a.). Within the nanoindenter, a piezoelectric sensor was used to detect the
force and displacement of the probe. When an indentation was made, the cantilever bent,
and deflection was measured as the tip’s displacement. In addition, the force it generated
was tracked, which resulted in a force-displacement curve for every indentation. The
elastic modulus was calculated from this curve by analyzing the slope.

2.3.1  Sample Preparation

The samples were thawed overnight in 4 °C in a plastic petri dish, while immersed in
1X TBS solution with protease inhibitors (EDTA-free inhibitor cocktail tablets, complete
Roche, Basel, Switzerland). The solution was prepared by dissolving two protease in-
hibitor tablets in 100 mL 1x TBS. The solution was stored and reused for a maximum
of 3 days. After this time, it was disposed and new solution was prepared for the next
samples. The protease inhibitors were EDTA-free to prevent possible decalcification and
maintain the mechanical stability and composition [45].

Just before measuring, the thawed sample was fixed to a plastic petri-dish with superglue
(Pattex, Diisseldorf, Germany). It was important that only very little was used, and only
at the bone end, to maintain the mechanical properties of the osteochondral interface
and prevent damage when pulling the sample off the dish after testing. As soon as the
glue had dried, the protease inhibitor solution was poured back in the petri dish till the
sample was fully immersed. Lastly, the sample was observed from the side to check
which measuring direction would be best for the probe. Some samples were cut in a
slight angle and thus directing the probe from a lower level to higher surface would
cause it to collide into the sample and break while moving along the matrix.
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2.3.2  Probe Selection

For the probe selection, it was important to consider the stiffness of the cantilever and
the radius of the tip of the probe. For a stiff material, a stiffer cantilever was required
(~ 250 N/m) to generate a force high enough to perform an indentation. For a softer
material, a less stiff probe was needed. If a softer material was indented with a stiff
cantilever, the cantilever would likely not bend during indentation, and thus not record
any deflection (Figure 2.3 b.). As for the tip size, a softer material required a larger tip
(~ 50 pm), while for a stiffer material a smaller radius (~ 8 pm) was preferable. In
addition, the pores of the material were taken under consideration. The probe tip had
to be larger than the pores or defects on the surface of the sample. In the case of the
osteochondral interface, the preference was a stiff probe with a large radius, as the pores
of subchondral bone could reach a radius of 10 um to 200 pm. However, the stiff probes
were only manufactured with a small radius.

Furthermore, in order to select an appropriate probe, some indication of the stiffness
of the measured material was necessary. For cartilage it was found to be in the range
of 1-4 MPa and for subchondral bone it could range from 1 to 25 GPa, with different
measuring methods [46; 43; 42]. To keep the measurements consistent, the same probe
was used to measure the cartilage and subchondral bone. For that reason, stiff probes
with a small radius were used. It is important to mention that the probes were highly
sensitive to external environmental factors. Consequently, multiple probes were used
to have a back up in case one broke or would have trouble calibrating (Table 2.2). The
range of stiffness of the probes was similar. To evaluate whether the difference could be
negligible, indentations with different probes were made on pure cartilage of the same
sample. It was chosen to indent the cartilage, instead of the bone, because bone had
larger pores and a more heterogeneous structure. An overview of which probe was used
for each sample is presented in Appendix V.

Table 2.2: Probe properties used in this research

Probe Label | Stiffness [N/m] | Radius [um]
P1 249 8.5
P2 254 9.5
P3 261 8.0
P4 283 9.0

2.3.3 Calibration and Indentation Profile

The calibration of the probe was performed in 1X TBS solution by pouring some droplets
on a glass microscope slide with a plastic pipette and lowering the probe into the lig-
uid. The step-by-step protocol for nanoindentation is provided in Appendix V. The
indentations were performed perpendicular to the articular cartilage surface and the
natural loading direction, so that all the transitional zones could be measured (Figure
2.3a). The placement of the probe was done in such a way that all the transitional regions
of the interface were captured. For that reason, the starting point of the probe was
set in the transitional zone of the articular cartilage. From that point, the matrix was
performed in the direction of the subchondral bone. As soon as the starting point and
direction had been defined, an indentation matrix of 6x12 indentations was set. Six
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indentations along the cartilage and 12 over the osteochondral interface. Due to time, the
matrix dimensions were limited to this amount. The space between indentations in the
x-direction was 100 pm and 80 pm in the y-direction (Figure 2.3 c.). These values were
chosen to ensure enough distance between indentations. As the thickness of the calcified
cartilage was found to vary between 130 to 220 pm in the equine osteochondral interface,
the y-direction had a smaller value to make sure the calcified cartilage was indented at
least once [47].

The indentation depth was 5 pm and the indentation time frame was based on a previous
study, which investigated indentations in the articular cartilage by Moshtagh (2016)[46].
A load time of 0.83 seconds, holding time of 5.83 seconds and unloading time of 16.67
seconds was applied (Figure 2.3 d.). The time duration of a complete single indentation
matrix was approximately 1.5 hours. In order to collect more data on the local elastic
modulus, the indentation matrix was performed three times in the same location. Imme-
diately after the completion of a matrix, the probe was set to the initial starting point
with the software for two more matrices.
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Figure 2.3: The nanoindentation profile and procedure with a schematic overview of the indenter
and the sample (a.). (b.) The probe stiffness selection guide according to Optics 11
[3].(c.) The indentation matrix and spacings between indentations. (d.) The indentation
profile over time for every indentation. (e.)The force-displacement curve resulting
from an indentation, showing the analysis of the unloading curve. S represents the
stiffness and the derivative of the load over the displacement [4]. (f.) A close up of the
probe indentation, where R is the probe radius and h the maximum displacement.
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2.3.4 Data Analysis

Cartilage and bone can be defined as materials with viscoelastic behavior [48; 49]. Mul-
tiple nanoindentation analysis methods exist for different types of materials. However,
implementing the viscoelastic material properties remains challenging due to the time-
dependent property of the material. Therefore, the analysis method used in this study
was the Oliver-Pharr (OP) method. This method is based on elastic-plastic material
properties and modified so that the viscoelastic characteristics can be neglected from
further analysis.

The OP-method has shown to be very effective and robust for elastic-plastic materials.
Here, the unloading curve of the indentation profile is analysed (Figure 2.3 e.). This
method will, however, most likely overestimate the elastic modulus if viscoelastic proper-
ties are ignored. If unloading of the indentation occurs immediately after loading, the
viscoelastic material will not follow the displacement with the decreasing force. This
phenomenon could lead to an increased unloading curve or a negative slope, causing the
overestimation [50]. The material requires time to reach an equilibrium with a constant
load to prevent the overestimation of the elastic modulus. A holding time of 5-10 seconds
has been demonstrated to be sufficient enough to eliminate the viscoelastic creep [51; 52].
The analysis of the unloading curve was performed between 70-95% of the load. This top
limit was chosen to ensure the unloading had started. In addition, the lower limit was
chosen to maintain in the linear region of the curve [53; 54]. A MATLAB code was set up
to implement the OP-method for this nanoindentation data (Appendix VI).

The OP-method is based on research performed by Sneddon[55], who derived general a
relationship between the load, displacement and contact area for any indentation metric,

P=uwaxh" (2.1)

Where P is the indentation load, h is the displacement of the probe, and a and m
are constants. The value for m depends on the probe geometry. For a spherical probe,
it typically was found to be 1.5 [54]. « is determined by the fit of the curve to the
indentation data. From equation 2.1, the unloading curve was described by the following
power-law,

P=ax(h)™ (2.2)

Where h, is the contact depth, which was defined by,

hc - hmax - hf (2'3)

Where hpax is the maximum indentation depth and h¢ the indentation depth where
the load, during unloading, has reached 0 N again [53]. The contact radius, a, was then
calculated from the contact depth of the probe,

a=/(2Rh — 12) (2.4)
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Where R is the probe radius (Figure 2.3 f.). From this contact radius, the contact area,
A, was retrieved, which was required for calculating the elastic modulus,

A = 1% a? (2.5)

The stiffness and elastic modulus were then obtained, using the following equations,

dP o
S=— = m # & (Hypax — hy) "V (2.6)

E:S\/E*
2VA

Where v is the Poisson’s ratio of the material and S the slope and stiffness of the initial
part of the unloading curve. Equation 2.1 was used to obtain the derivative of the load,
P. The Poisson’s ratio for articular cartilage was assumed to range from 0.3 to 0.5. The
difference in methods, location, and species make it challenging to determine an absolute
value [56; 57]. In subchondral bone a Poisson’s ratio between 0.28 and 0.33 was found
[57; 58]. For this reason, a Poisson ratio of 0.3 was used to obtain the elastic modulus for
all indentations in the matrix.

For every indentation matrix, heatmaps were created to observe the indented surface. All
the single indentation curves were inspected to see if the OP-method fit the data. If it did
not fit or if an error occurred during indentation, that indentation point was eliminated
from further data analysis. The eliminated data points were then referred to as NaN and
visualized as black boxes in the matrix.

Lastly, a Gaussian filter was applied to every matrix to identify the general regions of
the different interface layers. A sigma of 0.5 was applied to the filter, which generates a
kernel of 3x3. A higher value for sigma would result in a greater kernel, which leads to a
higher chance of eliminating the distinction of the thinner tissue layers. As mentioned
before, the mineralized cartilage layer is thin. A higher sigma would possibly fade out
the measured mechanical properties of this layer. The possible NaN values in a matrix
were excluded from the Gaussian filter analysis in the MATLAB code (Appendix VI).

(1- Vz) (2.7)

2.3.5 Probe dependency

Multiple probes were used in this research. It was assumed that the difference in the
elastic modulus due to the varying probe properties would be negligible. To validate this
assumption, pure cartilage of the same sample was indented by two probes with different
stiffness properties and probe tips. Identical indentation profiles, similar to the previous
indentations, were applied in a matrix of 4x4 indentations with 50 um spacing between
indentations in both directions (Figure 2.4) . Probes P1 (249 N/m, 8.5 pm) and P2 (254
N/m, 9.5 pm) were used as comparison, P3 (261 N/m, 8.0 ym) and P4 (283 N/m, 9 um)
had broken in the process of previous indentations. After indentations, the raw data was
run through the MATLAB code with an OP-method analysis. The mean and standard
deviation of all the indentations in the two matrices were retrieved and compared.
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Figure 2.4: The indentation matrix and profile for the probe dependency tests. a.) The indentation
matrix with 50 pm spacing between indentations. b.) The indentation time and depth
profile.

2.3.6  Plastic deformation

The force-displacement curve generated by the nanoindenter cannot demonstrate plastic
deformation, due to the viscoelastic behaviour of the tissue. In this research, three
indentation matrices were performed at the same location. For that reason, it was
important to know if the indentations left any damage for the following matrices. To
investigate this, indentations were performed on a mature sample and analyzed with
scattered electron microscopy (SEM, JEOL JSM-IT100, Tokyo, Japan). The mature sample
was thawed in 1X TBS with protease inhibitors overnight at 4 °C in a plastic petri dish.
The indentations were performed in a 4x8 matrix with 250 pm spacing in between to
ensure indentations were made in the bone region. After indentation, the sample was
dehydrated by immersing it in ethanol series and hexamethyldisiloxane (HDMS) for 15
hours each. Finally, the sample was left in the recirculation cabinet overnight and stored
in a closed plastic petri-petridish at 4 °C. The day of testing, the sample was allowed to
reach room temperature. Following, the sample was retrieved from the dish and coated
with a thin gold layer, to improve electrical conductivity. Thereafter, the sample was
placed in the microscope and images of the indented area were made with a electron
beam energy of 10 kV and a working distance of 10 mm.

2.4 COMPRESSION WITH DIGITAL IMAGE CORRELATION

In this study, a novel method has been used to characterize the mechanical properties
of the osteochondral interface. Compression tests were performed on the samples with
Digital Image Correlation (DIC) analysis (Limess, Krefeld, Germany). This technique
made use of two high resolution cameras, which tracked the the strain in a certain region
of interest. From this, the strain distribution over the interface was determined.

2.4.1  Sample Preparation

For the compression tests, three samples from every age group were used, which had
also been used for nanoindentation previously. The samples were required to have
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a constant height over the thickness of the sample so that the the contact area could
be determined. For this reason, the samples with the least curves were selected for
these tests. The selected samples were A-1-LP, A-2-L, A-3-MD, Y-13M-MD, Y-13M-MP,
Y-13M-LD, Y-7W-L, Y-12D-L, Y-9D-M. Before testing, the samples were thawed in 1X TBS
with protease inhibitors solution overnight at 4°C. In order to ensure strain observation,
a random speckle pattern was created on the surface. The pattern was applied by an
airbrush and the use of white and black acrylic primer paint. This paint had hyperelastic
properties, thus behaved elastically to the deformation. First, the white paint was applied
over the entire surface, thereafter the black speckles were applied. After the paint had
dried, the samples were placed on the compression plate for testing one after another
(Appendix V).

2.4.2 Compression Test

The cameras were positioned as close to the sample as possible and calibrated. After
calibration, the compression tests were executed. The set-up for the DIC consisted of a
Lloyd LR5K compression machine with a 5 kN load cell. In addition, two high resolution
cameras, connected to a PC, and an UV-light source, were focused on the sample (Figure
2.5). The samples were subjected to a single compression deformation of 1-2 mm, till
the entire osteochondral interface was subjected to strain, with a compression speed of 1
mm/min. After testing, a mark was left on the samples from the compression plate. This
area was measured and assumed as contact area of the plate. Thereafter, the samples
were stored at —20 °C for possible further observation.

Figure 2.5: Digital Image Correlation Experimental Set-up
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2.4.3 Data Analysis

The strain distribution was determined using Istra4D software. In the force-time curve a
clear linear region was detected. A time-step within this linear region was selected for
further analysis (Appendix IV). The selected step was where the force was high to ensure
that deformation of the entire interface had been reached. At this step, five strain lines
with the length of the distance of the osteochondral interface were created per sample
(Figure 2.6). From these five strain lines, the true principal strain in the compression
direction was determined over the length. Lastly, the mean of the strain distribution of
the five curves was obtained per sample.

a. b.

