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Abstract

Atherosclerosis is an inflammatory disease characterised by the formation of plaque in the intimal
layer of the artery. The plaque is made of a lipid rich necrotic core which is covered by a colla-
gen rich fibrous cap. If this fibrous cap ruptures, it can lead to sudden thrombotic occlusion of the
artery. Rupture of the fibrous cap is linked to many factors. Recently, through high resolution imag-
ing, microcalcifications have been found in the fibrous caps. The role of these microcalcifications
in fibrous cap rupture mechanics is a debated theory. Calcifications, by virtue of their high stiffness,
are predicted to increase local stresses in the less stiff surrounding collagen tissue by creating stress
concentrations. This interaction between collagen and microcalcifications has not been studied ex-
tensively. Fibrous cap rupture mechanics can be studied through mechanical tests such as uniaxial
tensile tests. Due to limitations in access to human plaque tissues and differences in the mecha-
nisms of cap rupture in animal models, there is a need for an in-vitro platform to study fibrous cap
rupture mechanics.

In this study, a simplified model of a fibrous cap incorporating two components, collagen and cal-
cifications, for the development of an in-vitro model of an atherosclerotic fibrous cap was explored.
High levels of calcium and phosphate have been found in microcalcifications in fibrous caps. Mes-
enchymal Stem Cells (MSCs) have been linked to vascular calcifications and have been found to
deposit calcium phosphate in collagen scaffolds. Collagen type 1 scaffolds were seeded with MSCs
to create calcium phosphate deposits with the aim of emulating an atherosclerotic fibrous cap from
the collagen and calcifications aspect. The collagen scaffold constructs were mechanically tested
to study the mechanical properties and effects of the calcium phosphate deposits on the mechan-
ical behaviour. The structure and failure behaviour was studied through histology and scanning
electron microscopy.

Deposits of calcium phosphate were successfully formed inside the collagen scaffold leading to a
calcified scaffold. The calcified collagen scaffolds were mechanically and structurally characterised.
The composition and size of the calcium phosphate deposits were in line with microcalcifications
found in atherosclerotic fibrous caps. The failure was characterised by noticeable initial failures,
multiple miniature failures and high stretch before the final complete failure. The calcified scaffolds
can potentially serve as a baseline for the development of an in-vitro model of an atherosclerotic
fibrous cap and for gaining useful insights into fibrous cap rupture mechanics.
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1
Introduction

Atherosclerosis is a multifaceted, chronic, inflammatory, lipid-driven cardiovascular disease which
is characterised by the formation of plaques in the intima, the innermost layer of the artery [1, 2].
The formation of plaques can lead to arterial dysfunction by hindering the blood flow through the
arteries [2].

Atherosclerotic plaque formation is a complex and dynamic process that takes place in the arteries.
A normal artery is made of three layers: adventitia (outermost layer), tunica media (middle layer)
composed of quiescent smooth muscle cells (SMCs) and an ordered extracellular matrix (ECM), and
the tunica intima (innermost) [3]. Plaque development begins with the formation of a fatty streak
[4]. Plaque growth in the intima is triggered by the infiltration of blood-borne low density lipopro-
teins (LDL) in the vessel endothelium. The modification and accumulation of LDLs in the intima
initiates an immune response. Monocytes exit the blood stream and penetrate the endothelium.
They differentiate into macrophages, consume the LDLs and turn into foam cells. Other immune
cells such as T lymphocytes also enter the intima and adjust the functions of endothelial and smooth
muscle cells. Due to the death of the lipid-laden macrophages by the formation of foam cells, cellu-
lar debris and extracellular lipid droplets accumulate to form a fatty streak [2]. The plaque develop-
ment progresses into a more advanced, complex structure. Foam cells, extracellular lipid droplets
and cell debris continue to accumulate to form a core region in the centre of a plaque [4]. Resident
SMCs from the intima and recruited SMCs migrate from the media into the intima, and produce
ECM molecules such as interstitial collagen and elastin. This contributes to the thickening of the
intima, leading to the formation of a fibrous cap [3]. A fibrous cap is a structure of varying thick-
ness, made of a dense collagen-rich extracellular matrix with cells such as vascular smooth muscle
cells, macrophages and T cells (immune cells) overlying the lipid-rich necrotic core [4, 5].

The formation of plaques is also accompanied by vascular calcification. Calcification can form in
the fibrous cap and necrotic core [6]. Vascular calcifications have multiple origins such as the dif-
ferentiated intimal cells (apoptotic vascular SMCs or macrophages and their matrix vesicles (MVs))
or undifferentiated progenitor cells, either resident within the vessel wall or from the circulation
[7, 8]. MVs have been looked into extensively as a critical source for calcification initiation and pro-
gression. Recently, progenitor cell populations such as mesenchymal stem cells (MSCs) have been
found to have an intrinsic capacity for vascular calcification in an atherosclerotic environment. Due
to their multi-potency, these cells can differentiate to form calcifications in a vascular environment
[9]. Although the knowledge of resident stem progenitor populations is still at its genesis stage, they
are emerging as an important player in atherogenesis and vascular calcifications [10].

1



2 1. Introduction

1.1. Motivation

If the pro-thrombotic material (necrotic core) in the plaque is exposed to the blood, it can lead to
sudden thrombotic occlusion of the artery. This can lead to myocardial infarctions in the heart or
ischaemic strokes in the brain [4]. This thrombosis can be caused by fibrous cap ruptures (55-65%),
cap erosions (30-35%) and calcified nodules (2-7%), leading to sudden coronary deaths [11]. Fibrous
cap ruptures can be caused by many factors. An illustration of a ruptured fibrous cap is shown
in Figure 1.1. It is of great clinical interest to find these factors and stabilise the fibrous cap. The
susceptibility of the fibrous cap to rupture increases, when its structural stability provided by the
collagen, is lost. This can happen when the ability of SMCs to synthesise collagen is compromised
by cell mediators or when the collagen is degraded by matrix metalloproteinases (MMPs) produced
by activated macrophages. This leads to thinning of the fibrous cap [3].

Figure 1.1: Illustration of a ruptured fibrous cap in a plaque: Rupture of fibrous cap leading to exposure of the accumu-
lated mass in the core and subsequent thrombus formation. Adapted from Libby et al. [12]

Another cause of fibrous cap instability is due to the calcifications. The role of calcifications in fi-
brous cap rupture is a debated theory. Calcifications, depending on their shape, size and location
in plaques have been linked to fibrous cap rupture. Microcalcifications of sizes < 50 µm have been
found in fibrous caps [13]. Microcalcifications can also form within the necrotic core [14]. Macro-
calcifications are usually greater than 200 µm and are found in the core [15]. A 2.1 µm high resolu-
tion micro computed tomography (micro-CT) image of microcalcifications and macrocalcifications
found in a plaque is shown in Figure 1.2. Large macrocalcifications can be seen in the core (C) and
clusters of microcalcifications can be seen in the fibrous cap (FC). Through biomechanical studies,
microcalcifications have been predicted to increase stresses in a fibrous cap leading to instability
[13, 15–17], while macrocalcifications have been predicted to not increase stresses [18, 19]. Stud-
ies have found dissimilarities in the material properties between collagen and calcifications [20].
An inverse relationship has been found between collagen and microcalcifications suggesting that
thinning of fibrous cap is accompanied by microcalcification formation [21].
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Figure 1.2: 2.1 µm high resolution micro computed tomography (micro-CT) image of microcalcifications and macrocal-
cifications: Clusters of microcalcifications in the fibrous cap and at higher magnification in the inset, and macrocalcifi-
cations in the core; C: Core, FC: Fibrous cap, L: Lumen. Adapted from Kelly-Arnold et al [13].

The unpredictable nature of rupture makes it difficult to study the mechanics of fibrous cap rupture
in-vivo. Atherosclerosis doesn’t affect many species without genetically inducing it. It only affects
humans and 1 or 2 other species, such as pigs and certain primates [22]. Transgenic mice have to be
genetically modified to induce atherosclerosis by knocking out the ApoE gene. These mice models
do have similarities to the disease manifestations and phenotypes shown in humans. They can be
used to explore certain features of the disease, such as exploring the function of particular genes or
isolated features of plaques. Despite this, the underlying molecular mechanisms can differ greatly
between mice and humans with the same disease phenotype [23]. They are less helpful in studying
complications such as rupture and thrombosis [22].

Mechanical tests such as compression and tensile tests have been carried out on human plaque tis-
sues ex-vivo to investigate their mechanical properties. When studying fibrous cap rupture from a
mechanical view point, the cap could rupture when the external forces on the cap exceed its strength
[24]. Mechanical tests can help characterise the mechanical behaviour of plaques and extract their
mechanical properties. Tensile tests have been used to assess material properties sufficiently. The
integration of components such as calcifications in a tissue might influence the tissue’s mechani-
cal behaviour more in a tensile test than in a compression test [25]. Although studies have carried
out tensile tests on fibrous caps [24, 26, 27], the fibrous caps were not analysed for microcalcifi-
cations. Varied mechanical behaviours were observed in these studies which were not evaluated.
The likelihood of a close interaction between the mechanical properties and tissue microstructure
such as microcalcifications was not investigated [28]. Furthermore, to study fibrous cap rupture
and these relationships, constant access to human atherosclerotic plaque is necessary. There is in
some degree a limitation in access to human atherosclerotic plaques in-vivo. Systems which can be
controlled in-vitro in a laboratory setting are required [29].

Hence, there is a need for a suitable platform to study fibrous cap rupture mechanics. This can po-
tentially be solved by using tissue engineered constructs. Since a fibrous cap is composed of a dense
collagen-rich extracellular matrix, collagen scaffolds can potentially be used to imitate the ECM of
the fibrous cap. One of the highly-debated factors leading to fibrous cap rupture is the presence of
microcalcifications. High levels of calcium and phosphate have been found in calcifications formed
in plaques [30]. MSCs have been suggested to be a potential promoter of vascular calcification [9].
In-vitro, MSCs have been found to undergo osteogenic differentiation and deposit calcium phos-
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phate in collagen scaffolds [31]. Hence, collagen scaffolds with these calcium phosphate deposits
could be created. These collagen scaffold constructs could then be mechanically tested to investi-
gate the effect of calcifications on the mechanical properties.