Figure 2.6: DIC data analysise. (a.) Schematic overview of the sample on
the compression plates, where F is the constant compression
force applied on the sample. (b.) An example of a sample
during compression, where the five analysis lines have been
selected at a certain time step.
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RESULTS

3.1 STRUCTURAL DEVELOPMENT OF THE OSTEOCHONDRAL INTERFACE

To visualize the structure of the osteochondral interface of the different joints at a mi-
croscopic level, the HE staining was used to identify the different tissue types and the
chondrocyte pattern, the RGB staining to identify the calcified zones within the different
layers and the Saf O to visualize the proteoglycan distribution in the articular cartilage
(Figure 3.1). The cartilage layer of the sample from the 9 days old joint, was thicker than
the 13 months old and mature cartilage. In addition, cartilage canals were present in the
immature cartilage, marked as an intersection of a vessel in the deep zone of the cartilage.
Furthermore, in the 9 days old subchondral bone, the structure was highly porous and
no clear border mark was detected between the two types of tissue. In addition, a high
density of hypertrophic chondrocytes could be found in the deep zone of the articular
cartilage (Figure 3.1). This also applied to the histology images obtained for the 12 days
and 7 weeks old interface (Appendix IV).

The interface of the 13 months old interface, showed a reduction in cartilage thickness
and compact subchondral bone layer with an emerging border between the articular
cartilage and bone. In the mature interface, the different layers and zones are highly
defined. A clear calcified cartilage layer was present, including tidemarks, in all the
mature interface stainings. In these images, the deep zone of the articular cartilage clearly
showed a column structure of chondrocytes compared to the more superficial layers
(Figure 3.1). Furthermore, histology demonstrated that the cell density in the interface
decreased with increasing age.

For all the samples, the superficial layer of the cartilage contained the highest density
of chondrocytes and collagen fibres as visible on the RGB staining (Figure 3.1). The
Saf O stains demonstrated that the deep zone of the cartilage was darker red than the
transitional and superficial zone for all the samples. This indicated that the proteoglycan
density was highest in the deep zone of the articular cartilage.
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Figure 3.1: Histology of the osteochondral interface. Samples of the 9 days old, 13 months old

and a mature joints are presented from left to right for HE, RGB and Saf O staining. In
the RGB stain, the bright blue represents the proteoglycan density, calcified cartilage
turns pink-green and mineralized bone green. For the Saf O stain, the intensity of the
stain refers to the proteoglycan density in the tissue.




3.1 STRUCTURAL DEVELOPMENT OF THE OSTEOCHONDRAL INTERFACE

As mentioned above, the tidemarks were clearly visible in the mature samples. These

tidemarks were a clear border between the articular and calcified cartilage. In all the sam-
ples of the mature interface, multiple tidemarks were detected (Figure 3.2 and Appendix
IV). The 9 days old osteochondral interface did not show any tidemarks or presence of
calcification in the deepest zone of the cartilage, this also applied for the other young
interfaces (Appendix IV). The 13 months old interface, however, demonstrated a poten-
tial, extremely light, tidemark border line (Figure 3.3 a.). The HE staining images were
observed closely along the deep zone of the interface and the arrows indicate a light
change in colour along a border.
The calcification of the subchondral bone during maturation was demonstrated with the
RGB staining (Figure 3.3 b.). In the 9 days old subchondral bone, some green stains were
detected in the deeper parts of the bone, indicating calcification. While in the 13 months
old subchondral bone, a clear increase of green staining was observed, thus an increase
in calcification. In the mature sample, the subchondral bone was fully calcified especially
towards the osteochondral interface.
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Figure 3.2: Multiple tidemarks between the calcified cartilage and articular cartilage in the mature
interface. The tidemarks are indicated with the black arrows in the zoomed image
(right).
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b. 9 Days 13 Months ~ Mature

Figure 3.3: The calcification of the cartilage. a.) The RGB staining of the subchondral bone for the
9 days old, 13 months old and mature joints, where the calcification is indicated by
a green stain. b.) Emerging tidemark in the HE staining of the 13 months old joint,
indicated by black arrows (left) and a zoomed in images of the emerging tidemark
(right).

3.2 THE LOCAL ELASTIC MODULUS

A nanoindentation matrix measurement was performed on every sample to locally
measure the elastic stiffness of the natural tissue interfaces, which was repeated three
times for every sample. Due to the uncertainty of the plastic deformation and the spatial
resolution of the nanoindenter machine, the first matrix of every sample was used for
further analysis. In this section, the main results obtained from nanoindentation will be
presented. A complete overview of all the heatmaps for all the samples was included in
Appendix IV.

3.2.1  Scale of Indentations

The heatmaps presented in this chapter showed each indentation by a blue coloured
square. However, it is important to note that the indentations were made with a certain
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3.2 THE LOCAL ELASTIC MODULUS

space between each indentation. Therefore, the histology images were used to create a
scaled indentation matrix to show the true distribution of indentations (Figure 3.4). It
should be noted, that these scaled indentations are merely an indication. These are not
the true indentation locations as this could not be seen with the nanoindenter. Therefore,
the comparison between the histology image and the heatmap is to show how the
indentations are translated and not the exact indentation locations.

1 2 3 4 5 6
1w’
i 10
1 2 3 4 5 6
Figure 3.4: An indication of the location of the indentations in the matrix translated to the heatmap.

The indentations were scaled to the histology image by use of the Nanozoomer. a.)
The indentation matrix of a 9 days old interface and b.) of a mature interface.

9 Days Old

Elastic Modulus [MPa]

Mature

Elastic Modulus [MPa]
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3.2 THE LOCAL ELASTIC MODULUS

3.2.2  The Mature Interface

For all the samples of the mature interface, a clear transition from a low to a higher elastic
modulus value could be detected (Figure 3.5 and Appendix IV). Since the indentation
matrix was positioned manually, the interface was not positioned at the exact same
location within the heatmaps of the samples of the joint. Therefore, the heatmaps were
arranged in such a way that the transitional region of the elastic modulus values were
aligned. The rows of the heatmap define the distance over the osteochondral interface.
From 400 pm deep, darker regions, thus higher values, emerged. Below this region a
heterogeneous pattern was found of lower and higher values of the elastic modulus.
The alignment was performed for all the mature joints and from the transitional region,
the mean and corresponding standard deviation of the elastic modulus were calculated
(Figure 3.6). For the first to indentations for each joints, the pure articular cartilage was
indented and the values remained similar to each other. The mean value of the articular
cartilage was approximately 2.82 £ 1.03 MPa. From 150 pm distance from the starting
point, the values started to increase. The increase in Adult 1 was more gradual compared
to Adult 2. In addition, Adult 3 showed a slight increase at 150 pm, however, showed a
large increase from 600 pm. The maximum value found for each joint was 37.58 & 17.30
MPa for Adult 1, 36.88 & 20.21 MPa for Adult 2 and 124.43 +111.01 for Adult 3. Lastly,
the standard deviation increases with the distance over the interface.
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Figure 3.5: An example of heatmap alignment of the samples of the Adult 1 osteochondral
interface. The red boxes show the values based alignment. The logarithmic scale bar
indicates the value of the elastic modulus in the heatmap. The titles of the heatmaps
are to specify the location of the sample in the joint. The distance (left) shows the
length of the indentation matrix over the interface.
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Figure 3.6: The average elastic modulus distribution over mature interface of the joints of Adult
1 (top), Adult 2 (middle) and Adult 3 (low).The distance is the distance over the
transitional region of the interface. The standard deviation is shown with the coloured
patch.

3.2.3 The 13 Months Old Interface

For the 13 months old joint, the separate heatmaps showed a high variation between
samples (Figure 3.7). For that reason, the heatmaps could not be aligned to obtain an
average over the interface layers in the matrix. The Lateral-Distal and Medial-Proximal
sample showed a transition from a low elastic modulus to higher values for the subchon-
dral bone region. In the Medial-Proximal sample, a higher value of elastic modulus at
560 pm was followed by a lower region again between 640 and 800 um, showing the
heterogeneity of the subchondral bone region. The Lateral-Proximal sample, however,
showed a completely random distribution, where high values were found distributed
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3.2 THE LOCAL ELASTIC MODULUS

over the entire matrix (Figure 3.7). The Medial-Distal sample showed a homogeneous
heatmap of lower values for the elastic modulus. However, in the deeper region of this
matrix, higher values started to emerge.
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Figure 3.7: The heatmaps of the indentation matrix for every sample from the 13 months old joint.
The logarithmic scale bar indicates the value of the elastic modulus in the heatmap.
The titles of the heatmap are to specify the location of the sample in the joint. The
distance (left) shows the length of the indentation matrix over the interface. The
NaN-values in the Lateral-Distal heatmap represented eliminated data points.

3.2.4 Youngest Interfaces

The heatmaps of the 7 weeks, 12 days and 9 days old interfaces showed similar pat-
terns of the elastic modulus distribution. A slight increase could be found towards the
subchondral bone, thus the heatmaps were aligned according to this transitional region
(Figure 3.8). In the heatmap of the lateral sample of the 7 weeks old joint a more defined
transitional region could be found. The medial samples of the 7 weeks old interface was
eliminated from further data analysis, due to the large amount of NaN-values, this also
accounts for the medial sample of the 12 days old interface. In the 12 days and 9 days
old interface, the heatmaps mainly consisted of low values for the elastic modulus over
the entire region (Appendix IV).

The mean value and standard deviation over the heatmaps of all the youngest joints
was determined (Figure 3.9). The value of the articular cartilage was in a similar range
for all the joints up to 300 pm, which was approximately 1.58 +0.13 MPa. For the
7 weeks old joint, the values started to increase from this distance to a maximum of
10.28 £5.91 MPa. In the 12 days old and 9 days old joints, the values increased mini-
mally. However, the standard deviation was found to be higher in the subchondral bone
region of these interfaces. The maximum value of the elastic modulus for the 12 days
old joint was 3.58 £ 2.78 MPa and for the 9 days old interface 4.48 + 3.43 MPa (Figure 3.9).
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Figure 3.8: An example of heatmap alignment of the samples of the 9 days old osteochondral
interface. The red box shows the values based alignment. The logarithmic scale bar
indicates the value of the elastic modulus in the heatmap. The titles of the heatmaps
are to specify the location of the sample in the joint. The distance (left) shows the
length of the indentation matrix over the interface.
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Figure 3.9: The average elastic modulus distribution over immature interface for the 7 weeks old
(top), 12 days old (middle) and g days old (low) joints.The distance is the distance
over the transitional region of the interface. The standard deviation is shown with the
coloured patch.

3.2.5 Probe dependency

The probes used for the Piuma nanoindenter were highly sensitive and fragile, thus

broke easily. For that reason, multiple probes were used during the measurements.

Pure cartilage was evaluated with two different probes to obtain more knowledge of
the possible effect of the probe properties on the resulting elastic modulus. The mean
of the elastic modulus and the corresponding standard deviation were determined per

probe 3.1. The two probes tested were P1 (249 N/m, 8.5 pm) and P2 (254 N/m, 9.5 pm).

The values of the elastic modulus remained in a similar range. Thus, the effect of the
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3.2 THE LOCAL ELASTIC MODULUS

difference in probe properties was considered negligible for further analysis.

Table 3.1: Influence of different probe stiffness
Probe | Elastic Modulus [MPa]
P1 2.51 +£1.01 (N=16)
P2 2.18 +£0.85 (N=16)

3.2.6 Plastic Deformation

A sample of a mature joint was observed with SEM to observe if any plastic deformation
was caused by the probe during indentation. The interface showed a high rate of damage
and over the entire sample, due to the crosscut saw (Figure 3.10). As a consequence of all
these dents, a clear mark of the indentation matrix could not be detected in the indented
region. In addition, the geometry of the probe was spherical, thus the shape of the plastic
deformed dent was challenging to recognize. For that reason, the plastic deformation
was assumed negligible for the nanoindentation data analysis.

Figure 3.10: SEM images of the indented area on the mature osteochondral interface. The regions
visible were the articular cartilage (AC), calcified cartilage (CC) and the subchondral
bone (SB). One image is zoomed in 50x (left) the other 200x (right).
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3.3 INTERFACE STRAIN DISTRIBUTION

Uniaxial quasi-static compression tests were performed to determine the strain distri-
bution over the interface with the DIC method. The distributions were analyzed by age
group (Figure 3.11 and Appendix IV). The interface of Adult 2 and Adult 3 showed a low
strain value over the entire distance, thus a clear transitional region of this mechanical
property could not be detected (Figure 3.11 a.). In contrast, the sample from the joint
of Adult 1 showed the highest strain value for the articular cartilage of all the samples
in total. However, a corresponding high standard deviation was visible in the articular
cartilage region.

In the strain distribution of the 13 months old interface samples, a transitional region of
the strain values could be clearly detected (Figure 3.11 b.). At 0.5 mm distance from the
superficial cartilage layer the strain was approaching 0. In addition, the strain value was
higher than most of the mature samples, indicating that it was less stiff than the mature
articular cartilage.

The strain in the cartilage region of the 7 weeks old interface was higher compared to
the 12 months old interface (Figure 3.11 c.). In addition, the transition to a lower strain
occurred at 0.5 mm, while for the 12 months old interface this started at 1 mm. A higher
standard deviation was found in the transitional region compared to the other regions
in the strain distribution. For the three different groups, the interface distance varied
(Figure 3.11). The transition distance was largest for the youngest samples and decreased
with age. This is due to the fact that the cartilage thickness decreased with age (Appendix
II, Table 6.3).
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Figure 3.11: The averaged true principal strain along the interface, where the distance is from the
superficial layer of the cartilage to the subchondral bone. The strains are presented in
the different age groups. a.) Strain distribution of the three mature interfaces, b.) the
distribution of two samples of the 13 months old interface and c.) the distribution
over the 7 weeks and 12 days old interface. All distributions show a corresponding
standard deviation.



DISCUSSION

The aim of this research was to characterize the structural and mechanical properties of
the osteochondral interface during maturation. The structure and organization of the
interface was visualized by use of histology. Nanoindentation and compression tests
with DIC were used to obtain the stiffness of the different tissue types over the interface.

4.1 TISSUE SAMPLING

The nanoindenter used in this study, has not been used to perform indentation measure-
ments over the complete interface before. Therefore, it was crucial to create samples
that provided a smooth surface and had a clear visual transition from cartilage to bone.
The joints provided in this study, were equine metacarpo- and metatarsophalangeal
joints, which have a thick cartilage layer. As stated before, it is important to consider
the difference in tissue configuration between different anatomical sites. Furthermore,
the difference in loading conditions for the different areas of the joint itself should be
considered. Thus, all the results obtained in this study are only applicable for this type
of osteochondral interface.

The mechanical samples were retrieved from the lateral and medial condyle of the can-
non bone. However, due to the thickness of the samples, it was challenging to obtain
samples with a complete straight top surface, indicating that it included a section of the
condyle on which less force was submitted during life than other parts of the sample.
As mentioned before, the formation of the structural organisation of cartilage and the
interface is, amongst other things, stimulated by mechanical force. Resulting in a possible
difference in structure and stiffness within the samples.

Another important note, is the fact that the exact age of the mature joints was unknown.
In addition, the cause of death had not been specified for any of the horses. Macroscopic
inspections revealed no damage of the immature joints. However, for the adult joints,
some wear marks could be detected, indicating signs of osteoarthritis. The stiffness of
the interface has found to increase in joints with osteoarthritis, thus this could have had
an effect on the results obtained in this research [59; 60; 61].

To section the samples for histology, separate samples had to be made since the mechan-
ical tests could damage the samples. The assumption made in this study, is that the
distribution of the different tissue types remains constant over the condyles of the joint,
while in reality this could vary by several micrometer and, as mentioned before, have
structural variations [16; 18; 62].
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4.2 HISTOLOGY

Three different stainings were used to observe the structure, proteoglycan distribution
and observe the calcification. Multiple tidemarks were detected in the mature joint.
This could suggest that the horse was older of age, since the amount of tidemarks
increases with age [63]. However, an increase in tidemarks could also be an indication
of osteoarthritis [32; 64]. The tidemark is caused by the mineralization of the cartilage,
which happens in both aging and osteoarthritis. Thus, both causes should be considered
when analyzing these histology images.

For the joint of 13 months old, a light tidemark could be detected. It was found that
horses can obtain tidemarks in the femoral condyle from the age of 12 months [15]. For
this reason, it was thought that the slight line detected in the histology, can be considered
as an emerging tidemark.

4.3 NANOINDENTATION

In the nanoindentation matrix for the mature interface, a clear difference could be de-
tected between the different stiffness regions. This was assumed to be an indication for
the different tissue types, articular cartilage, calcified cartilage and subchondral bone.
From the heatmaps, it could be strongly suggested that the lower values in the top rows
are in the non-calcified cartilage region.

As soon as the regions started to show higher values for the elastic modulus, the calcified
cartilage or the subchondral bone region could have been entered. The space between
indentations should have confirmed to indent at least one matrix row in the calcified
cartilage. However, due to the uncertainty of the angle of placement of the sample and
the exact indentation location it could have skipped the calcified cartilage. In addition,
it could be that a pure cell was hit instead of the extra-cellular matrix. The radius of
the probe is found to be smaller than the average chondrocyte [65]. Anything smaller
than 8 pm in the tissue could not be indented fully, thus would result in a stiffness
measurement of the surrounding tissue. Furthermore, a Gaussian filter was applied to
the nanoindentation data. The kernel was selected in such a way that the elastic modulus
of the calcified cartilage layer would not be completely blurred out. However, it cannot
be guaranteed that this was the case. Lastly, it cannot be excluded that the calcified
cartilage might have had similar mechanical property values as the subchondral bone.
This would explain the absence of a distinct difference in values between the subchondral
bone and the calcified cartilage [43; 61]. However, it should be mentioned that this has
been measured with different equipment and set-ups than used in this study. The main
limitation is the lack in knowledge of the location of indentation, which makes it chal-
lenging to clearly assess the single indentation results. A Hysitron Nanoindenter (Bruker,
Billerica, U.S.A.) , for example, could indent a specimen with higher location precision
and environmental factors are of less influence as the indenter can be completely covered
by the machine [66; 67; 61]. Another alternative measurement equipment is Atomic Force
Microscopy (AFM). This technique performs indentations on nano-scale and makes use
of a microscope, thus the indentation location can be defined [43; 68].

For the non-calcified cartilage region, the values for the elastic modulus demonstrated a
low variation. The main explanation for this was the homogeneous structure. Towards
the subchondral bone, an increased standard deviation was found. This results from the
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distribution of low to high values in the subchondral bone region. This suggests that
obtaining the average over the horizontal indentations, would not lead to an accurate
end result of the exact elastic modulus for the interface layers beneath the non-calcified
cartilage. The average of the horizontal indentations can generate an indication in which
region the indentations were made, however it cannot be used to determine the elastic
modulus value of the heterogeneous subchondral bone layer.

The matrices for the different samples from the same joint can be aligned well for the
mature horses. The difference in matrix location on the interface can be explained by the
lack of visionary aid during the placement of the sample in the nanoindenter machine.
Every sample is placed manually, thus variance in placement of the starting point is
inevitable.

As mentioned above, the higher values, and thus dark blue squares in the heatmap,
suggest it is indenting subchondral bone. Surrounding the darker points are squares
of a lighter shade, suggesting it hit a pore filled with soft tissue. These lighter blue
colours were also present in the transitional area between the subchondral bone and
non-calcified cartilage, this could suggest that the calcified cartilage was indented in that
region. However, it did not clearly present itself in a clear line, as it did in the histology
images.

The heatmaps of the 13 months old joint were inconsistent with each other. An obvious
value difference was found in the soft and stiff tissue, however, a transitional region
could only be detected in two of the samples. One could argue that the different probes
used could cause this difference, however, the validation of the probe dependency in
this research showed that this had little effect on the elastic modulus of the non-calcified
cartilage. It could, however, have an effect on a stiffer material, the subchondral bone
in this case, which has not been tested in this research. Lastly, the bone region seemed
more compact in the histology images for the 13 months old interface, which could be
seen in the higher values present in some of the heatmaps.

The youngest interfaces in this study, the 9 days and 12 days old, were clearly different
from the older interfaces. The values of the these heatmaps remained low over the entire
interface and little to no detection of high values were found within the subchondral
bone. The value for the immature cartilage was slightly lower compared to the values
found for mature non-calcified cartilage. However, they remained in the same range.
Some darker, and thus higher, values were detected deeper into these young interfaces,
indicating that the subchondral bone had been indented. An explanation for the low
values for the entire immature interface could the absence of calcification. Mineralization
of the tissue occurs in a later stadium of maturation and results in a stiffer material
[59; 42].In addition, the subchondral bone in the immature interface was highly porous
and the chance that the probe indented bone was lower than in the older interfaces.
Overall, the values found for the non-calcified cartilage were in line with the values
found in previous research performed with the Piuma Nanoindenter [46]. It must be
said, however, that the measurements in Moshtagh (2016) were performed axially on the
articular cartilage and not in the transverse direction [46]. Cartilage can be described
as an anisotropic material, thus it was expected that different values would appear for
different measuring directions [38]. The similar values can be explained due to the scale
of the measuring method. Bundled collagen fibres have an effect on the mechanical
properties, while a single or a few fibres could have little effect on these properties in the
nano-scale.

The values for the subchondral bone found in this research, cannot be validated by
previous research with this method. The Piuma Nanoindenter has not been used before
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to perform measurements on subchondral bone and every measuring technique results in
a different outcome. For that reason, it was challenging to find an absolute value for the
stiffness of this tissue type. The elastic modulus is a property that can be measured with
several methods on different scales all resulting in a different stiffness values [61]. In this
study, conclusions on the elastic modulus were made from the values relatively to each
other instead of comparison with results from previous research with other measuring
techniques.

It is important to comment on the fact that the squares in the heatmaps represent
the indentation matrix. The indentations were made with 80 pm in between them. The
squares that represent the indentations were connected in the heatmaps, however, in
reality the indentations had some space between them. In between the indentations
small pores or variety in the structure could be present, thus the heatmaps should not be
considered to be a complete overview of the matrix area.

A limitation in this study, as mentioned above, was the use of different probes for the
different samples. Due to the sensitivity, multiple probes broke during indentation, thus
different probes were used, albeit in the same range of 249 to 283 N/m cantilever stiffness
and 8 to 9.5 yum for the tip radius. The difference between two different probes was tested
on articular cartilage. Unfortunately, not all the probes could be tested due to damage,
limiting the probe dependency validation. In addition, the probes were only tested on a
softer tissue and not on the stiffer tissue due to the homogeneous properties of cartilage.
For this reason, we cannot completely exclude a slight difference in elastic modulus due
to the difference in probe properties. Furthermore, due to the high sensitivity of the
probes, environmental factors, like disturbance movement in the lab, could also have
had an effect on the results. However, these effects were considered to be negligible
as the movement in the lab was minimized during indentations. In addition, the cali-
bration factor was never exactly the same for every calibration, which could also have
minimal effect on the force-displacement curves. Lastly, the surface roughness was of
great importance for nanoindentation [69; 70]. A high surface roughness could have been
created by cutting the samples with a circular saw. Bovine osteochondral test samples
were cut with the circular saw and polished with a Dremel (Dremel, Racine, U.S.A.)
to determine if polishing the interface would decrease surface roughness (Appendix I).
However, polishing the surface after cutting created a higher surface roughness for the
articular cartilage. The Dremel was used manually with the smoothest polishing stone
available. For future research, higher smoothness might be achieved with a diamond
wheel point. In this research, the diamond blade in the circular saw without polishing
was the best way to create a flat a surface as possible .

Another factor to consider, is the piezo-sensor within the probe. Piezo sensors are known
to wear out over a certain amount of time and require recharging. It was noted that the
calibration of the probe was more challenging if the same probe was used two days in a
row. While, a week later, the probe would calibrate properly again. This phenomenon
could result in a stretched out sensor and therefore record an inaccurate and lower
force with the corresponding indentation, resulting in an underestimation of the elastic
modulus. For that reason, the aim was to not use the same probe if calibration errors
started to occur. The probe was only used if the calibration factor was within the correct
region according to the protocol (Appendix V).

The movement of the platform on which the sample was placed, is also a point for discus-
sion. The platform was navigated by using the Piuma software. However, the movement
resolution was unknown. It seemed that it was showing backlash, which is an occurring
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phenomenon in mechanical machines [71]. Meaning, there is a mechanical kickback
in both directions when it is moving to the next point. The effect on the indentations
itself was negligible, however, it did result in an even less accurate knowledge of the
indentation location and the precise matrix sizes. In addition, if one would want to
indent the same matrix at the same location twice, the location of the second matrix
would not indent at the exact same location. For that reason, only the first matrices were
used for further analysis as it was not possible to perform identical indentation matrices
with the Piuma nanoindenter.

The method used for post-processing the nanoindentation data, was the Oliver-Pharr
method. Here, the unloading curve was analyzed and the elastic modulus was calculated
from the slope of this curve. It has been stated, that this method is not optimal for
viscoelastic materials [72; 73]. The Oliver-Pharr method is mainly used for elastic-plastic
materials. Viscoelastic materials do not show a clear presence of plastic deformation due
to the time dependency of the material to retract to its original shape [48; 74]. This results
in an uncertainty regarding the probe contact area, leading to an overestimation of the
elastic modulus [75]. However, if a slow unloading time is applied to the nanoindentation,
this method could be used for viscoelastic materials [51]. For that reason, an unloading
time of 16.67 seconds was selected for these measurements.

As mentioned before, the Gaussian filter was applied to all the indentation matrices
to create a better visualization of the different tissue regions. The NaN-values were
excluded from the filter. However, if NaN-values were abundantly present in a heatmap,
some kernels would exist only of NaN-values. This resulted in an inaccurate replacement
of the elastic modulus value by the filter. Thus, if NaN-values were present in a large
amount, the heatmap was excluded from further analysis. In this study this applied for
the 7 weeks old medial sample and the 12 days old medial sample.

To validate if plastic deformation occurred due to nanoindentation in the interface, SEM
images were analyzed. However, the surface roughness was high and marks of indenta-
tions could not be detected. In previous research on nanoindentation in bone, permanent
deformation was detected with a Berkovich tip and 100 nm indentation depth [76]. How-
ever, when a spherical tip was used with a low indentation depth, plastic deformation
often was prevented [48]. The SEM images do not exclude plastic deformation of the
interface, however it can be assumed that it is negligible due to the highly damaged
surface on the nano-scale.

Lastly, the same indentation protocol was used for the cartilage measurements as well
as for the subchondral bone measurements. While, it was required to have a separate
protocol for nanoindentation for every type of material [3]. It was chosen to use the same
protocol so that all the results of the interface could be compared to each other. If a
different protocol was used for every layer, the difference in results could have been influ-
enced by the indentation time and depth. Except for the similar protocol, similar probes
were used for the different tissue types. It was advised to use a probe with a less stiff
cantilever for cartilage and a stiffer cantilever for bone indentations. If a stiff cantilever
is used for a softer material, an underestimation of the elastic modulus will take place.
The cantilever will deform less, detecting a lower force, which leads to a lower elastic
modulus compared to an indentation with a probe with a less stiff cantilever. However,
as mentioned above, using different probes would make it impossible to compare the
results for the different regions, thus the same probe was used for the entire interface.
The high amount of assumptions and considerations for nanoindentation in this re-
search, made it challenging to obtain useful results. However, if all these limitations are
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considered, the results obtained in this study can be used for further research in this
field.