1.2. Aims of the study

The motivation behind this study was towards the development of an in-vitro model of an atheroscle-
rotic fibrous cap to study fibrous cap rupture mechanics. The aims of this study were defined as the
following:

1. Develop a collagen scaffold construct with microcalcifications: Create a calcified collagen
scaffold construct to emulate a simplified model of an atherosclerotic fibrous cap with the
perspective of studying collagen and microcalcifications.

2. Mechanically characterise the calcified collagen scaffold construct: Carry out mechanical
tests to characterise the mechanical behaviour and failure of the collagen scaffold construct
with microcalcifications.

3. Structurally characterise the calcified collagen scaffold construct: Through imaging techniques,
study the morphology and failure of the calcified collagen scaffold construct.

1.3. Study outline

The study was carried out in three parts which is elaborated below:

1. Cell culture: Collagen type 1 scaffolds were seeded with paediatric-Mesenchymal stem cells
to create calcium phosphate deposits.

2. Mechanical Testing: The collagen scaffolds with calcium phosphate deposits were mechani-
cally tested by uniaxial tensile tests in comparison to collagen scaffolds without calcium phos-
phate deposits.

3. Histology and Scanning Electron Microscopy: The mechanically tested collagen scaffolds were
studied using various stains processed by histology and scanning electron microscopy.
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Materials and Methods

The methodology of the experiments carried out in this study are covered in this chapter. The
study was conducted in three parts. In part one, collagen scaffolds were cultured with paediatric-
mesenchymal stem cells (p-MSCs) to create calcium phosphate deposits. The cell culture experi-
ments included isolation and maintenance of the cells, seeding the cells on collagen scaffolds and
their subsequent osteogenic differentiation to form calcium phosphate deposits. In part two, the
collagen scaffold constructs were mechanically tested by uniaxial tensile tests. Using the data from
the tensile tests, Cauchy stress vs stretch ratio plots were generated and analysed. In part three, the
morphologies and failure behaviours of the mechanically tested collagen scaffold constructs were
studied using histology techniques and scanning electron microscopy.

2.1. Cell Culture

In this section, the methods used to prepare collagen scaffold constructs with cells to create calcium
phosphate deposits are presented.

2.1.1. Collagen scaffolds

The dense extracellular matrix in a fibrous cap is made primarily of interstitial type 1 collagen. It is
the major load bearing structure in the fibrous cap [32, 33]. Collagen type 1 scaffolds were used as
the platform to seed cells on. Collagen scaffolds were prepared by freeze-drying 0.5% w/v collagen
type I and chondroitin G Sulphate in 0.05 M acetic acid solution [SurgaColl Technologies Ltd, Dublin
Ireland]. Chrondroitin G Sulphate is a type of glycosaminoglycan (GAG). GAGs help complement the
biofunctionality of collagen by providing layouts for cell attachment and migration [34].

2.1.2. Cell Isolation and Maintenance

Progenitor cell populations such as mesenchymal stem cells (MSCs) have been linked to vascular
calcification. An intrinsic capacity of MSCs to form calcified matrices in an atherosclerotic environ-
ment has been observed [9]. Calcium deposition by MSCs of vascular origin was also observed [35].
Elemental micro-analyses of microcalcifications in plaques have found a high amount of calcium
and phosphorus [30]. Calcification progression is suggested to be initiated by the formation of small
calcium phosphate rich spheres, which aggregate to form microcalcifications, and serve as the nu-
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cleus for larger calcifications [8]. Due to the intrinsic capacity of MSCs to form calcifications, these
cells were selected for seeding on collagen scaffolds to form calcium phosphate deposits.

For all the cell culture experiments, paediatric-mesenchymal stem cells (P-MSCs) were isolated and
expanded as described by Knuth et al [36] from iliac crest biopsies of juvenile donors (ages: 9-12) un-
dergoing cleft palate reconstruction surgery [Erasmus MC, Rotterdam: Medical Ethical Committee
Number MEC-2014-106]. p-MSCs were used as they are capable of more consistent multi-lineage
differentiation [36]. Cells at passage 3-4 were used in the generation of the collagen scaffold con-
struct.

p-MSCs were first seeded at a density of 50,000 cells/cm2 in an expansion medium (α-MEM [Life
Technologies, Thermo Fisher Scientific Inc., USA], supplemented with 10% v/v heat inactivated fetal
calf serum (FCS) [Invitrogen, lot 41Q2047K, Thermo Fisher Scientific Inc., USA], 1 ng/ml fibroblast
growth factor (FGF2) [Bio-Rad Laboratories Inc., USA], 0.1 mM ascorbic acid-2-phosphate [Sigma-
Aldrich, USA], 1.5 µg/ml AmphotericinB [Life Technologies, Thermo Fisher Scientific Inc., USA] and
50 µg/ml gentamicin [Life Technologies, Thermo Fisher Scientific Inc., USA]). After 24 hours, non-
adherent cells were washed out with 2% v/v heat inactivated FCS in phosphate buffer solution (PBS)
[Life Technologies, Thermo Fisher Scientific Inc., USA] and adherent cells were expanded again in
the expansion medium. The expansion medium was renewed twice a week until the cells reached
80-90% confluency. Confluency refers to the percentage of a surface covered with adherent cells.
In Figure 2.1, the cells in Figure 2.1(a) have been expanded for 3 days and the cells in Figure 2.1(b)
have been expanded for 4 days. The cells in Figure 2.1(b) have covered a higher percentage of the
surface than the cells in Figure 2.1(a) over the span of 1 day. The cells in Figure 2.1(b) have reached
80-90% confluency. Once this confluency is observed, cells were washed with PBS and dislodged
with trypsin-EDTA solution [Life Technologies,Thermo Fisher Scientific Inc., USA]. These cells were
then sub cultured at 2300 cells/cm2 in the expansion medium. The expansion medium was renewed
biweekly until the cells reached 80-90% confluency again [36]. All cells were cultured in a humidified
atmosphere at 37oC and 5% CO2. Once the desired confluency was reached, the cells were seeded
on the scaffolds.

Figure 2.1: Comparison of low and high confluency: a) Low confluency observed after 3 days of cell expansion b) High
confluency of 80-90% observed after 4 days of cell expansion.

2.1.3. Cell Seeding

To evaluate the optimal cell seeding approach on the scaffold, three different methods were em-
ployed. A cell suspension in α-MEM medium with 1 ng/ml FGF2 and 0.1 mM ascorbic acid-2-
phosphate was seeded on the scaffold by the following three methods:

1. Passive seeding: A cell suspension of 0.25 ml consisting of 1 million cells was seeded directly



2.1. Cell Culture 7

on a dry collagen scaffold that was placed on an agarose layer 2% w/v in saline (0.9% w/v) in a
6 well culture plate. The seeded scaffolds were incubated for 30 minutes at 37oC and 5% CO2

in a humidified atmosphere. After 30 minutes, the scaffolds were flipped and the other side
was seeded with 1 million cells in 0.25 ml α-MEM.

2. Semi-passive seeding: A cell suspension of 0.5 ml consisting of 2 million cells in α-MEM was
seeded on a dry collagen scaffold placed in a 50 ml falcon polypropylene tube. The seeded
scaffolds were incubated for 30 minutes at 37oC and 5% CO2 in a humidified atmosphere.
During those 30 minutes, the tube was tapped gently 3 times every 10 minutes.

3. Dynamic seeding: A cell suspension of 0.5 ml consisting of 2 million cells was seeded on a
dry collagen scaffold placed in a 50 ml falcon polypropylene tube under continuous agitation
(≈70-90 rpm) while incubating for 30 minutes at 37oC and 5% CO2 in a humidified atmo-
sphere.



8 2. Materials and Methods

The seeded scaffolds were submerged in 4 ml final volume of α-MEM supplemented with 1 ng/ml
FGF2 and 0.1 mM ascorbic acid-2-phosphate. The scaffolds were incubated at 37oC and 5% CO2

in a humidified atmosphere for twenty four hours. After twenty four hours, the semi-passively and
dynamically seeded scaffolds were transferred to 6 well culture plates coated with an agarose layer
2% w/v in saline (0.9% w/v), while the passively seeded scaffolds remained in their 6 well culture
plate. The agarose layer was used to prevent the cells from adhering to the plastic of the well plate.

2.1.4. Osteogenic Differentiation

Twenty four hours after seeding cells, expansion medium was replaced with complete osteogenic
medium (DMEM high glucose [Life Technologies, Thermo Fisher Scientific Inc., USA] with 10% v/v
heat inactivated FCS, 1.5µg/mL Amphotericin B, 50µg/mL gentamicin, 10 mMβ-glycerophosphate
[Sigma-Aldrich, USA], and 0.1 µM dexamethasone [Sigma-Aldrich, USA]). In-vitro, MSCs in os-
teogenic differentiation medium undergo osteogenic differentiation towards an osteogenic phe-
notype. p-MSCs are capable of this multi-lineage differentiation to osteogenically differentiated
p-MSCs [36].

p-MSC’s have an intrinsic osteogenic differentiation capacity to deposit calcium phosphate. To
monitor this osteogenic differentiation capacity, the same p-MSC’s seeded on the scaffolds, were
seeded to form a monolayer. A monolayer is a cell culture of a single layer of cells. They were seeded
at 3000 cells/cm2 in expansion medium. After twenty four hours, the medium was replaced with the
complete osteogenic differentiation medium. These cells expand to form a monolayer which starts
to deposit calcium phosphate. This helps monitor calcium phosphate deposition. If the monolayer
managed to create deposits, the cells seeded on the scaffolds should exhibit the same differentiation
capacity. The osteogenic mediums of the scaffolds and monolayer were refreshed twice a week.

2.1.5. Calcium Assay

To monitor the calcium phosphate formation, a reverse assessment was carried out. A drop in the
calcium levels in the culture medium indicated an uptake of calcium and hence potential formation
of calcium phosphate deposits by the cells. The assay is based on the reaction of calcium with
o-cresophthalein complexone in an alkaline solution. A colour change from light brown-greyish
(light taupe) to a bright purple-coloured complex indicates the formation of Ca2+-o-cresolphthalein
complex. The intensity of the pink-purple colour is proportional to the calcium concentration in
the sample. CaCl2 ranging from 0-3 mM in calcium free α-MEM was used to determine the Ca2+

content in the cell culture supernatants (medium whose calcium has to be measured). In this study,
the cell culture supernatants were the mediums from the scaffolds and monolayers. An osteogenic
differentiation medium with no cells was also included as a control.

2.2. Mechanical Testing

Two types of collagen scaffold constructs were tested. Sixteen calcified scaffolds (prepared through
cell culture) and six collagen scaffolds without any cells were tested. The collagen scaffolds without
cells, hence no calcium phosphate deposits, are referred to as non-calcified scaffolds from here
on. The dry non-calcified scaffolds were immersed in PBS prior to testing. The original size of the
calcified scaffolds before cell seeding was 15 x 10 mm (length x width). Due to cell seeding, the
calcified scaffolds shrank to lengths ranging from 5.48 to 9.65 mm and widths ranging from 3.37
to 7.76 mm. The average size was 7.26 x 4.65 mm (length x width). The non-calcified scaffolds
were tested at dimensions close to that of the calcified scaffolds. The lengths and widths of the non-
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calcified scaffolds ranged from 6.978 to 9.907 mm and 5.291 to 6.652 mm, respectively. The thickness
of the scaffold was measured on an empty scaffold, first immersed in PBS, to be approximately 1.2
mm. This thickness measurement was assumed for all calcified and non-calcified scaffolds. Any
shrinkage in the thickness of the calcified scaffolds was assumed to be negligible.

2.2.1. Experimental setup

An in-house designed tester, consisting of a linear actuator [Oriental Motor Ltd., Japan], 10 N load
cell [Omega Engineering Inc., USA] and a digital multimeter [Siglent (SDM3045X) Technologies Co.,
Ltd., China] was used to perform the uniaxial tensile tests. The experimental set-up is presented in
Figure 2.2. Two clamps were used to secure the scaffold in place: A stationary clamp attached to the
load cell and a moving clamp attached to the actuator. Foam tape covered with sandpaper was stuck
to the clamp surfaces to prevent slippage of the scaffold during loading. The tests were carried out
at 37oC to mimic body temperature and keep the scaffolds hydrated during testing. To attain this
temperature and hydration, the clamps were placed in a PBS bath with a heating element. A digi-
tal microscope camera [Carl Zeiss Microscopy GMBH, Germany] attached to a lens tube mounted
above the tensile tester was used to capture an image every second. Two adjustable light sources
were used to attain the right lighting to acquire clear images.

Figure 2.2: In-house designed uniaxial tension tester with the different components pointed out.

The scaffold was clamped in place, keeping a distance of 2 mm between the clamps. The scaffold
was then pre-loaded by pre-stretching to 0.5 mm resulting in a final gauge length of 2.5 mm. Due to
the small dimensions of the scaffold, the pre-load was fixed by always stretching to 0.5 mm to pre-
vent over-stretching of the scaffold before the pre-conditioning. Five pre-conditioning cycles were
carried out at a speed of 0.03 mm/s to an extension of 0.5 mm. After five pre-conditioning cycles,
the scaffold was pulled at a speed of 0.03 mm/s. The speed was chosen based on the dimensions to
maintain quasi-static testing conditions. The tests were performed until the scaffolds were pulled
apart sufficiently but not separated completely. One calcified scaffold was tested until the scaffold
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separated into two pieces to study the rupture surfaces from the cross section.

Stretch ratio (λ) and Cauchy stress (σ) were calculated from the displacement and force values using
equations 2.1 and 2.2 respectively.

λ= L

Lo
(2.1)

σ=λ F

Ao
(2.2)

Lo is the initial gauge length, L is the instantaneous length during stretching, F is the force recorded
during the test and Ao is the initial cross sectional area at rest. To calculate Ao , the thickness and
width at rest were used. Mechanical properties of soft biological tissues are calculated under the as-
sumption of incompressibility. Incompressibility means the volume of a material remains constant
during deformation [37]. In this study, the stress calculations were carried out with this assumption.

2.2.2. Data Smoothing

The experimental data was smoothed using a centred moving average fit to eliminate noise. A mov-
ing average fit is widely used to filter out noise from random short-term fluctuations in data. This
fit helps to smooth the original data by capturing the important trends without all the minor fluc-
tuations [38, 39]. For the moving average, firstly a low number of sampling points based on the
sampling rate of the experiment was chosen. A low sampling point moving average is more suscep-
tible to short term noise [40]. This was observed in this study’s experimental data as its sampling
rate of the experiment would record noise as well. The number of sampling points was increased
by trial and error till a value where the noise was sufficiently cancelled out without losing important
small changes in stresses was found. Hence, the experimental data was averaged over 100 sampling
points. An example of the centred moving average fit carried out on the original experimental data
is shown in Figure 2.3. The original experimental data is shown in Figure 2.3(a) and the centred
moving average fit is shown in Figure 2.3(b). The small change in slope in Figure 2.3(a), pointed out
by the black arrow, is preserved in Figure 2.3(b) after smoothing. All calculations were carried out
on the filtered data.

Figure 2.3: Cauchy stress vs. stretch ratio plots of a) Original experimental data with no smoothing, b) Centred moving
average fit; Black arrows indicate a change in slope in the original data preserved after smoothing.
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2.2.3. Rupture initiation

On initial visual observation of the fitted plot of Cauchy stress vs stretch ratio, a drop in the stress
values was noted before the peak stress drop off in the graphs. An example of this is pointed out in
Figure 2.4 by the black solid arrow. To ensure that this drop in stress value corresponds to a rupture,
recorded images of each experiment were analysed on GOM correlate software [GOM GmbH, Ger-
many]. Each image was inspected carefully to find the first identifiable tear. Once an identifiable
tear was found, the gauge length in the image was measured. At the same gauge length in the stress
vs stretch plots, the plots were inspected to verify if the first identifiable tear refers to the first drop in
stress. Out of the 16 calcified scaffolds tested, the first identifiable tear was the same as the first drop
in stress in 7 scaffolds. Out of the 6 non-calcified scaffolds, the first identifiable tear was the same
as the first drop in stress in 5 scaffolds. Rupture points in the other graphs could not be observed
visually since the images taken by the camera only capture the surface of the scaffold. Ruptures that
take place inside the scaffold or out of view for the camera were not recorded. This change in stress
value is defined as an initial rupture point in this study. To detect these initial rupture points in each
experimental data without bias or interference from noise recorded during testing, the slope of the
curve was calculated. To remove the interference of noise, a centred moving average fit was carried
out on the slope values. A plot of the slope values calculated over the fitted experimental data is
presented in Figure 2.4.

Figure 2.4: Cauchy stress vs stretch ratio plots of fitted experimental curve in black and fitted slope in orange; The black
solid arrow indicates a drop in stress before the peak stress drop off, the black dashed arrows indicate micro-failures and
the black dotted arrow indicates an initial rupture point.

As seen in Figure 2.4, there are multiple slope changes before the peak stress drop off which can
be considered as initial ruptures. To find the change in slope that corresponds to a macroscopic
initial failure, a slope change value was chosen. To choose this value, the difference between the
value of the slope at the point where the slope starts decreasing and the value of the slope where it
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starts to increase again was calculated in the seven out of sixteen calcified scaffolds, where the first
identifiable tear was a drop in the stress value. This difference was calculated to be approximately
0.02 in the seven scaffolds. This value was used as a threshold. Keeping this value in mind, each plot
of slope-stretch ratio and stress-stretch ratio was inspected. The first difference in slope whose value
was greater than or equal to 0.02 was considered as an initial rupture. An example of this is shown
in Figure 2.4, pointed out by the black dotted arrow. Any changes in slope before this with a slope
difference value less than 0.02, was considered as a failure not visible macroscopically. Examples
of these are shown in Figure 2.4, pointed out by the black dashed arrows. These changes in slope
before the defined initial rupture point were not visible in the fitted experimental curve. Even after
smoothing the slope curve, these smaller changes in slope were preserved due to the sensitivity of
the load cell. These failures are defined as micro-failures. Hence using the slope differences, the
stresses and stretch ratios at the initial rupture points were extracted from the fitted experimental
data. The MATLAB code is included in the Appendix A.1.

2.2.4. Ultimate Tensile Strength (UTS)

To be consistent with literature, ultimate tensile strength (UTS) values were recorded as well. This
is defined as the maximum resistance a tissue has to fracture. It is equivalent to the maximum load
that the cross-sectional area can carry when a load is applied [27]. It is the point of failure beyond
which an increase in stress is not observed on further stretching [41]. In this study, UTS is referred
to as final failure. The stresses and stretch ratios at these final failure points for each scaffold were
recorded.

2.2.5. Averaging

The mechanical behaviour of the calcified collagen scaffold constructs was compared to studies that
tested fibrous caps. The study by Teng et al [24] tested fibrous caps. To follow the same methodol-
ogy for accurate comparison among all studies, the averaging method employed by Teng et al [24]
was used to generate the average curve for this study and other studies that tested fibrous caps.
The Cauchy stress-stretch ratio data were digitised from the studies. Each experimental data in
this study and other studies was averaged in order to represent the mechanical behaviour with one
representative curve respectively. The stresses and stretch ratios were averaged in small energy in-
tervals separately. The elastic energy at each stretch interval was calculated by the equation 2.3. For
each scaffold, 100 equal intervals were placed between the maximum and minimum strain energy.
At each interval, the stresses and stretch ratios were averaged among all the test data for each study.
The MATLAB code is included in the Appendix A.2.