4.4 DIC

The analysis of the osteochondral interface by use of compression tests with DIC, was a
novel technique to observe the strain patterns of this biological tissue. A clear transitional
region was detected in most of the samples from cartilage to bone. The higher strain
rate of the 7 weeks old interface compared to the 12 days old interface, can be explained
by the selected time step. The time step chosen for the 7 weeks old interface, had a
corresponding compression force of 256.07 N. For the 12 days old interface, that force
was 204.132 N. The maximum time step possible was chosen in order to track as much
deformation as possible in the deeper layers. However, this resulted in varying forces
with the corresponding strain distribution. In addition, the cameras had a high sensitivity
to environmental factors which could have influenced the results by tracking a strain
inaccurately. It was expected that the 7 weeks old cartilage had a high strain value in the
cartilage region, however, not much higher than the 12 days old cartilage.

The two samples from the 13 months old joint, showed similar curves with the similar
strain values at the superficial layer of the cartilage. The transition to a lower strain value
was at a shorter distance from the superficial cartilage layer compared to the younger
interfaces. This can be explained by the thickness difference of the cartilage, which
reduced with increasing age.

For the mature joint, the Adult 2 and Adult 3 samples showed a low strain value across
the entire interface. This suggested that the entire interface was stiffer than in the samples
of the immature joints. The Adult 1 sample, however, showed the highest strain value in
the cartilage compared to all the other samples. It was expected that the strain would be
lower for the samples of the mature joints, due to the mineralization. An explanation for
this highest strain value could be the that the sample was slightly curved, thus that the
observed cartilage surface was not fully resting on underlying bone and hanging over
the bone, resulting in a quicker deformation.

One of the limitations in this method was the geometry of the samples used. The samples
were assumed to be firm enough to withstand the compression force without failing.
However, the samples were first also used for nanoindentation, thus could not be too
thick, as a higher thickness, would obstruct the sample from getting immersed in liquid
for nanoindentation. This resulted in blocks, where the superficial layer was curved
in both directions. This created an uneven contact area for the compression plate. In
addition, due to the previous testing with nanoindentation, the samples contained some
superglue at the bone end. This might have effected the mechanical properties of that
part of the sample. This part of the sample is not within the region of interest, however,
with the uniaxial compression should be considered. Lastly, the nanoindenter could have
applied some plastic deformation to the matrix region which could weaken that part of
the interface. The SEM images did not detect plastic deformation due to indentation,
however, they did show damage on the surface due to the cutting technique. It is unlikely
that it would cause any effect on the measured strain, as the point of data observation
was before the sample failed. Thus, this possible effect was considered to be minimal on
failure during compression.

Another limitation within this mechanical method, is that the samples could not be tested
in liquid. This could have lead to dehydration of the sample during measurements, which
affects the mechanical properties in such a way that they become stiffer and brittle [77; 78].
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The samples were dry for a limited amount of time, however it would be preferable to
keep them hydrated. Lastly, folding of the cartilage on the observed surface occurred
during the compression of some samples (Figure 4.1). It mostly took place in the young
samples, which had a thicker and a slightly softer cartilage layer. Furthermore, the chance
of folding occurring also depended on the geometry of the samples. A slight angle of
the sample surface, could have lead to a higher chance of the cartilage folding over the
subchondral bone. This phenomenon limits the region of interest and data analysis. In
these situations, a lower time step and force was selected. This method and data analysis
is highly complex for biological materials with varying tissue types. Thus it is of great
importance that the assumptions and limitations are carefully considered during these
measurements.
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Figure 4.1: Folding phenomenon of the cartilage during compression.a.) The front view of the
sample, which is the surface the DIC cameras tracked. b.) Side view with a schematic
of the cartilage layer folding due to high force.

4.5 RECOMMENDATIONS

For future research, it is recommended to use a nanoindenter machine where the in-
denting location can be accurately visualized. In that case, the indentation locations
can be retrieved and determined with a higher. If, however, the Piuma nanoindenter is
used for further analysis, the resolution of the movement through the software of the
nanoindenter should be investigated and validated.

Within this research, multiple indentation matrices were performed on one sample. Due
to the uncertainty of indentation location and plastic deformation, only the first matrix
was analyzed. It could be interesting to investigate and register the three matrices per-
formed per sample, so that more data can be analysed.

It is advised to set up a protocol for the tissue sampling for the compression tests. The
geometry should be optimized in order to obtain the corresponding contact area and to
prevent folding of the cartilage. Furthermore, an analysis method should be designed
to obtain the elastic modulus from this data. This could lead to more insights in the
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different measuring methods and the stiffness of the transitional layers from cartilage to
bone.

Following from these optimizations, novel research can be performed on the osteochon-
dral or tendon-to-bone interface of different species and anatomical location. This could
lead to a better understanding of the mechanical properties of the interface and improved
regeneration techniques.



CONCLUSION

This study aimed to characterize the property-structure relationship of the maturing
equine osteochondral interface. A nanoindentation protocol was developed, which could
measure the elastic modulus of the cartilage and subchondral bone, with a slow unload-
ing time and an indentation depth of 5 pm to ensure indentation in the inconsistent
surfaces. Stiff probes had to be used to so that indentations could be made and compared
in both soft and stiff materials.

This protocol resulted in matrices of local elastic modulus values for all the samples. The
local elastic modulus varied per location, however, a clear transition between regions
of low values and high values was found in the mature interfaces, in some 13 months
old samples and a light transition in the younger samples. The region with low values
indicated that indentations were made in the articular cartilage. The higher values were
approximately 10 times higher than the region with lower values, suggesting that the
subchondral bone and possibly the calcified cartilage region was indented in that area.
Within the subchondral bone region, a high variation of values was detected, most likely
due to the pores and trabeculae found in this tissue type.

The value for the articular cartilage in the immature interfaces was slightly lower com-
pared to the mature articular cartilage, however within the same range. The subchondral
bone in the immature interfaces, did not show any high values for the elastic modulus.
The mature subchondral bone was highly compact compared to the immature subchon-
dral bone, resulting in lower values over the entire interface for the immature samples. At
the age of 13 months, higher values were detected in the indentation matrix. Indicating
that the calcification process of the bone and cartilage was occurring at this stage of
maturation.

The histology images revealed a clear overview of the differences between immature and
mature osteochondral interface. The immature cartilage had a higher thickness, which
decreased with age, and did not consist of a calcified cartilage layer. The subchondral
bone was highly porous, compared to the 13 months old and mature samples, which was
also shown in the elastic modulus matrix for these samples.

At 13 months, a light tidemark could be detected, which indicated calcification and
compact subchondral bone was emerging, which could be seen in the corresponding
heatmaps. The mature interfaces demonstrated clear layers and tidemarks in the his-
tology images. The indentation matrices for these interfaces showed a clear transition,
however not a highly defined calcified cartilage area.

The strain distributions demonstrated a clear difference in cartilage thickness for different
ages. The transitional zone between low and high strain values of the immature interface
occurred at a higher distance from the superficial layer compared to the mature interfaces.
This confirmed that a clear mechanical difference between cartilage and subchondral
bone was present.

The main limitations in this research, were the lack of knowledge of indentation location
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for measurements of the local elastic modulus matrices and the lack of knowledge of the
structure and sample geometry during compression tests. Therefore, assumptions had to
be made on the values within the different regions and for the data analysis of the DIC
method.

This study provides new insights in measuring techniques for the mechanical properties
of the osteochondral interface. Furthermore, an overview was provided of the local elastic

moduli and compared with the structure during the maturation of the equine interface.

However, in order to obtain more knowledge on the specific layers in this interface, more
studies are required where the indentation location can be clearly defined. This could
lead to new insights and repair strategies of this highly complex natural structure.
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APPENDIX

Appendix I: Bovine Polishing Histology & Trial Indentation Pro-
files

Polished Unpolished

Figure 6.1: A comparison between a polished and unpolished bovine
sample. An HE staining was performed to observe the dif-
ference in structure on the surfaces. The polished sample
shows a damaged surface, while the unpolished sample a has
smooth cartilage surface.
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Appendix II: Sample Dimensions & Sample Images

Table 6.2: Dimensions of samples determined with a caliper.
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Joint Label Width [cm] | Height [cm] | Length [cm]
Adult 1 A-1-LD 0.55 1.35 2.05
Adult 1 A-1-LP 0.70 1.50 2.05
Adult 1 A-1-MP 0.90 1.50 2.70
Adult 1 A-1-MD 1.10 1.60 2.70
Adult 2 A-2-L 0.80 1.45 2.60
Adult 2 A-2-MP 0.80 1.40 2.40
Adult 2 A-2-MD 0.70 1.40 2.40
Adult 3 A-3-LD 1.00 1.70 3.10
Adult 3 A-3-LP 0.85 1.50 3.00
Adult 3 A-3-MP 0.85 1.45 2.90
Adult 3 A-3-MD 0.90 1.75 3.10

13 Months | Y-13M-LD 0.90 1.65 1.65
13 Months | Y-13M-LP 0.75 1.50 1.65
13 Months | Y-13M-MP 0.75 1.75 2.05
13 Months | Y-13M-MD 0.65 1.60 2.00
7 Weeks Y-7W-L 1.00 1.70 1.60
7 Weeks Y-7W-M 1.20 1.60 1.90
12 Days Y-12D-L 1.05 1.50 1.85
12 Days Y-12D-M 1.00 1.60 1.70
9 Days Y-9D-L 1.10 1.75 1.80
9 Days Y-9D-M 0.90 1.70 1.70

Table 6.3: Thickness of the articular cartilage and calcified cartilage for each joint.

Joint Articular Cartilage [pm] | Calcified Cartilage [pm]
Adult 1 689.7 +28.2 165.6 +35.1
Adult 2 833.7 £35.9 241.3 +£33.7
Adult 3 567.3 £42.5 169.7 +39.4

13 Months 1166.0 £ 60.2 N/A
7 Weeks 1242.0 +48.7 N/A
12 Days 1498.0 + 55.5 N/A

9 Days 1506 + 77.7 N/A

The thickness was determined with NDP.view2 software (Hamamatsu,
Tokyo, Japan). For each region ten measurements were performed, as the
border between layers is not a clear straight line, and the measurements
were averaged. N/A means was no clear defined calcified cartilage layer
was present.



Images Joints and Mechanical Samples
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Figure 6.2: Joint and mechanical samples of Adult 1
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Adult 2

Medial-Distal Medial-Proximal

Figure 6.3: Joint and mechanical samples of Adult 2
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Adult 3
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Figure 6.4: Joint and mechanical samples of Adult 3
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Figure 6.5: Joint and mechanical samples of 13 months old
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7 Weeks
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Figure 6.6: Joint and mechanical samples of 7 weeks old
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Lateral
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Figure 6.7: Joint and mechanical samples of 12 days old
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Lateral

Figure 6.8: Joint and mechanical samples of 9 days old



Sample

Label

Probe

Adult 2 Lateral A-2-L P1
Adult 3 Medial-Proximal A-3-MP B
Adult 3 Medial-Distal A-3-MD P1
Adult 3 Lateral-Proximal A-3-LP P1
Adult 3 Lateral-Distal A-3-LD P1

13 Months Lateral-Distal Y-13M-LM P2
7 Weeks Medial Y-7W-M P2

7 Weeks Lateral Y-7W-L P2

12 Days Medial Y-12D-M P2

12 Days Lateral Y-12D-L P2

9 Days Medial Y-9D-M P2

9 Days Lateral Y-9D-L P2

Figure 6.9: Probes used on every sample
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[ |P1=249 N/m, 8.5 um
[ |P2=254 N/m, 9.5 ym
[ |P3=261N/m, 8 um
P4 =283 N/m, 9 um
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Appendix III: Staining Protocols

Erasmus MC Orthopaedics/ENT lab

Erasmus Orthopaedic Research Lab Ee1614

Title: Hematoxylin Eosin staining on paraffin -
Page 1/1
MMA - and cryosections
Protocol: 0-04 Version: 3.0 Effective date: 05/10/213
Author: Nicole Kops Primary reviewer: N.Kops

Background:
The HE staining is the quickest and most commonly used staining to check cell and tissue morphology.

Eosin is an acidic dye: it is negatively charged (general formula for acidic dyes is: Na*dye’). It stains basic (or
acidophilic) structures red or pink. This is also sometimes termed 'eosinophilic'.
Thus the cytoplasm is stained pink by H&E staining.

Haematoxylin can be considered as a basic dye (general formula for basic dyes is:dye” CI'). Haemotoxylin is
actually a dye called hematein (obtained from the log-wood tree) used in combination with aluminium ions
(AP"). It is used to stain acidic (or basophilic) structures a purplish blue. This colour shift (blueing) only happens
when the red staining is passed on to a neutral or alkaline solution like hard tapwater. (Haematoxylin is not
strictly a basic dye, but it is used with a 'mordant' that makes this stain act as a basic dye. The mordant
(aluminium salts) binds to the tissue, and then haematoxylin binds to the mordant, forming a tissue-mordant-
haematoxylin linkage.). Thus the nucleus is stained purple by H&E staining.

This means that the nucleus, and parts of the cytoplasm that contain RNA stain up in one colour (purple), and
the rest of the cytoplasm stains up a different colour (pink).

General materials needed:

Hellendahl jar or blue plastic container+rack

Alcohol 70%,96%,100% (eg Boom #84901622)

Acetone (eg Boom #A01C11X)

O-Xylene (Sigma #X1040)

Chloroform (Sigma #372978)

Haematoxylin Gill’s (ready-to-use, Sigma #GHS232 => ALWAYS FILTER BEFORE USE, use the big filter papers on
top of fridge!!)

Eosin Y (Merck, 1.15935), 2% in 50% EtOH, then add 0.5ml glacial acetic acid per 100 ml staining solution.
Reuse until color changes from green fluorescent orange to orange.

Entallan/Depex (Merck #1.07961.0500)

Coverslips

YVVVYVYYVYYVY

\4

Y VY
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Erasmus MC Orthopaedics/ENT lab

Precautions and disposal:

O-Xylene Read instruction cards: O-xylene
Acetone Acetone
Chloroform ® Read instruction card: Chloroform
Hen.'\atoxylin ® Read instruction card: hematoxylin
Eosin Eosin

Wear gloves when handling any of the above stated chemicals and work in the recirculation cabinet while using
ethanol, acetone, chloroform, hematoxylin or xylene.

Ethanol, chloroform, acetone and xylene are to be disposed of in the white waste containers underneath the
recirculation cabinet. Hematoxylin and eosin are to be reused as much as possible or to be disposed of in the
white container underneath the histology sink.

Protocol:

Pre-treatment paraffin sections:
o Deparaffinize in Xylene 2x, 100% EtOH 2x, 96% EtOH 1x and 70% EtOH 5’ each
o Rinse with distilled water 2x3’

Pre-treatment MMA sections:
o Remove plastic foil from the sections and place slides in xyleen/chloroform mixture (1:1)
to get the MMA out of the sections. Check if it is completely gone, if you still see edges

where the MMA has been prolong this step 60" "
o Hydrate trough Xylene 2x, 100% EtOH 2x, 96% EtOH 1x and 70% EtOH 5’ each
o Rinse with distilled water 2x3

Pre-treatment cryosections/cytospins:
o Defrost sections under hairdryer for 60 minutes before opening box (to prevent ice crystals
destroying the morphology of your sections)
o Place slides in a Hellendahl jar and add aceton to fix the tissue/cells 10’
o Rinse with distilled water 2x3

Then for all types of samples:

1. hematoxylin 5’

2. Tapwater to convert red staining into blue. Either running tapwater or refresh every minute 5’-10’
3. Quick dip in distilled water
4

Eosin +/- 45 sec

Page 2 of 3 0-04



Erasmus MC Orthopaedics/ENT lab

70% EtOH 10 sec
dehydrate in 96% EtOH, 100% EtOH, 2x xylene 1’ each

Mount with Entallan (Depex) while slides are still wet from xylene

O N o v

Let slides dry in the recirculation cabinet for at least 60’.

Staining results

Blue: Keratohyalin, nuclei, cytoplasmic RNA, calcium deposits, bacteria
Red: muscle, keratin, elastic fibres, fibrin

Pink: Collagen, reticulin, nerve fibres, amyloid

Orange: red blood cells

Page 3 of 3 0-04
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Erasmus MC Orthopedics/ENT lab

Title: Safranin O staining for GAGs on paraffin,
Number of pages: 3
MMA - and cryosections
Protocol: GAG-03 Version: 3.0 Effective date: 27/10/2020
Author: Nicole Kops Primary reviewer: N.Kops

Background:

This method is used for the detection of cartilage, mucin, and mast cell granules on formalin-fixed, paraffin- or
MMA embedded tissue sections, and may be used for frozen sections as well. The cartilage and mucin will be
stained orange to red, and the nuclei will be stained black (when hematoxylin is used). The background is
stained bluish green in case of Fast Green and bright green when Light Green is used.

In normal, not severely damaged cartilage the binding of Safranin O to GAGs in stoichiometric and is found to be
very little nonspecific. Hence the intensity of Safranin O staining is directly proportional to the proteoglycan
content in normal cartilage. Safranin 'O’ has thus been used to demonstrate any changes that occur in articular
diseases such as OA and is also widely used to grade the severity of OA in eg. the Mankin scoring system.

Note:

> The binding of Safranin O to cartilage GAG is only stoichiometric when the amount of GAG in the tissue
is not too low. This is obviously not always the case in OA, and Safranin O may thus not be a sensitive
indicator of GAG content in very severely diseased cartilage (ref: Histochemistry. 1988;89(2):185-8)

> When staining decalcified tissue, decalcification with acid decalcifiers like formic acid is preferred as
EDTA, used as a non-acidic decalcificier, breaks down GAGs. Area’s that are low on GAGs will be more
susceptible to this breakdown resulting in a possible underestimation of the amount of GAGs present
in the tissue when using EDTA.
When wanting to perform immunohistochemical stainings on the same samples we do use EDTA as
decalcifier taking the breakdown of GAGs for granted as IHC’s are much more sensitive to the
negative influence of acids than GAGs for EDTA.

> The haematoxylin nuclear stain is left out of the protocol as this might overrule the green and orange.
The nuclei are well visible anyway.

> We prefer Light Green over Fast Green as the Light Green gives a brighter green staining result.

General materials needed:

Hellendahl jar or blue plastic container+rack

Alcohol 70%,96%,100% (eg Boom #84901622)

Acetone (eg Boom #A01C11X)

O-Xylene (Sigma #X1040)

Chloroform (Sigma #372978)

Light Green Yellowish (Fluka #62110), 0.1% in distilled water eg 100mg/100m|
OR

Fast Green (Sigma #861154), 0.05% in distilled water eg. 50mg/100ml

Safranin O (= Safranin T, Fluka #84120) 0.1% in distilled water (eg 100mg/100ml)

Acetic acid (Fluka #45730), 1% in distilled water (eg 1ml/100ml)

Entallan/Depex (Merck #1.07961.0500)

Coverslips

VVVVYVYYVY

YV VYV
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Erasmus MC Orthopaedics/ENT lab

Precautions and disposal:

O-Xylene @@ Read instruction cards: O-xylene

Acetone

Acetone

Chloroform @ é‘ Read instruction card: Chloroform

Fast Green

Fast Green

Safranin O ® Read instruction card: Safranin O

Wear gloves when handling any of the above stated chemicals and work in the recirculation cabinet while using
ethanol, acetone, chloroform, haematoxylin or xylene.

Ethanol, chloroform, acetone and xylene are to be disposed of in the white waste containers underneath the
recirculation cabinet. Haematoxylin, Light Green, Fast Green and Safranin O are to be reused as much as
possible or to be disposed of in the white container underneath the histology sink.

Protocol:

Pre-treatment paraffin sections:

o Deparaffinize in Xylene 2x, 100% EtOH 2x, 96% EtOH 1x and 70% EtOH 5’ each
o Rinse with distilled water 2x3
Pre-treatment MMA sections:
o Remove plastic foil from the sections and place slides in xyleen/chloroform mixture (1:1)
to get the MMA out of the sections. Check if it is completely gone, if you still see edges
where the MMA has been prolong this step 60" *
o Hydrate trough Xylene 2x, 100% EtOH 2x, 96% EtOH 1x and 70% EtOH 5’ each
o Rinse with distilled water 2x3
Pre-treatment cryosections/cytospins:
o Defrost sections under hairdryer for 60 minutes before opening box (to prevent ice crystals
destroying the morphology of your sections)
o Place slides in a Hellendahl jar and add aceton to fix the tissue/cells 10’
o Rinse with distilled water 2x3
Then for all types of samples:
1. Light Green solution* (or Fast Green if preferred) 8’ (5-107)
2. quick rinse in 1% acetic acid 2x10 sec
3. Safranin O solution 12’
4. Rinse in 96% ethanol 2x. Duration of rinse step is depending on tissue type. In case of joint
sections rinsing should commence until growth plate is visible as a bright orange/red line in
a bright green (or bluish) background +/- 30 sec
5. dehydrate in 100% EtOH (1x) and xylene (2x) 1’ each
6. Mount with Entallan (Depex) while slides are still wet from xylene
Page 2 of 3 GAG-03




Erasmus MC Orthopaedics/ENT lab

7. Letslides dry in the recirculation cabinet for at least 60'.

*: Light Green can cause tearing of bone when staining non-decalcified MMA sections so in case this

happens, shorten this step.

Staining results

Cartilage: orange/red
Nuclei: dark red when haematoxylin is left out, otherwise dark blue/black
Cytoplasm/bone: green (in case of Light Green) or blue (in case of Fast Green)

Page 3 of 3 GAG-03



Erasmus MC Orthopaedics/ENT lab

Erasmus MC Orthopedics/ENT lab

Title: RGB trichrome staining on (decalcified)
Number of pages: 3
paraffin sections

Protocol: HIS-22 Version: 1.0 Effective date: 27/10/2020
Author: Nicole Kops Primary reviewer: N.Kops
Background:

A novel RGB-trichrome staining method for routine histological analysis of musculoskeletal tissues.

Described in the link below is a novel staining method, the RGB trichrome, amenable for application to
decalcified, paraffin embedded human musculoskeletal tissues. The acronym RGB corresponds to the three
primary dyes used: picrosirius Red, fast Green, and alcian Blue. Although these individual pigments are
commonly used either isolated, in binary combinations, or as part of more complex polychrome staining
methods, when merged in the RGB trichrome staining produce high-quality/high-contrast images, permitting
not only clear identification of different tissues (i.e., the different types of cartilage, bone and fibrous connective
tissue), but also discrimination between calcified and uncalcified bone and cartilage, as well as an unexpected
diversity of shades of color, while displaying singular properties among polychrome staining methods, such as
the unveiling of the bone osteocyte dendritic/canalicular network.

The link:
https://www.nature.com/articles/s41598-020-74031-x

Novell to us is that we can stain osteoid in decalcified samples so there is no need to embed in MMA anymore.
Besides this huge benefit there is also a better differentiation of tissue, even within the tissues itself.

Note:
> In the article from Nature 5% nitric acid is used as a decalcifying agent but as we mostly have EDTA

decalcified samples this protocol has been tested on EDTA samples and works very well as well.
> Other types of sections but paraffin have not been tested yet.

> The thickness of the sections plays a key role in the outcome of the staining. Please pay attention that all
sections are 6um in thickness. When in doubt while sectioning, discard the section that might be too
thin as the intensity ratio between Fast Green and Picro Sirius Red is very delicate. Cutting thicker
sections has been tested (Nicole, 23/10/2020) but that does not improve the staining either.

General materials needed:

Hellendahl jar or blue plastic container+rack

Alcohol 70%,96%,100% (eg Boom #84901622)

O-Xylene (Sigma #X1040)

Alcian Blue 8GX (Sigma, A5268), 1% w/v in 3% aqueous acetic acid solution (pH 2.5)

Fast Green (Sigma #861154), 1% w/v in distilled water (eg. 1gram/100ml)

Sirius Red (aka Direct Red 80) (Sigma, 365548), 1% w/v in a saturated aqueous solution of picric acid.
Acetic acid (Fluka #45730), 1% in tap water (eg 1ml/100ml)

Tapwater

Entallan/Depex (Merck #1.07961.0500)

Coverslips

VVVVYVYVVYVYYYVY
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Erasmus MC Orthopaedics/ENT lab

Precautions and disposal:

O-Xylene @@ . .
Read instruction cards: O-xylene
Acetone X
Acetone
hlorof @ N
Chloroform Read instruction card: Chloroform
Fast Green S
Fast Green

Sirius Red/Direct Red 80 Read instruction card: Sirius Red

Wear gloves when handling any of the above stated chemicals and work in the recirculation cabinet while using
ethanol, acetone or xylene.

Ethanol, chloroform, acetone and xylene are to be disposed of in the white waste containers underneath the
recirculation cabinet. Fast Green and Alcian blue can be re/used many times but when to be disposed of, please
discard in the white waste containers underneath the recirculation cabinet.

The Sirius Red solution can be reused many times and can be kept for up to 3 years. When it needs disposal be
very careful not to use any metal lids/containers. Picric acid crystals can be explosive !! Collect PSR solution
in a waste container in the yellow safety cabinet.

Protocol:
1. Deparaffinize in Xylene 2x, 100% EtOH 2x, 96% EtOH 1x and 70% EtOH 5’ each
2. Rinse with distilled water 2x3
3. Alcian Blue solution (check pH before staining) 20’
4. Rinse in tap water 5’
5. Fast Green solution 20
6. Rinsein tap water 5’
7. Picro Sirius Red solution 30’
8. Rinsein 1% acetic acid solution 2x3 %
9. Dehydrate in 100% EtOH (not in recirculation cabinet) 1
10. dehydrate in 100% EtOH (1x) and xylene (2x) (in recirculation cabinet) 1’ each

11. Mount with Entallan (Depex) while slides are still wet from xylene

12. Let slides dry in the recirculation cabinet for at least 60’.

*: duration may vary, depending on type of tissue.

Staining results (in sections generally stained in the lab, for the full range of results, see Nature article)

Osteoid bright red
Calcified bone green
Uncalcified bone red
Proteoglycans (GAGs) bright blue
Collagen fibers red

Page 2 of 3 HIS-22
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Appendix IV: Results Histology and Mechanical Tests

12 Days 7 weeks
; 3 : \' [ ! K"!.T‘
HE
RGB
Saf O

Figure 6.10: Histology images of the 12 days and 7 weeks old interface
samples. HE, RGB and Saf O stainings were performed on
these samples.



HE

200 pm

Saf O

Figure 6.11: Histology images of the Adult 2 and Adult 3 interface sam-
ples. HE, RGB and Saf O stainings were performed on these
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APPENDIX

Nanoindentation Heatmaps of all Samples

In this section, the heatmaps of all the samples are presented. Each sample was

indented three times in the same location according to the nanonidenter machine.

After the Oliver-Pharr data analysis, the data was filtered with a Gaussian filter,
where o was set as 0.5. This value was chosen in order to avoid the values of the
calcified cartilage to be blurred out. The values in the heatmaps represent the
elastic modulus in MPa, indicated with a scale bar on the right side of the
matrices. The black boxes are data points which were eliminated from further
data analysis due to an indentation error.
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PRI 1017 n 4313

1467 798 7838  166.1

1002

Gaussian Filter

2.645

3.086

3 2.525

327 3274 3.201

55.21 2238

23.14 17.96

34 .66 4235

7316 2427 65.57

5968 @ 132 4497




Adult 2 : Medial-Distal

2

3.402

3258 2673 1215

2.063

2661 2343

90.34

Gaussian Filter

57.68 19.82

10!