W (λ) =
∫ λ

1
σ(λ)dλ (2.3)

where W is the strain energy density, λ is the stretch ratio and σ is the Cauchy stress.

2.2.6. Tangential Moduli

To calculate the tangential modulus, the stretch-stress relationship of each scaffold was charac-
terised using a modified Mooney-Rivlin strain energy density function. Mooney-Rivlin functions are
used to characterise non-linear elasticity, hyperelasticity, by relating the stretch ratios and stresses
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through a strain energy density function as shown in equation 2.4.

W = c1(I1 −3)+D1[eD2(I1−3) −1]+K (J −1) (2.4)

where I1 and J are the first invariant and Jacobian of the deformation gradient tensor, respectively,
D1 and D2 are the material constants and K is Lagrange multiplier for incompressibility. Since in-
compressibility is assumed for the scaffolds, J = 1.

The derived stress equation is shown in equation 2.5. The derivation of the equation is included in
the Appendix A.3.

σ= 2c1(λ2 − 1

λ
)+2D1D2eD2(λ2+ 2

λ
−3)(λ2− 1

λ
) (2.5)

Each experimental data was fit to σ using the curve fitting toolbox on MATLAB [2017b MathWorks,
Massachusetts, USA] to obtain the material constants. The materials constants c1,D1 and D2 were
constrained at the lower bound to zero. To calculate the tangential moduli, equation 2.5 was dif-
ferentiated with respect to the stretch ratio (λ). Material constants of each scaffold was inserted
in the derivative of equation 2.5 to calculate tangential moduli at initial rupture points. This was
done separately for the calcified and non-calcified scaffolds. The MATLAB code is included in the
Appendix A.4.

2.3. Histology

2.3.1. Fixation and Processing

Each mechanically tested scaffolds was placed in a cassette and fixed in 3-4% formalin. An example
of a scaffold placed in a cassette is shown in Figure 2.5(a). After 48 hours of fixation, the scaffolds
were moved to PBS and refrigerated. Fixation is necessary to prevent tissue autolysis and putrefac-
tion [42]. Following fixation, the scaffolds were processed. Processing involved three steps. The first
step was dehydration using alcohol to remove water and formalin from the tissue. The second step
was clearing using an organic solvent, xylene to remove alcohol and allow infiltration of paraffin
wax, the embedding agent. In the final step, the scaffolds were infiltrated with paraffin wax [42].
Following this, each paraffin infiltrated scaffold was taken out of the cassette and embedded in a
block of molten paraffin wax. A representation of a scaffold embedded in a paraffin block is shown
in Figure 2.5(b). The paraffin wax acts as a support matrix for the scaffold while sectioning [42]. The
thickness, length and width are marked to draw attention to the orientation of the scaffold in the
paraffin block. T marks the thickness of the scaffold into the paraffin block.
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Figure 2.5: (a) Mechanically tested scaffold placed on a cassette before fixing in 3-4% formalin, (b) Representation of the
scaffold embedded in the paraffin block.

2.3.2. Sectioning

The scaffold embedded in the paraffin block was cut into sections to place on slides for staining.
Before sectioning, the block was chilled on an ice tray. The block was sectioned on a microtome at
a thickness of 5 µm. The cut ribbons were transferred to a warm water bath to stretch the sections
and prevent wrinkles. The warmed cut sections were placed on charged glass slides and placed in
the incubator for a minimum of 48 hours.

2.3.3. Staining

The cut sections on the slides were stained to visualise different components in the scaffolds. Three
different stains, Haematoxylin-Eosin, Miller’s Elastin and Von Kossa, were used to visualise cells,
collagen fibres and calcium deposits respectively. For all the stains, the slides were de-paraffinised
to distilled water and then stained with the corresponding stains. Following each staining process,
the slides were cleared in xylene and a cover slip was placed over the slide using Entellan (synthetic
mounting medium).

Haematoxylin-Eosin staining
H&E stain was used to visualise the distribution of cells in the scaffold. The nuclei of cells stain
purple. It also stains the collagen fibres pink. Haematoxylin [Klinipath B.V., Netherlands] and Eosin
[Klinipath B.V., Netherlands] were used for staining.

Miller’s Elastin staining
Miller’s Elastin stain was used to visualise the collagen fibres. Collagen fibres stain purple. It also
stains nuclei of cells brown. Slides were de-paraffinised to distilled water. Miller’s Elastin [Clin-Tech
Ltd, UK] and Van Gieson [Clin-Tech Ltd, UK] were used for staining.

Von Kossa staining
Von Kossa stain was used to visualise the calcium phosphate deposits formed in the scaffold. The
phosphate component in calcium phosphate deposits stains black/brown. The cells can be visu-
alised as blue using the counter-stain Thionin. Silver nitrate solution [Sigma-Aldrich, USA] was
used for staining.
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Images of the stained slides were taken on the Nanozoomer scanner [Hamamatsu, Japan]. The
scanned images were analysed on the NDP.view2 software [Hamamatsu, Japan]. Quantification of
calcium phosphate deposits were carried out on ImageJ and BioPix software. The size of the cal-
cium phosphate deposits was calculated on ImageJ. Since the deposits were irregular in shape, the
deposits were assumed to be circular to calculate the diameter [43]. To quantify the amount of cal-
cium phosphate deposits in each calcified scaffold, images of the Von Kossa stain were exported
from NDP.view2 at a resolution of 2.5x. On BioPix, an area of interest which excluded the regions of
the scaffolds under the clamps were marked. The colours corresponding to the calcium phosphate
deposits were selected. These results were exported as ratios of area of calcium phosphate deposit
to area of selected region.

2.4. Scanning electron microscopy (SEM)

Images were taken on the scanning electron microscope (SEM) [JEOL JSM 6610LV, Japan] to ob-
serve the ruptured collagen fibres and calcium phosphate deposits. The energy dispersive x-ray
spectroscopy (EDX) attachment on the SEM was used to detect the calcium and phosphate com-
position in the deposits. The scaffolds were fixed in 4% paraformaldehyde for at least 48 hours.
After 48 hours of fixation, the scaffolds were moved to 0.1 M cacodylate buffer. The scaffolds were
dehydrated with gradients of alcohol concentrations and dried overnight in Hexamethyldisilazane
(HMDS). Before imaging, the scaffolds were sputter coated with a thin gold layer to improve electri-
cal conductivity. Images were taken from the surface and cross section at a working distance of 12
mm and acceleration voltage of 10 kV.

2.5. Statistical Analysis

All statistical data were generated using SPSS statistical software [SPSS 20 Inc., Chicago, IL, USA]. A
p value < 0.05 was defined as statistically significant in this study. At first, all data sets were assessed
for normality using the Shapiro-Wilk test. Shapiro Wilk test was used as it is more appropriate for
small sample sizes. If the significant value was greater than 0.05, the data was normally distributed.
For a normally distributed data set, an independent samples t test was used. If the significance value
from Levene’s test for Equality of Variance was greater than 0.05, the significant value of a 2 tailed
test was considered. If the significant value from the Shapiro-Wilk test was less than 0.05, the data
was not normally distributed. For a data set not normally distributed, a non parametric test of 2
independent samples test was used. Under the 2 independent samples test, the Mann-Whitney U
test type was used. The significant value of the 2 tailed test was considered. Statistical analysis was
carried out between calcified and non-calcified scaffolds.
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Results

3.1. Cell Culture

In this section, the results of culturing collagen scaffolds with paediatric mesenchymal stem cells
(p-MSCs) to create calcium phosphate deposits are presented. Three seeding methods, passive,
semi-passive and dynamic, were explored to find the optimal cell seeding method for cell migration
into the scaffolds. Collagen scaffolds were seeded with cells using the optimal seeding method for
mechanical tests.

Two scaffolds each, were seeded with cells by the passive, semi-passive and dynamic methods as
explained in section 2.1.3. Cells were also seeded to form six monolayers as explained in section
2.1.4. Four osteogenic differentiation mediums with no cells were included as controls. The cell
culture setup is illustrated in Figure 3.1. The scaffolds and monolayers were cultured for two day
points (7 & 24) to monitor the changes from early in the culture to later on in the culture. To detect
the cells and calcium phosphate in the scaffolds and monolayers, two types of stains, H&E and
Von Kossa, were used respectively. Calcium levels in the mediums for the calcium assay were also
measured at each day point.

Figure 3.1: Illustration of the scaffolds seeded by each method, monolayers and osteogenic differentiation mediums with
no cells: a) 2 scaffolds each seeded by the passive, semi-passive and dynamic methods, b) 6 monolayers (c) 4 osteogenic
differentiation mediums with no cells.

A Von Kossa stain of a monolayer on day 7 is presented in Figure 3.2. The Von Kossa stain was
positive for calcium phosphate deposits. Black calcium phosphate deposits, indicated by orange

17
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arrows, can be seen in the Figure 3.2. The deposition of calcium phosphate on the monolayers in-
dicated that the cells had an inherent osteogenic differentiation capacity to deposit calcium phos-
phate. This meant that the cells in the scaffold should also exhibit similar osteogenic differentiation
capacities.

Figure 3.2: Von Kossa stain of a monolayer on day 7: Black calcium phosphate deposits were seen scattered around the
monolayer, orange arrows point to the deposits.

In Figure 3.3, the H&E stains of the scaffolds cultured till day 7 are presented. The cells stain purple
and the collagen fibres stain pink. No cells were seen in the passively seeded scaffolds (a & d). Cells
were seen distributed in the semi-passively (b & e) and dynamically seeded scaffolds (c & f). Clusters
of cells, as indicated by the black dashed arrow in Figure 3.3(e) and random distributions of cells,
as indicated by the black solid arrows in Figure 3.3(e) & (f) were observed. The migration of cells
into the semi-passively and dynamically seeded scaffolds were high in comparison to the passively
seeded scaffolds. Out of the two seeding methods which successfully led to high cell distributions,
the dynamically seeded scaffolds were damaged. The structural integrity of the dynamically seeded
scaffold was affected. This can be seen in Figure 3.3(c), where the collagen scaffold is denser at the
centre, pointed out by the black dashed arrow, and less dense at the edges, pointed out by the black
solid arrow. The fibres at the edges probably broke apart during seeding.