85.67

Iy 2.159




Adult 2 : Medial-Proximal

2

3

11 121

2194 . 1.772

1495 3184 203 1783 2631 1
212 2
27 2108 175 2613 1923 3
1967 2201 1895 2307 2241
1665 2415 07682 1007 1052

1479 1701 179

2 3 4 5 6

1]1.497

22208

18 21133 2

1.619

2.025 '3

1952 228 1.684

1.159

2.009

1473

1.542

1.065

1.475

1.138

116

1.016

1.162

1.785

3.105

1.536

1.289

2252 1634
1731 1.586
1675 1313

1.451

13.57

1.487 1.408 1.043

16.54

1.198 1.235 1.756 1.808 1.548

AN 1517

1.963 2.02

0.773 &w 1025 1213 1205 09943

Gaussian Filter

1 1437 1616 2335

1.866 2.109 10

1.446 - 1

1.413 2.074 12

1 2 3 4 5 6

1.597

1.387

2223 1463

1439 1.244

2.143 0.7417 0.8654




1

~ |

1] 05603 07502 0864 05979
2| 08259 08867 1095 1262 05802 0652 | 2
3| 1679 102 08219 0835 06768 05958 | 3
4| 07004 1138 06937 0665 0760 04426 | 4
5| 0953 09312 1618 09916 1225 05483 | 5
6. 09303 1373 088 1032 03517 | 6
7| 07089 1046 1364 07745 0%t 07812 | 7
8| 08882 09384 0673 3141 0567 06918 | B
9| 08114 09133 16 06567 1166 0624 | 9
0| 07109 1683 143 06487 07401 06581 | 0
1] 08341 07777 08261 06458 07221 07319 |
12| 05559 07185 0524 05801 07477 . 12

1 2 3 4 5 6
1
1106133 0.7774 0.9104 0.7305 0.7497. 1

2(0.9236 08861 1.011 1081 06315 2104 | 2
3]1376 1017 0846 08775 06748 05797| 3

4109117 1084 08687 07477 0.8242 0.4857| 4
5|1868 09654 1423 09187 1116 0498| 5

64787 09496 1412 0881 1053 04559 ¢
701733 1009 1251 1.186 09109 0.6949| 7

8(0.8456 0.9521 0.9427 2.334 0.7468 06963 g
9/0.8074 1.046 1.369 1.069 09993 0.6446| ¢

1007481 1.405 1.161 0.6496 0.808 0.6656| 4o

11(0.7673 0.9185 0.8271 0.6353 0.7293 0.9789| .,

12|0.6114 0.7303 0.5843 0.5932 0.7426 1.979 | .,

1 2 3 4 5 6

Adult 3 : Lateral-Distal

2

3

08242 0891 09162 07224 1177  0.99 1] 07179 05981 08971 101 1792 05201
102
. 0904 09768 1.059 08041 0.9092 2. 07166 06754 07501  0.995 1.694
07894 08175 08695 07478 05681 0.5474 3| 09478 1271 0694 07589 06084 0.621
1032 1432 0617 072711 06416 08832 4108692 07592 09044 07403 06129 08187
1201 09819 - 07599 0849 0.5515 5| 09292 07072 . 2671 05686 1.398
1323 08981 1434 08091 0.866 1.343 6| 1.302 144 09916 06972 07271 09033 |
]
09073 09129 1.744 09542 09229 1.445 7| 1.068 09124 0.8212 1 0.8892
08668 09374 08411  1.009 09134 8| 2132 111 2924 05751 08762 1.503
08913 1221 08867 08265 0.7136 9| 1071 0795 1331 06174 09309 09286
09464 08342 08138 1328 07515 0.7799 10| 2662 09719 . 0.7615 335
09177 1.045 07883 08254 0635 = 566 111 1.028 07615 133 06164 09186
1.14 08065 06913 07613 05815 BEZEES 12| 07893 08313 07766 05742 i ::;L
1 2 3 4 5 6 1 2 3 4 5 6
Gaussian Filter
2 3
1.036 0.8977 0.9283 0.7895 1.102 0.9778| 1| 1.529 0.6217 0.8528 0.9582 1.633 0.7545
1.525 0.8883 0.9489 0.951 0.8268 0.8632| 2| 3469 0.7891 0.7158 0.7948 1.063 1.32
1.012 0.9342 0.8453 0.7961 0.6196 0.6635| 3| 1.573 1.093 0.7275 0.7544 0.6734 0.8325
1.02 1.255 1227 0.736 0.664 0.7722| 4|0.8923 0.8357 1.212 1.065 0.6048 0.8822
1193 1.043 3.03 0.7626 0.8177 0.7383| 5|0.9812 0.8377 2.29 2021 0.6023 1.219
1.233 0.9145 1918 0.8251 0.8727 1228 | 6|1.201 1.23 2527 1.046 0.7461 0.9833
0.9697 0.9145 1.542 09392 1.187 1.339| 7|1.284 1.033 0.934 0.9938 | 1
0.8776 0.9806 0.9989 0.9697 1.984 1377 | 8|1.778 1.025 3545 0.6231 0.9059 1.306
0.8964 1.11 0.867 0.9404 1.028 2397 | 9| 1512 0.8773 1973 0.6343 1495 1427
0.9325 0.9336 0.8217 1.161 0.7259 1.99 | 10| 2.126 0.9076 2.842 0.7134 3507 2.542
0.9594 0.9702 0.7764 0.8984 0.6459 11| 1.26 0.8081 1.615 0.6335
1.095 0.8541 0.7107 0.7741 0.5923 BeliR:SHM 12 |0.8369 0.8174 0.887 0.5827
1 2 3 4 5 6 1 2 3 4




Adult 3 : Lateral-Proximal

1] 439 2763 25 2781 2999 274 1] 3389 4805 476 4524 424 4028 | 1| 2597 5906 3263 5826 3051 2758

2| 6418 4735 3257 3285 2942 4267 | 2| 2677 254 3143 2803 2919 283 | 2| 2576 2712 2303 2734 273 2741

312965 2941 1974 2989 3095 2848 | 3| 2993 2664 4148 3979 4108 2891 | 3| 2783 2901 234 4789 4157 358

4] 3584 647 4585 4465 5042 3979 | 4| 1776 409 0804 3403 2765 2755 | 4| 3594 3133 3192 3389 3605 4.262

5| 1169 3413 2964 2704 2988 4187 | 5| 3223 4067 5476 4538 6381 2076 | 5| 2555 3128 38 4914 4201 3873

6| 2027 3388 2263 3179 224 45% | 6| 25 3371 2833 3197 325 2699 | 6| 2718 3433 245 2588 419 2306

70 213 309 3146 2197 25863 2217 | 7| 322 3515 3028 285 283 2349 | 7| 3083 2826 269 2295 2825 3377

8| 2311 2895 2877 2593 2847 2.901 8| 2796 2339 3342 2863 2498  2.881

9| 2108 2447 344 2133 21056 1552 | 9| 216 3417 2972 2672 2893  1.109

_100
Gaussian Filter
1 2 3
114535 3156 2651 2886 2987 3.045| 1]3.247 4353 4438 418 3976 3.789| 12593 2988 2.755
20917 3153 2977 3777| 2|2848 2937 358 3285 3337 3.039| 2|2614 3275 2469 3.59 3.025 2.883
3|8.425 2622 3284 3394 3272| 3(2738 288 3425 3688 3687 2858 | 3|2883 2900 2476 4.214 3.829 3.554
4(3.079 51 "  3.881 3926 4.376 3.826| 4(2.219 3.849 2138 3.688 3.50 2.665| 4|3.286 3.094 3.151 3.876 3.796 4.084
10’
51714 3868 3.117 3.076 3205 4209| 5|2862 3.955 4.259 4.126 2292 | 52755 3129 3.474 4273 4101 3.677
6[1.901 3.342 2527 2.936 2418 4.086| 6| 274 3511 3.305 3.362 3.701 2537 | |2750 3081 2715 2.926 3.969 2745
7]2.949 3388 2971 2865 2903 2499 | 7|p975 2796 2759 2438 2999 3.117
8|2428 2924 2946 2559 2721 2584 | g|2738 2509 3172 2736 2618 2.669
4.098
2646 112.2
69.29 104.7
L 100




1] 1668 1737
2 (B2 T 1.615
3| 2286 1.064

1323  1.569
1432 1757
1213 1187

1

202

1.367

1.546

1.861

1.294

1[1.762 1.713

2(2109 1.544

1.345 1.607

1.378 1.631

1.882

1.448

1.609

1.714

Adult 3 : Medial-Distal

1566 2521 159 2531 1] 2961 1584 1469 1984 1407 1738
2| 1909 1608 1807 267 2| 228 171 1372 149%6 1554  1.667
3| 1674 2193 1217 1949 1646 1773 3| 1779 1479 1345 1504 1483 2114
4| 2421 209 1206 2008 1437 1525 4| 1081 1741 1865 1.324 09492 1.145
5 1968 1183  1.534  1.366
6 1.507
7

Gaussian Filter

3

1 1.609 1.449 1.886 1.436 1.724
2 1651 1.384 1578 1.518 1.753
3|1.734 1.561 1.436 1.473 1.406 1.878

1.679 1.395 1.233

1.445 1.991

10°



Adult 3 : Medial-Proximal

1 2 3

1007941 06049 0626 0995 1007 | 1] 06814 07415 07347 1475 08155 121 1108848 09023 07722 1.053 07254 08543
102
2| 08392 0865 06168 1121 2| 06321 0625 07505 07666 06901 06113 2| 07408 0765 102 06137 0768 06301
3| 057 05798 04788 09411 1052 0612 3| 0759 07477 05389 0796 09287 0.8581 3| 08313 08141 05187 08786
4 @ 253 @ 4| 2621 05073 1227 04145 06256 06591 04265  1.049
5
6
T 10!
8
9
10 10
" 1
12 12
1 2 3 4 5 6 ‘ 1 2 3 4 5 6 o
Gaussian Filter
1 2 3
1/0.8031 0.6568 0.6242-0.9965 0.9227 1-_029 1/0.6715 0.7183 0.7379 1.093 0.7904 1.091 1/0.8561 0.8749 0.8221 0.965 0.7339 0.8096
20.7869 0.7743 0.5954 0.9688 0.9486 1.017 2/0.6614 0.6648 0.7127 0.8394 0.7506 0.752 2|0.7798 0.796 0.8968 0.7308 1.04 0.93
30.7783 0.9848 0.8419 1.269 1.426 0.9041 3| 1.049 0.6873 0.6886 0.7277 0.8385 0.7839 3| 1415 0.7597 0.5871 0.8629 1.703
4 1263 1511 1253 4 1.164 1668 1.882 1222 1496
5 8 5
6 6
7 T
8 8
9 9
10 10
1 i
12 12




1

13 Months: Lateral-Distal

4] 1.587

0.8269 1.507 0.5779 0.8631 0.8849

1.31 , 0.7447 0.9247 0.8849

42

&l 3916

15.2

17.41 19.51

31.29 121.38

49318 286 22.09

2143

1.331

1.625

1729

1922

1618

2213

15.17

2831 1475

2031 1.393

0.9911

1.953

2.043

2.369

3.165

196

Gaussian Filter

2473

2533 1.368

19.21 18.97

33.74 15.14

19.61

102

10°
NaN

10'




13 Months: Lateral-Proximal

18.76

13.56 22.69

83.88

15.46

13.33

15.57

Gaussian Filter

16.67
2405 56.91

16.17

1054 1145

20.53 20.91

713, 7725

2042 2253



13 Months: Medial-Distal

Gaussian Filter




13 Months: Medial-Proximal

1316 1.069 1.182 2.037

1| 1151 3883 3

!:é

3167 2600 2465 132

w

1816 1218 1521 2754

3293 2525

4308 69.14 : “

6147 1072 7522 0 5 12

Gaussian Filter

237 1.925 1 222 3 L 06 2014 1561

2[1.325
3(0.9561
4 1.151
5[ 1.42
6(1438 1315 1601 1.137
7[1402 1404 1746 1299
VAN EEERREREN 51314 1285 1603 1354
18.67 91602 1.748 2266 2453
41.71 26.44 1077
3158 3541 53.89 5037 783 25 11 1628 253 28.27 19.49
£ 520 20 RA0 SUR S ZoIUS 4 B 12|3 45.85 67.84 68.64 62.88 19.9
1 2 3 4 5 6




7 Weeks: Lateral

1.567

1.481

2,078

2.352

2.254

1.929

1.818

3.114

3415

2,088

4.859

1721

206

3.067

3425

2.198

2,667

1.097

2192

1.693

3.883

2.569

4041

1551

2.865

1.475

2489

1.863

2.144

0.8324

1.572

1.377

2323 2999 2405 238 175
2624 2911 2028 2073 3454
253 1582 2211 215 1593 1982
1300 1678 1724 717 . 1.501
1489 231 09558 5703 2683 2028
142 1564 1537 1835 175 08784
173 2011 09855 1227 1245 (03785
1198 06480 2209 147 1804 06205

2

284 49% 263 2698
2295 266 1662 228 2.008
2613 168 08401 2595 2308
258 145 1757 . 2877 1.361
09803 2533 2139 2448 2152 .
2433 1169 1771 09314 2127  1.947
2401 1616 2078 1.075 1.091 0831
1211 1419 06759 1466 08652

Gaussian Filter

3

1.549

1.839

2.96

2.368

229

2.216

1.848

2077

2.635

211

2.881

2.295

1.948

1:74

2579

2.795

2.041

2.131

1.31

1.143

1.794

2173

2.959

3.161

248

2.328

1.344

2.092

2.14

33

3.033

3.382

1.959

1.571

2.587

1.875

2216

2.014

1.879

1.174

1.417

2383 2982 233 2934 21 209

2558 2705 2121 2265 1268 292

2343 1.819 2099 2065 1326 2127

1542 1767 1.677

2452

1.162 1.664

1449 2081 1.18 1749

1492 1762 1349 2377 1.821 0.9865

1596 1.71 1.281 1369 1422 0.5019

1.418 2.09

2.731 ' 2437 2614

2439 2.886

1 o7 1299

1.669

2829 211 1912 2075

2.555 2525 21

2.319 2.81 1973 2709 1.475

1.488 2126 2.014 2.144 2268 1.283

2186 1.47 1.883 1.208 1959 1.62

2209 1.509 1.794 1.116 1.226

1.054

B

1.425 1.674 3.169 2.344 1648

1.384 2577
1.77 B2:87H

1.916 3.893

295 1.854

10?

10!

10°
NaN



7 Weeks: Medial

2

0.7117

6.045 1098 6.534

6.466 09172 3.327

o B

3177 3254

1.184 0.5681

N

w

'S

o

1 2 3 4 5 6

1

0.7386 0.3153 0.3442 0.3419 0.185

0.4524

1.042 0.9104 0.7222 0.7839 04128 0.582

2147 2132 1022 1.186 0.6441 0.7117

2931 3.181 1283 0655 1.213

3.693

0.665 4.662

~

o

N

4938 06045 1.199

2307 2348 2949

2015 04179 3097

B

04543 211 1421 2984 2857 1.653

0743 992 1855 6558 8318 2238

4.466 . 3633 1046
1154 03105

9.964

2219 2433

2

4.938

0.6045 0.9903 0.1988 0.5303.

2559 0.6045 0.6635 1.234 1.658 3.135

06227 2348 1965 238 2721 3.289

1964 1963 2844 2297 2525 3314

2.091 0.8032 2609 0.731 1.303 1433

1234 1.264 09586 1.019 0.6868 0.6373

2308 3669 1.309 3204 3315 152

2079 5394

il 2784 3325

0.7504

Gaussian Filter

3

10

10’

0.9635

1] 1.006 .0.9445 1.15 1.105

211262 1641 0.8297 1.759 1.156 0.8597

3| 26 1641 07916 1.395 1.064 0.8698

0.8754 . 1.218

0.1097 1.545 0.5196 0.9309

411533 0.9609 1.155

51261 0.8588

6| 1.37 0.3825 1.396 0.5733 0.8706 0.5211

711872 0.7194 1.176 0.7614 1.329 0.8106

81244 0.82 1906 0872 1323 0.9485

9 (3659 1.541 0.8927 0.88 0.6917

. 150

5179 4548

0.6541

2329 [EHVE 1.184 1231

2779 2539 26

444 4187 1175 3422 296 3465

0 ’H 1518 0.8489  1.037
1| 2411 5473 3312 296 2721
L 100
2| 4946  3.866 0.87%
| [
4 2 3 4 ) 6

10"

10°
NaN



1

1] 2201 06245 2113 1157 1404 1.103
2| 2676 2161 09955 154 2559 06745
3| 1886 179 0943 1438 06388 03386
4] 307 - 3403 08735 04324 02487
5| 1811 1454 2111 1251 04299 04238
6| 1597 1709 07152 02931 0433 03884
7| 1998 1438 1208 1242 0546 1.056
8| 1.196 = 5635 36 0.787 05004 04954
9| 173 155 2884 4559 1636 1939
10| 8571 2628 1.735 4.981 3.034 2467
11| 31471 2917 2836  5.231 449 1.969
12| 1042 2257 8515 7.305 09698 1.583
1 2 3 4 5 6
1
2295 09311 1.89 1233 1635 1018
2465 1845 1173 1459 2047 0.69
2214 1871 1361 1361 0.9239 03795
2664 1626 2779 1.03 04663 02928
1985 1505 2093 1029 04309 03888
1699 1622 1.044 06103 04517 05053
1798 2181 1584 1.008 05197 0.8514
142 4258 3098 149 06969 0.8287
1952 2413 2812 4002 168 1786
3199 2498 211 4953 3044 2296
2884 2759 3598 5535 3662 1988
1467 2388 1.66
1 2 6

12 Days: Lateral

3

1 1.017 2387 1.434 1.917 1.751 2173 1] 04801 04777 0684 3428 2458 2741
2| 2682 2757 1.522 2.045 1239 2404 2| 06921 08295 2137 1431 1762 09875
3| 1478 1.334 1.269 1.754 142 3| 1.991 2.832 08539 1.07 1.283 09603
4| 1.285 2133 2638 09079 2705 4. 1383 06993 2.958 197 1.456
5| 1.104 2174 2.295 173 5| 08087 4304 4.648 464 1.011 2082
6| 1.532 3.595 1.671 2531 6| 4103 1141 2087 4222 - 5.974
7| 2.048 1.504 1.067 07875  1.808 2018 7| 2937 4667 5182 8358 3662 0.9843
8| 6612 2205 3445 08502 3616 07551 8| 3912 1043 4833 2631 4798 1231
9| 1216 1.991 2.259 1.387 1.327 5.814 9| 349 . 1578 4513 1.533 1.044
10| 2032 06559 08343  2.052 3.754 177 10| 1.308 2986 2484 1853 09646 1.219
1| 195 1965 08432  1.579 2475 06741 11| 1524 2867 2.7 1.611 1.049 09332
12| 2.891 09225  1.047 256 1.533 07401 12| 08066 2092 08048 1.188 07192 0.739
1 2 3 4 5 6 1 2 3 4 5 6
Gaussian Filter
2 3
1349 2461 1452 1943 1649 2219 110.5224 05479 0.974- 3.03 2319 2;.391
2205 2459 1466 1976 1354 2358 208729 1.104 1682 1.703 1.798 1275
1646 1704 1539 1662 1604 1578 3|1.731 2258 1042 1444 1477 1047
1287 2408 2333 1279 2329 0.7525 4| 14 211 1382 2924 1696 1478
1205 4.014 2267 2018 1.882 1642 5| 1466 3292 3565 4.291 1555 2626
1547 3412 1621 1541 1703 2429 63361 2254 3.028 4979 2992 4497
2722 1969 1541 08 2086 1893 7(3293 3477 4609 3.794 1.856
4955 2053 2852 09292 2934 1.807 8/3681 2735 4.35 3897 4.066 1.159
225 1804 2219 1409 2112 4299 93203 2.27 3757 1982 1.104
1882 1096 1073 1863 3138 2.26 10[1.709 3.68 2369 2256 1.073 1.142
212 1574 08756 1821 2531 08674| 11|1369 2551 2349 1581 0.9799 09484
2708 1131 1006 2364 1721 07269| 12[09498 2185 1.183 1272 07849 0.7778
1 2 3 4 5 6 1 2 3 4 5 6

102

10’

10°
NaN



S

12 Days: Medial

1 2 3

2523 236 2011 1477 1322 1.252 1] 06103 03565 1.325  1.792 1] 07268 05555 04785 06145 1835 = 4.363

2 1.583 2| 2607 2265 2704 2206
1619 1.982 3 2.083 3| 3236 1.084
1.788 08895 1475 3363 4 4| 1.656 1.774

03574  1.313 5 5[ 2807 02791 1523 2126 1565 2.064

6| 1.451 . 1468 1974 1455 3104

7| 1.146 379 1853 4231 4823 4109

05731  1.305 6

6.025 7

06363 8| 1216 1602 3039 04349 3451 2025

0.724 1613

06412 9| 1472 2244 08137 3116 1901 3684

08726 | 10| 1.80 . 1912 0913 0895 2151

1051 1164 1483 3008 | 41| 143 1363 2093 2082 1161 06085

a0
08092  1.678 . 1493 2221 12| 2204 2421 1827 . 1402 1.346 .10
NaN

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

1332 0604 08917

06937  0.7358

1083 1611 07053 09003 1.235 10

1658 11| 06572

Gaussian Filter

1 2 3

.0.9556. 0746 1658 0.12

0.6572 0.8092 1.553 0.4732 1491 2.378 112092 1.97 1.88 1364 1.354 1.199

1.083 1.086 0.7053 0.7768 1.573 0.971 210792 0.7066 1.128 0.9423 1.36 2489 2| 1764 1873 2019 1.738 1.157 0.9879
1.083 1.48 0.7053 0.7531 1.477 3533 3]1.119 0.8053 0.8751 0.7876 0.8849 1.056 3|1725 3.05 176 1474 1107 2149
0.7175 1.537 0.7053 0.3157 1.846 2.556 410.8454 1411 0.5943 0.6937 0.7358 0.6456 411485 2375 1367 2303 1.992 3.153

0.724 1613 02404 1.156 .0.6372 5(1.247 2073 2471 1513 3422 2648

0.3517 1.464 0.1699 1.206 1.785 5
1.501 4.358 6.0.2303 0.1425 1.066 0.2904 0.5982 61208 2877 1.986 3224 4.034 3.595
0.7606 2.091 711311 02303 1.061 0.7965 0.8355 0.834 711626 1005 1541 2375 2.034 3.098
3.062 0.8895 0.5792 1.653 811311 04154 09607 2.091 2748 1519 8 (F2I398 0.3215 1512 F2:096% 1.582 F2:2/2
4176 1.754 ’ 108895 1.118 2508 91311 05767 0.8955 3476 3891 09168 9| 211 06222 1523 2126 1625 1273
4176 1.51 3.915 0.8895 0.6032 0.89 10| 0.383 04827 1746 2092 4108 04274 10|2.868 0.9654 0.3762 2.265 1.468 0.8304
3.35 1193 1996 1.177 05439 0.7627|  11|04284 03876 1.623 09242 2593 06991| 11]2399 07604 0.3966 1.935 2.29 2291
2523 2048 2011 1177 1186 1.252 12| 0565 03596 1377 1575 2593 1329 | 12|1.102 05555 0458 09438 2008 3.936
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Digital Image Correlation Force Curves and Images at Selected Time Point
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Appendix V: Mechanical Testing Protocol for Nanoindentation
and Compression Tests with DIC

Sample | Label .Probe-

Adult 2 Lateral A-2-L P1
Adult 3 Medial-Proximal A-3-MP P1
Adult 3 Medial-Distal A-3-MD El |:| P1 =249 N/m, 8.5 um
Adult 3 Lateral-Proximal A-3-LP P1 |:|P2 =254 N/m, 9.5 pm
Adult 3 Lateral-Distal A-3-LD P1
[ |P3=261N/m, 8 um

P4 =283 N/m, 9 um

13 Months Lateral-Distal Y-13M-LM P2
7 Weeks Medial Y-7W-M P2

7 Weeks Lateral Y-7W-L P2

12 Days Medial Y-12D-M P2

12 Days Lateral Y-12D-L P2

9 Days Medial Y-9D-M P2

9 Days Lateral Y-9D-L P2

Figure 6.12: Probes used on every sample for the nanoindentation tests
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SOP: Identification Stiffness Matrix of Osteochondral Interface Updated by: E. Boersma; 18/02/2022

Nanoindentation

The aim for this experiment was to map the local stiffness gradient of biological hard-soft
interfaces by performing nanoindentation on the equine osteochondral interface. Results from
this nanoindentation experiment were analysed and the procedure was optimised to create a
complete stiffness matrix.

1. Requirements
1.1 Equipment
e Piuma Nanoindenter

1.3 Specimen

Equine metacarpophalangeal joint
o Equine metacarpophalangeal joints are provided by The Faculty of Veterinary

Nanoindenter Head

Opticsl1 OP1550 Interferometer

Piuma Controller

Attached PC with Piuma Nanoindenter software
Nanoindenter Probes

Glass Petri-dish
Plastic Petri-dish
Pasteur pipettes
BenchKote
Tweezer

Spatula

Super glue

Medicine (Utrecht, Netherlands). The specimens will have a tissue statement
from the relevant University. They will be cut at Erasmus Medical Centre into
rectangular blocks of approximately 2 cm®. Thereafter, they will be frozen in a
-20°C freezer. Then they will be placed in a cool box with icepacks and
transported to the ML-1 Laboratory 34-J-0-440-B Faculty 3mE TU Delft by
car, where they will immediately be stored in a -20°C freezer till the time of
the experiment.

1.4 Consumables
e PPE: Nitrile gloves
e Tissue paper

1.5 Reagents

Distilled water

Complete protease inhibitor cocktail
Isopropanol

1x TBS (Tris-Buffered Saline)

70% Ethanol Disinfectant

Chlorine tablet
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2. Procedure

2.1 Work-space preparation
e Cover the workspace with BenchKote to prevent contact with the biological material.
e Wrap all the surfaces exposed to the sample with clingfilm to protects from any
spillage or spatters

2.2 Sample preparation

e Prepare 100 mL 1x TBS and add 1 tablet of protease inhibitor cocktail

e Take the sample from the -20°C freezer and let it thaw in a dish fully immersed in 1x
TBS with protease inhibitors in a fridge the night before testing.

e Fixate the specimen to the plastic petri dish with super glue only touching the bone
end.

o Be sure to only use a minimal amount of glue, so that the specimen can be
pulled of the dish after measurements.

Let the glue stiffen up.
When ready pour in a volume of buffer/solution, 1x TBS + protease inhibitors, into
the petri-dish on top of the samples till fully immersed. The buffer solution will be the
solution into which the test is going to be performed.