Figure 3.3: H&E stains of scaffolds cultured for 7 days using three different seeding methods: No cells were seen in the pas-
sively seeded scaffolds (a & d), Clusters, pointed out by the black dashed arrow, and randomly distributed cells, pointed
out by the black solid arrows, were seen in semi-passively (b & e) and dynamically seeded scaffolds (c & f); Top row:
Images taken at a low magnification, Bottom row: Images taken at a high magnification of the marked regions.
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In Figure 3.4, the H&E stains of the scaffolds cultured till day 24 are presented. No cells were ob-
served in the passively seeded scaffolds (a & d). There were no differences in the passively seeded
scaffolds of day 7 and day 24. By day 24, the concentration of cells observed in the semi-passively
(b & e) seeded scaffold had increased. The concentration of cells in the dynamically seeded scaf-
folds (c & f) had increased but looked less than the semi-passively seeded scaffolds. The structural
integrity of the dynamically seeded scaffold had broken down more. The collagen scaffold was frag-
mented in the centre as indicated by the black arrow in Figure 3.4(c). Due to this fragmentation, the
distribution of cells could not be seen clearly.

Figure 3.4: H&E stains of scaffolds cultured for 24 days using three different seeding methods: No cells were seen in the
passively seeded scaffolds (a & d), Higher concentration of cells were seen in semi-passively (b & e) than the dynamically
seeded scaffolds (c & f): Black arrow indicates the fragmented region of the dynamically seeded scaffold; Top row: Images
taken at a low magnification, Bottom row: Images taken at a high magnification of the marked regions.

In Figure 3.5, the Von Kossa stains of the scaffolds cultured till day 24 are shown. Calcium phos-
phate deposits stain black/brown. The Von Kossa stain was positive for calcium phosphate deposits
in the semi-passively (a & c) and dynamically seeded scaffolds (b & d). Since Von Kossa stains the
calcium phosphate deposits, images of the passively seeded scaffold could not be captured as no de-
posits formed. Deposits of calcium phosphate were observed clearly throughout the semi-passively
seeded scaffolds. This served as a confirmation of the cell migration and their subsequent deposi-
tion of calcium phosphate crystals in the semi-passively seeded scaffolds. The structural integrity of
the dynamically seeded scaffold has been compromised a lot. The scaffold has separated into two
pieces as seen in Figure 3.5(b). The collagen fibres have retracted from the centre to the edge leading
to a higher density of fibres at the edges. Due to this and possibly longer exposure to light during
the Von Kossa stain, the collagen fibres have stained brown as well. Hence, the calcium phosphate
deposits cannot be seen as clearly (Figures 3.5(d)) as in the semi-passively seeded scaffolds. Since
not many deposits were observed in the Von Kossa stains of the scaffolds seeded till day 7, those
images aren’t included.



20 3. Results

Figure 3.5: Von Kossa stains of scaffolds cultured for 24 days using two different seeding methods: Black and brown spots
of calcium phosphate deposits can be seen clearly in the semi-passively (a & c) seeded scaffolds, Deposits weren’t seen
as clearly in the dynamically (b & d) seeded scaffolds; Top row: Images taken at a low magnification, Bottom row: Images
taken at a high magnification of the marked regions.

The formation of calcium phosphate crystals in the scaffolds was further confirmed by the calcium
levels measured through assays. Formation of the deposits can only be seen visually in the mono-
layer during culture. The formation of the deposits cannot be seen visually in the scaffolds during
culture since the deposits form inside the scaffolds. Hence, to track the calcium phosphate forma-
tion in the scaffolds, calcium assays which measure the uptake of calcium by the cells were used.

In Figure 3.6, the calcium levels of the passively, semi-passively and dynamically seeded scaffolds’
mediums, monolayers’ mediums and control mediums from the start of culture till the end of cul-
ture (day 24) are plotted. It can be seen from the plots that the calcium levels decreased as the
days progressed in the mediums of the monolayer, semi-passively and dynamically seeded scaf-
folds, plotted in red. The monolayers’ mediums showed a decrease of 2.19. The calcium levels
decreased by 2.43 and 2.37 in the semi-passive and dynamic mediums respectively. These similar
decreases in calcium levels indicate that the cells migrated into the scaffolds and deposited calcium
phosphate to the same extent as the cells in the monolayers did. The cells in the scaffold exhibited
their osteogenic differentiation capacity. The mediums of the passively seeded scaffolds showed a
decrease of only 0.59. This was in stark contrast to the decreases shown in the semi-passive and
dynamic mediums. This served as an extra validation for the lack of deposits observed in the pas-
sively seeded scaffolds since no cells were seen in the scaffolds, no calcium was taken in and no
deposits were formed. The control osteogenic mediums with no cells should have been constant
for all the days of culture. The control osteogenic medium showed a decrease of 0.81. The control
osteogenic mediums and the mediums of the passively seeded scaffolds showed a peak on day 14.
This can be attributed to the sensitivity of the measurement method to its environment. Factors
such as the number of times the incubator was opened causing the medium to evaporate, the num-
ber of cultures in the incubator can affect the readings. Due to this, there were some inconsistencies
in the measurement readings. Since this was the only method available in the lab to monitor cal-
cium phosphate formation in the scaffolds directly during culture, it was used as an aid to track the
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formation. Barring these inaccuracies, it still provides a general impression of the decrease in Ca2+

concentrations and subsequently whether the cells deposited calcium phosphate.
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Figure 3.6: Plot of calcium levels from the start of culture till the end of culture: Monolayers (n = 6), media of the semi-
passively (n = 2) and dynamically seeded scaffold (n = 2) showed the highest decrease: plotted in red, Medium of the
passively seeded scaffolds (n =2) showed a negligible decrease.

Due to the high cell distributions observed and the maintenance of the scaffold’s structure, the
semi-passive seeding method was selected for seeding scaffolds to be tested mechanically. Four
different cell donors which were comparable in osteogenic differentiation were chosen. Scaffolds
were seeded with three different donors in three batches of six scaffolds for mechanical testing. Due
to contaminations during culture, two scaffolds were excluded. Hence, sixteen scaffolds were me-
chanically tested. The fourth donor was used solely for structural characterisation. When calcium
phosphate deposition was observed in the monolayers, the calcium levels in the monolayers’ medi-
ums and scaffolds’ mediums were analysed for a drop in levels too. Following this, the scaffolds were
kept in culture for 14 more days. By the end of the culture, the scaffolds had shrank by approximately
50%.

To summarise, cell migration into the scaffolds was attempted using three different seeding meth-
ods. Semi-passive seeding was found to be the most optimal seeding method due to high cell distri-
butions in the scaffold without affecting the structural integrity of the scaffold.
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3.2. Mechanical Testing

Uniaxial tensile tests were carried out on calcified scaffolds (n=16) prepared through cell culture
and non-calcified control scaffolds (n=6) with no cells. The results of these mechanical tests are
presented in this section.

An illustration of the calcified and non-calcified scaffolds before mechanically testing is shown in
Figure 3.7. After seeding, the calcified scaffolds shrank by approximately 50% and decreased in
porosity. The calcified scaffolds shrank from 15 x 10 mm to an average of 8 x 5 mm. The shrinkage
was assumed to be negligible in the thickness. The non-calcified scaffolds were tested at the same
dimensions, 8 x 5 mm. The calcified scaffolds were denser than the non-calcified scaffolds.

Figure 3.7: Illustration of the calcified scaffolds and non-calcified scaffolds before mechanical tests: Calcified scaffolds
shrank and reduced in porosity (15 x 10 mm to 8 x 5 mm), Non-calcified scaffolds tested with the same dimensions of the
calcified scaffolds (8 x 5 mm).

3.2.1. Calcified scaffolds

In Figure 3.8, Cauchy stress vs stretch ratio of all sixteen calcified scaffolds until initial rupture points
are plotted. A variation in the mechanical behaviour was observed among the calcified scaffolds.
The stretch ratios ranged from 1.56 to 4.50 and the stresses ranged from 0.03 MPa to 0.29 MPa. Some
of the scaffolds failed at lower stretch ratios compared to the rest of the scaffolds. This variation in
stretch ratios is highlighted in Figure 3.8. Three scaffolds failed at low stretch ratios less than 2,
plotted in solid lines in Figure 3.8. Seven scaffolds failed at stretch ratios between 2 and 2.6 and
the rest of the scaffolds failed at higher stretch ratios greater than 2.6, plotted in dotted and dashed
lines respectively. Similarly, some of the scaffolds failed at low stresses, while the rest failed at higher
stresses. Most of the scaffold showed a strain stiffening behaviour, with the stiffness increasing at
larger stretch ratios. The values also varied among each stretch ratio group. Some scaffolds failed at
stretch ratios and at higher stresses while some failed at the same stretch ratios but at lower stresses.
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Figure 3.8: Cauchy stress vs stretch ratio plots of all sixteen calcified scaffolds until initial rupture points: Solid curves
failed at stretch ratios less than 2, dotted curves failed at stretch ratios greater than 2 and less than 2.6, dashed curves
failed at stretch ratio greater than 2.6; λ = Stretch ratio.

3.2.2. Non-calcified scaffolds

In Figure 3.9, Cauchy stress vs stretch ratio of all six non-calcified scaffolds until initial rupture
points are plotted. The mechanical behaviour did not vary as much in the non-calcified scaffolds.
The initial stretch ratios ranged only from 1.52 to 1.81. Similarly, the stress varied within a short
range from 0.04 MPa to 0.15 MPa.
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Figure 3.9: Cauchy stress vs stretch ratio plots of all six calcified scaffolds until initial rupture point.
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3.2.3. Calcified vs Non-calcified scaffolds

In Figure 3.10, the Cauchy stress and stretch ratio of all sixteen calcified and all six non-calcified
scaffolds are plotted until the initial rupture point. Both calcified and non-calcified scaffolds display
a non-linear behaviour. On initial observation of the Figure 3.10, it was evident that the calcified
collagen scaffolds reached higher stretch ratios than non-calcified scaffolds.
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Figure 3.10: Cauchy stress vs stretch ratio plots of all the calcified (dashed curves) and all non-calcified scaffolds (solid
curves) until initial rupture.

In Figures 3.11 and 3.12, the complete Cauchy stress vs stretch ratio of calcified and non-calcified
scaffolds are plotted with their slopes respectively. The difference between the stretch ratios at final
and initial failure points was higher in calcified scaffolds than in non-calcified scaffolds. The ini-
tial failures occurred much earlier than the final failures in the calcified scaffolds. This is pointed
out in Figures 3.11 where the black dashed arrow refers to the initial failure and the black solid
arrows refers to the final failure. The black dashed arrow is closer to the black solid arrow in the
non-calcified scaffolds in Figure 3.12 as compared to the calcified scaffolds in Figure 3.11. Multiple
failures were also observed before the initial failures and final failures in calcified scaffolds, seen
as drops in the slope curve between the black dashed arrow and black solid arrow in Figure 3.11.
These failures in between the initial and final failures could also be visually observed in some of the
calcified scaffolds. These drops in the slope curve were not observed in the non-calcified scaffolds.
In Figure 3.12, after the initial failure, the slope curve decreases linearly till the final failure. Drops
before the initial failures were also seen in the slope curves of the calcified scaffolds. These were not
seen in the non-calcified scaffolds.
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Figure 3.11: Cauchy stress vs stretch ratio plots of a calcified scaffold in black and slope curve in orange: The black
dashed arrow points to the initial failure and the black solid arrow points to the final failure, Multiple failures can be seen
in between initial and final failures.

Figure 3.12: Cauchy stress vs stretch ratio plots of a non-calcified scaffold in black and slope curve in orange: The black
dashed arrow points to the initial failure and the black solid arrow points to the final failure.

The stretch ratios, stresses and tangential moduli of the calcified and non-calcified scaffolds at ini-
tial and final ruptures points are listed in Table 3.1. Since the three donors were chosen for their
similar osteogenic differentiation capacities and no relationships were found in the mechanical data
among the donors, the mechanical data of the donors were analysed together.
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Table 3.1: The stresses and stretch ratios at the initial and final rupture points, and the tangential moduli at initial rupture
points are reported as median [Q1, Q3]; λi = Stretch at initial rupture point, λ f = Stretch at final rupture point, σi = Stress
at initial rupture point, σ f = Stress at final rupture point, TMi = Tangential modulus at initial rupture point

Calcified scaffolds Non-calcified scaffolds

λi 2.48 [2.26, 2.85] 1.73 [1.58, 1.79]
σi (MPa) 0.07 [0.06, 0.12] 0.08 [0.06, 0.09]
λ f 3.73 [2.86, 4.04] 1.86 [1.79, 1.92]
σ f (MPa) 0.11 [0.1, 0.19] 0.1 [0.09, 0.14]
TMi (MPa) 0.13 [0.1, 0.13] 0.46 [0.29, 0.51]

The comparisons of stretch ratios at initial and final rupture points are presented in Figures 3.13(a)
and (b) respectively. The stretch ratios at initial and final rupture points of calcified scaffolds were
significantly higher than the non-calcified scaffolds (p<0.05 & p<0.001 respectively). Data are pre-
sented as median [Q1, Q3]. The stretch values at the initial rupture points of the calcified scaffolds,
2.48 [2.26, 2.85], start at higher values than the stretch values of the non calcified scaffolds, 1.73
[1.58, 1.79]. The same applies to the stretch values at the final rupture points, 3.73 [2.86, 4.04] and
1.86[1.79, 1.92]. The calcified scaffolds stretched to higher values before the final rupture. The non-
calcified scaffolds did not reach high stretch values before final rupture.

Figure 3.13: Comparisons of stretch ratios between calcified and non-calcified scaffolds at a) initial rupture points and
b) final rupture points: The stretch values of calcified scaffolds at initial and final rupture points were significantly higher
than non-calcified scaffolds; * : p<0.05, ** : p<0.001.

The comparisons of stresses at initial and final rupture points are presented in Figures 3.14(a) and
(b) respectively. The stresses at the initial rupture points of calcified scaffolds, 0.07 [0.06, 0.12] were
statistically comparable (p = 0.858) to the non calcified scaffolds, 0.08 [0.06, 0.09]. The stresses at
the final rupture points of calcified and non-calcified scaffolds were also statistically comparable
(p = 0.261), 0.11 [0.1, 0.19] & 0.1 [0.09, 0.14] for calcified and non-calcified scaffolds respectively.
Although the values were not significantly different, the stresses at the initial and final rupture points
of some of the calcified scaffolds were still higher than the non-calcified scaffolds.
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Figure 3.14: Comparisons of stresses between calcified and non-calcified scaffolds at (a) initial rupture points and (b)
final rupture points: The stresses of calcified scaffolds at initial (p = 0858) and final rupture points (p = 0.261) were statis-
tically comparable to non-calcified scaffolds.

The comparison of tangential moduli at initial rupture points between calcified and non-calcified
scaffolds is presented in Figure 3.15. The tangential moduli were calculated at the stretch values
at initial rupture points. The non-calcified scaffolds had significantly higher tangential moduli
(p<0.001). The non-calcified scaffolds exhibited a stiffer response than the calcified scaffolds.

Figure 3.15: Comparisons of tangential moduli between calcified and non-calcified scaffolds at initial rupture points:
The tangential moduli values of non-calcified scaffolds were significantly higher than calcified scaffolds; ** : p<0.001.

3.2.4. Comparing the calcified scaffolds to atherosclerotic fibrous caps

Three studies have carried out uniaxial tensile tests on fibrous caps. Loree et al [26] tested 26 fibrous
caps harvested from aortic plaques. Five of the fibrous caps classified as calcified were used for
comparison. Holzapfel et al [27] tested 9 fibrous caps (fibrotic part at the luminal border) harvested
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from iliac arteries. Teng et al [24] tested 59 fibrous caps harvested from carotid arteries. The average
curves calculated over the strain energy of each study is plotted with this study’s average curve. The
three studies report similar results for the fibrous caps. This study’s calcified scaffolds displayed a
high stretch and low stress at failure compared to the three studies. The fibrous caps were a lot stiffer
than this study’s calcified scaffolds.
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Figure 3.16: Comparison of Loree et al [26], Teng et al [24] and Holzapfel et al [27] averaged data of fibrous caps with this
study’s averaged data of the calcified scaffolds.

To summarise, the calcified scaffolds and non-calcified scaffolds exhibited distinct mechanical be-
haviours. The calcified scaffolds exhibited a wide variation in mechanical behaviours. A wider range
in stretch ratios and stresses were observed in the calcified scaffolds than the non-calcified scaffolds.
The calcified scaffolds exhibited higher stretch ratios at initial and final failure points. Calcified scaf-
folds were more compliant than the non-calcified scaffolds.
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3.3. Morphology and Failure

The structure of the calcified and non-calcified scaffolds were studied through histology and scan-
ning electron microscopy (SEM). In this section, the results of these analyses are presented.

Out of the sixteen calcified scaffolds tested, two scaffolds were analysed using SEM and fourteen
were processed for histology i.e. sectioning and various stains. Out of the 6 non-calcified scaffolds
tested, one scaffold was analysed using SEM and five were processed for histology. To study the fail-
ure behaviour of a scaffold, the histological sections at different thickness would have to be studied.
This way the failure can be tracked through the thickness. Due to difficulties faced during section-
ing, sections through the thickness and preserving the length and width could not be obtained. Care
was taken to ensure that at least one section at a thickness for each stain was attained. Due to the
lack of sections through the thickness of the scaffold, the failure behaviour could not be studied ef-
fectively since the morphology and composition of the scaffolds changed with the thickness. This
served as a limitation to carry out a complete quantitative analyses such as measuring the number
of cells, calcium phosphate deposits or density of collagen fibres in the entire collagen scaffold. Only
4 calcified scaffolds could be analysed quantitatively for the amount of calcium phosphate deposits
at one thickness. Hence, qualitative analyses were also carried out on the 4 calcified scaffolds. The
non-calcified scaffolds were only analysed qualitatively. Visual observations made on the test im-
ages taking during the mechanical tests, histology images and scanning electron microscopy images
are discussed below.

3.3.1. Morphology

An overview of the scaffolds stained by different staining methods is presented here. Calcified and
non-calcified scaffolds were stained using three types of stains: Von Kossa, Miller and H&E. H&E
staining was used to observe the cells distributed in the scaffolds. Miller and Von Kossa staining
were used to analyse collagen fibres and calcium phosphate deposits respectively. Since Von Kossa
stains the deposits, there were no Von Kossa stains of the non-calcified scaffolds. An example of a
Miller stain of a non-calcified scaffold is included in the Appendix A.5. A representative H&E stain
of a calcified scaffold whose entire length was preserved is shown in Figure 3.17. The regions of
the scaffolds under the clamps are marked in grey. During any analysis of the histology images, the
clamps were excluded. Representative H&E stains, Miller stains and Von Kossa stains of ruptured re-
gions in the calcified scaffolds at a higher magnification are illustrated in Figures 3.17(b-d). Approx-
imately the same representative regions marked by the black box in Figures 3.17(a) were considered
for each stained images.

An H&E stain is shown in Figure 3.17(b). Cells were distributed throughout each scaffold at different
densities. Higher concentrations of cells were seen in some regions and few cells were seen in other
regions. Cluster of cells and random distributions of cells, pointed out by the black solid arrow were
seen. The collagen fibres are pointed out the black dashed arrow.

A Miller stain is shown in Figure 3.17(c). In a Miller stain, collagen fibres stain purple. It can also
be used to visualise cells which stain brown. The black dashed arrow points to the collagen fibres.
The cells, pointed out by the black solid arrow, were also seen in the same region of the H&E stain
as shown in Figure 3.17(b).