2.3 Nanoindentation
e Set up nanoindenter with required probe based on stiffness and tip size from
manufacturer
Calibrate Piuma nanoindenter according to manufacturer instructions
Find your sample and perform ‘surface finding protocol’ of Piuma nanoindenter
according to manufacturer specifications
e Program the nanoindentation procedure into the Piuma software
o Setrequired grid
o Set nanoindentation displacement-time protocol
e Begin nanoindentation
o Note that the table and equipment should not be touched during the process as
any external perturbations will affect results

2.4 Cleaning Procedure
e Pull the specimen off the petri-dish and store the specimen in the -20°C freezer
correctly labelled, as described in Appendix 2.5 of the Handbook.
e Clean nanoindenter tips using distilled water - isopropanol - distilled water, in that
order.
o Apply the liquids using a dropper carefully on the nanoindenter tip directly
over a petri dish to catch any falling liquid
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m Ensure distance between tip and petri dish is not to great as to prevent
splatter of cleaning liquids
e Dispose the excess cleaning fluid collected in a petri-dish and the buffer solution with
the protease inhibitors in a small, clean bucket. Add a chlorine tablet and let it sit for a
few minutes. After, the fluid will be disposed in the ‘Organic with Halogen’ chemical
disposal.
e Dry the nanoindenter tip using the fibers of a paper towel
o Tear a paper towel in its corner to expose the underlying fibers
o Use the individual fibres to carefully wipe off any excess cleaning liquids
remaining on the tips.
o Dispose the tissue paper used for cleaning in the WIVA-vat.
Dispose the surface protection paper and the plastic petri dish in the WIVA-vat.
Clean everything in the workspace with 70% ethanol and a paper towel.
Dispose the paper towels and nitril gloves in the WIVA-vat.
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Compression Tests with DIC

The purpose this experiment was to use Digital Image Correlation (DIC) for full-field
measurement of (3D surface) strains during compression testing over the equine
metacarpophalangeal osteochondral interfaces.

1. Requirements

1.1 Specimen

Equine metacarpophalangeal joint

o Equine metacarpophalangeal joints are provided by The Faculty of Veterinary
Medicine (Utrecht, Netherlands). The specimens will have a tissue statement
from the relevant University. They will be cut at Erasmus Medical Centre into
rectangular blocks of approximately 2 cm®. Thereafter, they will be frozen in a
-20°C freezer. Then they will be placed in a cool box with icepacks and
transported to the ML-1 Laboratory 34-J-0-440-B Faculty 3mE TU Delft by
car, where they will immediately be stored in a -20°C freezer till the time of
the experiment.

1.2 Reagents

1x TBS (Tris-Buffered Saline)
Complete Protease Inhibitors Cocktail
70% Ethanol disinfectant

Chlorine tablet

1.3 Equipment

Lloyd LR5K machine
o Equipped with a data acquisition unit consisting of two cameras with tripods, a
lighting system and a laptop.
Airbrush
White primer paint (acrylic)
Black paint (acrylic)
Clingfilm
BenchKote
Masking tape

1.4 Trial Preparation

° ° ° [ ] o V

The Lloyd LR5K and all the equipment will be placed in the ML-1 Laboratory 34-J-0-
440-B to perform the measurements.

All excess parts will be removed for the tests.

All working surfaces must be covered with BenchKaote, all other surfaces that could
get in touch with specimen material must be wrapped in clingfilm.

Inside the lab a spill kit (see App. 3.1) is present including:
70% ethanol disinfectant

A package or roll of paper towels

Autoclavable bags

Nitril gloves

Forceps
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> Inside the lab one must wear:
safety glasses

e Lab coat

e Nitril gloves

2. Procedure

2.1 Specimen preparation (Lab 34-J-0-440-B)
¢ Remove the specimens from the -20°C freezer
e Unpack the specimens
e Let specimens thaw in a petri dish fully immersed in 1x TBS with protease inhibitors
in the fridge the night before testing.

2.2 Trials (Lab 34-J-0-440-B)
Any contact of the specimen with the Lloyd LR5K other than the holder will be avoided
during the trial.

e The containment area as described in 81.3 is fully prepared

e Mount the specimen in the Lloyd LR5K

e Perform trials

¢ Remove sample and refreeze it in the -20°C freezer.

2.3 Disinfecting and Disposal
¢ Remove all BenchKote and place it in the WIVA-vat.
¢ Remove all the clingfilm from the surfaces and place it in the WIVA-vat
e Wipe the surfaces with 70% ethanol and dispose them in the WIVA-vat
e The 1x TBS with protease inhibitors will be disinfected by adding a chlorine tablet.
After a few minutes, pour the liquid in the ‘Organic with Halogen’ chemical disposal.

2.4 Storage
e Before trials the specimens are stored in a -20°C freezer.
e After trials the specimens will be refrozen in a -20°C freezer.
e After completing all the trials, all the frozen specimens will be transported back to
Erasmus Medical Centre following all the appropriate regulations, where they will be
further processed.



APPENDIX

Appendix VI: Matlab code
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File: Final_Code_EB.m

o° o° o o

Description: Fit the force [uN] - displacement [nm] curve using
the traditional Oliver-Pharr method to obtain the elastic modulus [MPa]

% [Kohn and Ebenstein, JMBBM 2013, 20:316-326]

% [0liver and Pharr, J Materials Research, 7(6):1564-1583]

% Input: Nanoindenation file

% Output: Heatmap Elastic Modulus

% Author : Emma Boersma

% Date : 20-12-2021

% This code is adapted from code written by Prof. Davide
Ruffoni at the University of Liege and modified by Robin Veeger from
TU Delft. It was adapted by Edwin Tay and Emma Boersma to be used
within TU Delft for the Piuma nanoindenters available within the labs.
/

%$%% This code was written for data output from the Piuma Nanoindenter %$%%

clearvars ;

close all ;

clc ;

%%% PARAMETERS TO SET %%%

path = '\Users\Emma
Boersma\Documents\BME\Thesis\Equine\Nanoindentation\Equine
A2\011021_EquineA2_L\Matrix_3\matrix_scan03\'

filenamel = '011021_EquineA2_.L S-1 X-';

filename2 ="' YyY-';

file_struct = ' I-1.txt"';

R = 8.5%10"-6; % Nanoindenter tip radius [m]

Fit_per = 0.95;

MeasurePointsX = 6 ; % Number of measurement points along
x—axis

MeasurePointsY = 12 ; % Number of measurement points along
y—axis

%% Open File & Fit Data %%
% For loop to iterate over folder containing nanoindentation files
for x = 1 : MeasurePointsX

for y = 1 : MeasurePointsY

xstr = num2str (x);
ystr = num2str(y);
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48
49 % Combines path and file names into a single string to iteratively
50 % open every file in the dataset folder.
51 input_file = [path filenamel xstr filename2 ystr file_struct];
52 fid = fopen(input_-file,'r');
53
54
55 % Extract the relevant nanoindentation data, skipping the unneccesary
56 % heading data
57
58 maxdepth = textscan(fid, '$s %s %f',1, 'HeaderLines',29);
59 data = textscan(fid, '$f $f $f %f %f', 'HeaderLines',6 37);
60 fclose (fid);
61
62
63 % Assign data to variables
64 depth = data{1l, 3};
65 load = data{l,2};
66 time = data{1,1};
67 peak_disp = maxdepth{l,3};
68 k=1;
69
70 depth (isnan (depth))=0; %$plot NaN values in graph
71
72
73 % Plot load-depth data
74 h=figure (k) ;
75 plot (depth, load, 'o");
76 grid on; xlabel ('Depth [nm]'");ylabel ('Load [uN]");k=k+1;
77 title(['Original P-D Data ', filenamel xstr filename2
ystr], 'Interpreter', 'none');
78 saveas (h, sprintf ('Load-Depth%d. jpg', x,Vv));
79
8o
81 %$Plot load-time data
82 h=figure (k);
83 plot (time, load, 'o');
84 grid on; xlabel ('Time [s]'");ylabel ('Load [uN]'"); k=k+1;
85 title(['Original P-T Data', filenamel xstr filename?2
ystr], 'Interpreter', 'none');
86 saveas (h, sprintf (' Time-Load%d. jpg',x,vy))
87
88 %$Plot indentation-time data
89 h=figure (k) ;
90 plot (time, depth, '0");
91 grid on; xlabel ('Time [s]');ylabel ('Depth [nm]"); k=k+1;
92 title(['Original D-T Data', filenamel xstr filename2
ystr], 'Interpreter', 'none');
93 saveas (h, sprintf ('Time-Depth%d.jpg',x,Vy))
94
95
96
97 1f depth(6922)==0; %$Eliminate faulty curves which did
not indent at all, by this step the indenter should have indented
looking at the timing set up
98 E_OP=NaN
99 else
100
101
102 % Calculating time_peak_-disp, the time of peak displacement
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depth_round = round (depth,-1);

peak_disp_round = round(peak_disp,-1);

idx_1 = find(depth_round == peak_disp.round,l);
time_peak_disp = time (idx._.1);

%$Calculating value load when start unloading
load_round = round(load,-1);
load-unloading= load(idx-1);

o)

% Calculating time_first, the 'starting time' of unloading

upper_load = Fit_per » load-unloading ; %$95% of the
curve to make sure it is the unloading part

I_t_first = find(load > upper_load);I_t_first=I_t_first (end);

time_first = time(I_t_first);

upper_disp depth(I_t_first);

55%%%%%%5%5%5%5%5%5%5%%%%%%%% Oliver Pharr $%%%%%%%%%%%%%5%5%5%%%%%%%%5%5%5%5%%5%5%%%%%
% Calculating lower_disp to define the unloading part for

analysis and its associated time_last
lower_load = 0.7 * upper-load; $Analyzing the
unloading curve from 95% to 70% of the curve

lower_load.round = round(lower_load);
idx = find(load.round > lower_load_round); idx=idx (end);
time_last = time (idx);

o

% Showing fit range for Oliver-Pharr

fit_range = find(time < time_last & time > time_first);

u_.depth = depth(fit_range); % [nm]
$[u

u_-load = load(fit_range); N]

% Plotting the Oliver-Pharr fit range to check

h=figure (k) ;

plot (depth, load, 'o',u.depth,u_load, "+r');

grid on; xlabel ('Depth [nm]');ylabel('Load [uN]"');k=k+1;

title(['Unloading Region OP ', filenamel xstr filename2
ystr], 'Interpreter', 'none');

legend('Original Data', 'Unloading Region')

saveas (h, sprintf ('OP-Range%d. jpg',x,v))

%$find h where load is zero for the power-law fit

idx_load=find(load > 25); %$load keeps
fluctuating around this number near the end of indentation

idx_load=idx_load (end) ;

h_loadzero = depth(idx_load);

% Define OP function and fit

OP_fit = @(p) ((p(1l)*((abs(u.depth-p(2))))."p(3)) - (u-load));
$u_depth [nm], u_-load [uN]
OP_fun = @(p) (p(l)~*((abs(u.depth-p(2)))). p(3));
$u_depth [nm]
p0 = [1.56%10"°-4 h_loadzero 1.5];

%$[aplha h m] the alpha
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is based in the fit, m based on Oliver-Pharr paper and h the
displacement when the load is zero

% Curve fitting step
options =

optimset ('TolFun',le-10, 'MaxIter',1000, 'MaxFunEvals',10000);
P_fit_ OP = lsgnonlin(OP_fit,pO0, [],[],options);

% Plotting results to check fit on own data

h= figure (k);

plot (depth, load, 'o',u-depth, (OP_fun(P_£fit_OP)), '+");

grid on; xlabel ('Depth [nm]"');ylabel ('Load [uN]");k=k+1;

title(['Oliver—-Pharr FIT', filenamel xstr filename2
ystr], '"Interpreter', 'none');

saveas (h, sprintf ('OP-Fit%d. jpg',x,Vy))

S_OP = P_fit OP(3)*x(P_fit_OP (1)) * (((upper-disp)) -
P_fit_ OP (2)) " (P_fit_OP (3)-1);
%$Unloading stiffness at upper peak disp [uN/nm]

A_hc = 2xpi*R*10" 9« ( (upper_disp)) - pix*((upper_disp)) "2;
$[nm”~2]
E_.r_OP = S_OPx*sqrt (pi)/ (2+«sqrt (A_hc))*x10712;
% [Pal
EOP = E_r_.OP *(1-(0.3)72)*10"-6; % [MPa] Poisson rate
is 0.3
%pause
end
if E.OP<O0.1 %A1l the curves with a lower Elastic
Modulus value have shown to be curves with a non-fit.
E_OP = NaN
else
E_OP=E_OP
end
E_.r OPmatrix(x,y) = abs((E_OP));
end
end

%% Creating Heatmaps and Figures %%

% Defining Elastic Modulus Matrix

Er_total matrix.l = E_.r OP_matrix'; %$Translate cartilage-bone
indentations from left-to-right to top-to-bottom

Er_total_matrix_.1l = smoothdata(Er_total matrix_.1l, 'gaussian',3,
'omitnan'); $Gaussian with NaN excluded, window size three because
want a standard deviation of 0.5 (so times 6)

Er_totalmatrix = flip(Er_-total-matrix_1);

$Activate this line if the
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measurements are performed from bone to cartilage instead of
cartilage to bone.

% Creating Heatmaps

figure

Figl = figure;

heatmap (Er_-total-matrix, 'GridVisible', 'off'")

title ("Heatmap Elastic Modulus Values[MPal]")

caxis ([0 301);

saveas (Figl, "'EMatrix.normal.jpg'"); %$Save figure in folder opened

figure

Fig2 = figure;

heatmap (Er_total_matrix, 'ColorScaling', "log', 'GridVisible', 'off")
title('Heatmap Elastic Modulus Values - Logarithmic scale [MPal]')
caxis ([0 3.51);

saveas (Fig2, 'EMatrix_log.ipg'); $Save figure in folder opened
figure

Fig3 = figure;

heatmap (Er_total matrix, 'ColorScaling', 'log', 'GridvVisible', 'off’,
'CellLabelColor', 'none')

title ('Heatmap Elastic Modulus Distribution - Logarithmic scale [MPal]')
caxis ([0 3.51);

saveas (Fig3, 'EMatrixdis_log.jpg'); %$Save figure in folder opened
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