A Von Kossa stain is shown in Figure 3.17(d). Deposition of calcium phosphate was confirmed by
positive Von Kossa staining. The deposits were distributed throughout the scaffold with varying
concentrations. As pointed out by the orange arrow, there were more deposits in some regions than
the other regions. The size (diameter) of the calcium phosphate deposits varied from 1.01 µm to
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53.31 µm with an average size of 6.45 µm.

Figure 3.17: Representative H&E, Miller and Von Kossa stained images of a calcified scaffold: (a) Overview of the entire
H&E stained scaffold, (b) H&E stain at a higher magnification: Black solid arrow points to cells, black dashed arrow points
to collagen fibres (c) Miller stain at a higher magnification: Black solid arrow points to cells, black dashed arrow points to
collagen fibres, (d) Von Kossa stain at a higher magnification: Orange arrow points to a concentration of deposits.

Thionin staining was also done with the Von Kossa stain to detect cells. The cells stain blue with
Thionin staining as pointed out by the black arrow in Figure 3.18.

Figure 3.18: Thionin staining done along with Von Kossa stain: Cells stain blue, pointed by the black solid arrow.

Calcium phosphate formation
In Figure 3.19, the translucent lines are the collagen fibres. Since Von Kossa staining only highlights
calcium compounds, the collagen fibres do not stain. Deposits of calcium phosphate seemed to
form along or on these translucent collagen fibres. They did not seem to form in the pores between
the collagen fibre matrix.
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Figure 3.19: Von Kossa stain of calcified scaffold at a high magnification: Deposits of calcium phosphate seem to be
forming along/on collagen fibres.

3.3.2. Failure

The images taken during the tensile tests were analysed visually to study and characterise the fail-
ure behaviour of the calcified and non-calcified scaffolds. The calcified scaffolds and non-calcified
scaffolds exhibited different failure behaviours. Representative images of the two observed failure
behaviours are presented in Figure 3.20. The images show the state of the scaffold at the end of the
tensile test. Failure refers to a macroscopic observation of a rupture occurring in the scaffold. The
failure behaviour of the non-calcified and calcified scaffolds are described below.

Non-calcified scaffold’s failure behaviour: Rupture occurred through the thickness of the scaffold.
Once a rupture occurred in the scaffold, it quickly led to the overall failure of the scaffold. The
rupture propagated through the thickness of the scaffold. This is pointed out by the white arrow in
Figure 3.20(a). The scaffold did not stretch considerably before failure.

Calcified scaffold’s failure behaviour: In this type of failure, two observations were made. Firstly, it
was observed macroscopically that some fibres in regions of the scaffold ruptured. In these regions,
the fibres that did not rupture, stretched considerably. This led to a reduction in thickness as seen
by translucent areas. One such region is marked with R in Figure 3.20(b). Secondly, it was also
observed macroscopically that in some regions, the fibres didn’t rupture or stretch. The fibres in
these regions looked like they stayed intact. There could have been failures in the intact areas which
were not visible. Such an intact regions is marked with I in Figure 3.20(b). This type of failure can
be described as the stretch being directed to certain parts of the scaffold. The brown spots on the
scaffold in Figure 3.20(b) are remnants from attempts made for digital image correlation (DIC).
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Figure 3.20: Images of the final state of ruptured scaffolds during tensile test: (a) Non-calcified scaffolds: Ruptured
through the thickness of the scaffold, pointed out by the white arrow, (b) Calcified scaffolds: Fibres in parts of the scaffold
visibly ruptured and stretched (marked with R), and other parts of the scaffold visually remained intact (marked with I).

The failure behaviour of the calcified scaffolds was studied using the Miller stain. In Figure 3.21(a),
the same image of the ruptured calcified scaffold at the final ruptured state during the tensile test
is shown. The corresponding Miller stain of the scaffold, marked with the same ruptured and intact
regions, is shown in Figure 3.21(b). To analyse the morphology of the collagen fibres, a comparison
was made between the stretched fibres in the ruptured regions (R) and the fibres that didn’t stretch
in the intact regions (I) of the scaffold. In Figure 3.21(c & d), images at a higher magnification of
the regions marked R and I are shown respectively. The black arrow indicates the direction of pull
during the tensile test. In Figure 3.21(c), the collagen fibres that stretched in the ruptured regions
aligned in the direction of the pull. In Figure 3.21(d), the collagen fibres in the intact regions did not
align in the direction of the pull. The random network of collagen fibres was preserved. The density
of the collagen fibres in the ruptured regions appeared to be less compared to the intact regions.

Figure 3.21: Studying the failure behaviour through the morphology of collagen fibres in ruptured calcified scaffolds: (a)
Final ruptured state of a calcified scaffold during tensile test, (b) Corresponding Miller stain of ruptured scaffold at a low
magnification, (c) Collagen fibres aligned in the direction of pull, (d) Random collagen fibre network preserved; R: rupture
region, I: intact region, Black arrow indicates direction of pull during tension test.

The corresponding ruptured and intact areas analysed by the Miller stain were analysed using the
Von Kossa stain. The entire intact area in the scaffold is marked in yellow in Figure 3.22(a). The
corresponding Von Kossa images at different thicknesses through the scaffold are shown in Fig-
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ure 3.22(b) & (c). In Figure 3.22(b), the entire intact area is roughly marked with a black box. Majority
of the fibres ruptured in the areas not marked by the box. The total amount of deposits was observed
to be higher in this intact marked area than the ruptured areas. Similarly, in Figure 3.22(c), another
intact area is marked with a black box. The overall amount of calcium phosphate deposits in the
intact areas of Figures 3.22(b) & (c) together seemed to be higher than the ruptured areas. It can be
appreciated from Figures 3.22(b) & (c) that the amount of deposits varies through the thickness of
the scaffold.

Figure 3.22: Representative images to analyse calcium phosphate deposits in ruptured a calcified scaffold: (a) Final rup-
tured state of a calcified scaffold during tensile testing, with intact area marked in yellow, (b & c) Corresponding Von Kossa
stained images at different thicknesses with the intact areas marked with a black box.

Comparing stresses and stretch ratios to the amount of calcium phosphate deposits

To quantify the amount of calcium phosphate deposits, only histologic sections with the entire
length of the collagen scaffold preserved were analysed. This ensured that an overview of the dis-
tribution of the deposits could be attained. This analysis did not account for the variation of the
deposits through the thickness. The area fractions of calcium phosphate deposits were calculated
in four scaffolds. The plots of area fractions of each scaffold against their final stretch ratios and
final stresses are shown in Figures 3.23(a)&(b) respectively. The scaffolds are numbered from 1 to 4.
Scaffolds 3 and 4 had the highest area fractions and scaffolds 1 and 2 had the lowest area fractions. It
suggests that a higher calcium phosphate content resulted in a higher stretch at final failure. No re-
lations were observed between the area fractions and the stresses at final failure. The Cauchy stress
vs stretch ratio plots of the four calcified scaffolds till their final failures and their corresponding
Von Kossa stains are shown in Figure 3.24(a-d). Their initial failures are marked with a black dashed
arrow. The scaffolds 3 and 4 in the graphs of Figures 3.24(c)&(d) seemed to exhibit more failures in
between the initial and final failures, than the scaffolds 1 and 2. These failures are marked with a
black bracket. After the initial failures in the scaffolds 1 and 2, similar noticeable failures were not
observed in the graphs of Figures 3.24(a) & (b). Scaffold 4 in Figure 3.24(d), which had the highest
calcium phosphate area fraction exhibited more failures between the initial and final failures than
scaffold 3. This seemed to suggest that the calcium phosphate deposits played a role in these fail-
ures. No relations were observed between the area fraction and stresses and stretch ratios at initial
failures. The sample size (n = 4) is a limitation.
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Figure 3.23: Scatter plots at final failures of: (a) Area fractions of calcium phosphate deposits vs stretch ratios, (b) Area
fractions of calcium phosphate deposits vs Cauchy stresses; Numbers (1-4) correspond to scaffold numbers.

Figure 3.24: Cauchy stress vs stretch ratio plots of the four calcified scaffolds until final failures with their corresponding
Von Kossa stains: (a-d) Ascending order of calcium area fraction and stretch ratios; Black dashed arrows point to initial
failures, Black brackets marks the multiple failures.
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Scanning Electron Microscopy (SEM)

The calcified and non-calcified scaffolds were analysed using the scanning electron microscope
(SEM) to investigate their failure. To characterise the scaffolds before the mechanical tests were
carried out, a non-calcified scaffold and a calcified scaffold were imaged. A non-calcified scaffold
and a calcified scaffold before tensile testing are shown in Figure 3.25(a) & Figure 3.25(b) respec-
tively. These images were taken from the top surfaces of the scaffolds. The scaffold in Figure 3.25(a)
represents the state of a scaffold before any cells are seeded on it while the scaffold in Figure 3.25(b)
represents the state of a scaffold at the end of cell culture. The non-calcified scaffold is highly porous
with a porosity of 99.51% [34]. This can be seen in Figure 3.25(a). This is better seen in the cross
section image in the inset, adapted from Matrsiko et al [34]. From the inset, it was observed that
the collagen fibres form a continuous porous network. As mentioned earlier, during culture, the
calcified scaffolds shrank by approximately 50%. As seen in Figure 3.25(b), the calcified scaffold
is denser. The porosity of the scaffold has decreased considerably. The collagen network appears
to have buckled. Distribution of calcium phosphate deposits were also seen as pointed out by the
orange arrow. The structure of the collagen fibres in the calcified scaffolds seem to be affected as
well. Fibres of different thicknesses were seen as pointed out by the blue arrows. The fibre network
appeared to be disrupted.

Figure 3.25: Scanning Electron Microscopy images of the top surfaces of a non-calcified and calcified scaffold before me-
chanical testing: (a) Highly porous non-calcified scaffold, inset: Image taken from cross-section, adapted from Matrsiko
et al. [34] (b) Less porous calcified scaffold at the end of culture.

In Figures 3.26(a), an image of a ruptured calcified scaffold stretched apart but not completely sep-
arated into two pieces, with two areas of interest marked are shown. The orange double headed
arrow marks the region where the fibres ruptured completely leading to separation while the black
double headed arrows mark the regions where majority of the fibres stretched considerably but did
not rupture. In the Figure 3.26(a), the region of the scaffold, where majority of the fibres stretched
but didn’t rupture, is marked with a black dashed box. In Figures 3.26(b) & (d), the same region is
shown at higher magnifications. Two kinds of ruptures of the collagen fibres were observed. Most of
the fibres on the surface ruptured and retracted as indicated by black solid arrows in Figure 3.26(b).
The fibres, below the ruptured fibres, stretched considerably but did not rupture as indicated by
the black dashed arrows in Figure 3.26(b). In Figure 3.26(d), a clearer impression was attained. The
collagen fibres appeared as thick ribbons. As pointed out by the black solid arrow, when these rib-
bons were stretched, the ribbons separated into thinner fibres. In some cases, as pointed out by the
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black dashed arrow, the thinner fibres ruptured completely leading to the complete failure of the
thick ribbon like collagen fibres. Rupturing of the fibres was characterised by considerable thinning
down of the fibres. The stretched fibres aligned in the direction of pull.

In the Figure 3.26(a), the region of the scaffold, where majority of the fibres ruptured, is marked with
an orange dashed box. In Figures 3.26(c) & (e), the same region is shown at higher magnifications.
As indicated by the black solid arrows, the fibres thinned down considerably while rupturing. The
fibres didn’t seem to stretch as much, pointed out by the black dashed arrows. In Figure 3.26(e), it
could be seen clearly that there were a lot of thin fibres. The fibres didn’t align in the direction of
pull.

Figure 3.26: Scanning Electron Microscopy images of a mechanically tested calcified scaffold, stretched apart but not
completely separated into two pieces: (a) Overview image: Black marks the region where majority of the fibres stretched
but didn’t rupture, Orange marks the region where the scaffold ruptured and separated, (b) & (d) Higher magnification
images of the areas marked with the black box, (c) & (e) Higher magnification images of the areas marked with the orange
box; Black dashed and solid arrows point to fibres that stretched and ruptured respectively
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Images taken from the cross section of a scaffold that was pulled till it was completely separated
are shown in Figures 3.27. The collagen scaffold didn’t separate evenly through the width. In Fig-
ure 3.27(a), the surface appears to be uneven. The denser nature of the calcified scaffold was even
more evident in the Figures 3.27(b). Some regions have a highly compacted fibre network while in
some regions, the fibre network looks more loosely packed. Thinning of fibres was observed. Some
calcium phosphate deposits were seen scattered around the fibres as pointed out by the black ar-
rows.

Figure 3.27: Scanning Electron Microscopy images of a mechanically tested calcified scaffold, stretched apart till com-
plete separation, taken from the cross-section: (a) Overview image, (b) Higher magnification of marked region: Dense
collagen network, Black arrows point to some calcium phosphate deposits.

In Figure 3.28, images of a ruptured non-calcified are shown. The collagen fibre network was looser
in the non-calcified scaffolds. This can be seen in the higher magnification image in Figure 3.28(b).
It was observed that the fibres didn’t stretch as much as the calcified scaffold. The ribbon like nature
of the fibres was more evident in these images as pointed out by the black dashed arrow. It appeared
as though the ribbons ruptured without thinning down as much as the fibres in the calcified scaf-
folds. The thinning is pointed out by the black solid arrow.

Figure 3.28: Scanning Electron Microscopy images of a mechanically tested non-calcified scaffold: (a) Overview image,
(b) Higher magnification image of marked region: Black dashed arrow points to collagen fibre ribbon, Black solid arrow
points to thinned down fibres.

Calcium phosphate deposits of varying sizes were seen distributed in the scaffolds. They seemed to
be entangled within the collagen fibres, indicated by the white dashed arrow and/or sitting on the
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collagen fibres, indicated by the white solid arrow. The deposits looked like they were well integrated
in the collagen fibre network.

Figure 3.29: Scanning Electron Microscopy image to highlight the calcium phosphate deposits in the collagen fibre net-
work: White dashed arrow points to a deposit entangled in the fibres, white solid arrow points to a deposits sitting on the
fibre.

Energy-dispersive x-ray spectroscopy (EDX) was carried out on the calcified scaffolds to detect the
elemental composition of the calcium phosphate deposits. Twelve locations of the calcified scaf-
folds were analysed. An example of the line analysis is included in the Appendix A.6. A wide vari-
ation was detected in the composition of the deposits. The atomic Ca/P ratio was on average 1.49
± 0.45, ranging from 1.18 to 1.42 and 2.15 to 2.66. The atomic ratios of the calcium phosphate de-
posits correlated with those of amorphous calcium phosphate. In Figure 3.30, one of the elemental
map analyses carried out is shown. In Figure 3.30(a), the area over which the scan was carried out
is shown. The colours, red and blue indicate the distribution of calcium and phosphorus atoms in
Figures 3.30(b) & (c) respectively. The Ca/P ratio was 1.44. It can be seen that there is a distribu-
tion of the elements all over the scaffold, with concentrations at the top right corner. The amount
of phosphorous seemed to be more than calcium. This highlights the distribution well since the
deposits can not be seen clearly seen in Figure 3.30(a). This also indicates that there were deposits
possibly at all the rupture sites which couldn’t be seen clearly. The corresponding spectra is shown
in Figure 3.30(d). The peaks relating to Ca and P are circled in red.
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Figure 3.30: Element map of an area on the calcified scaffold: (a) Scanning Electron Microscopy image of an area of
interest, (b) Red indicates the distribution of calcium atoms, (c) Blue indicates the distribution of phosphorous atoms, (d)
Corresponding spectra with Ca and P peaks circled in red.

In Figure 3.31(a) & (b), the EDX spectra of the point analysis carried out at rupture sites are shown.
Point 1 refers to a deposit found in an area where the scaffold stretched and Point 2 refers to a deposit
found in an area where the scaffold ruptured. There was quite a big variation in the composition of
the two deposits. Point 1 had a Ca/P ratio of 2.15 and Point 2 had a Ca/P ratio of 1.22.

Figure 3.31: Energy-dispersive X-ray spectroscopy on an area where majority of the fibres: (a) stretched and its corre-
sponding spectra, (b) ruptured and its corresponding spectra; red circles indicate the Ca and P peaks.

The atomic percent of all the elements detected by the EDX in the element map and the two point
analyses are listed in table 3.2.



40 3. Results

Table 3.2: Atomic percent of all elements detected by EDX by elemental mapping and at the two points in the calcified
scaffolds.

Map Point 1 Point 2

C 65.82 60.94 61.88
N 6.00 4.33 8.03
O 25.39 22.13 25.28
Si 0.17 - -
P 0.86 3.99 1.59
Ca 1.24 8.61 1.94
Cu 0.03 - -
Au 0.49 - 1.27

Ca/P 1.44 2.15 1.22

To summarise, calcium phosphate deposits formed through the volume of the scaffold at differ-
ent concentrations. The calcified and non-calcified scaffolds failed in different manners. Through
qualitative analyses, some effects of the deposits on the ruptured structure were observed. The ele-
mental composition of the deposits (Ca/P) had an average of 1.49 ± 0.45 ranging from 1.18 to 2.66.
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Discussion

The aim of this study was to create collagen scaffold constructs with calcifications intended for the
development of an in-vitro model of an atherosclerotic fibrous cap. Collagen type 1 scaffolds were
seeded with paediatric MSCs (p-MSCs) to create calcium phosphate deposits. These collagen scaf-
fold constructs were mechanically tested by uniaxial tension tests to study the mechanical proper-
ties. Histology and scanning electron microscopy were used to characterise the failure behaviour.

4.1. Calcified scaffolds: Fabrication and Composition

4.1.1. Cell culture

Three cell seeding methods were attempted since the initial attachment of cells to a scaffold is es-
sential for a successful tissue engineered construct [44]. The ideal technique to seed MSCs on 3D
matrices is unclear since seeding techniques, the structure and material of the scaffolds influence
the initial attachment of MSCs [45]. Out of the three methods attempted, semi-passive seeding was
found to be the most optimal. The semi-passively seeded scaffolds showed higher cellularity poten-
tially due to the mechanical forces which enabled the cells to infiltrate the scaffolds at a higher and
faster rate [48]. Passive seeding may have been the least successful due to the lack of these forces.
In the semi-passive seeding method, the structural integrity of the scaffolds was preserved. The
scaffolds were not vigorously shaken in the semi-passive seeding method, as seen in the dynamic
seeding method.

The use of external forces to aid cells’ infiltration of the scaffolds can be explained by the intrinsic
behaviour of stem cells. Stems cells and their surrounding micro-environment communicate using
mechanical cues. These cues help regulate cell fate, behaviour, proliferation, self-assembly and or-
ganisation. In the human body, biological tissues transmit forces which regulate stem cell function,
guide development and tissue repair [46]. If human in-vitro models of organs and diseases are to
be made, these forces have to be duplicated as well. Extrinsic forces can be applied to stems cell to
influence their intrinsic behaviour. In this way, the cells can proliferate in conditions similar to the
human body. For tissue engineering, mechanical forces that mimic the forces experienced by cells
in-vivo might enhance cell migration. Dynamic conditions improve cell seeding by increasing the
chances of cell-scaffold contact [47]. The semi-passive method manages to find the right balance
between using mechanical forces for cell migration and maintaining the structure of the matrix.

41
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4.1.2. Shrinkage due to cells

By the end of culture, the calcified scaffolds had shrunk by approximately 50% from their original
size. The collagen scaffold buckled under the forces of the cells seeded on the scaffolds. The collagen
scaffolds before seeding had a high porosity of 99.6% [34]. This was observed in the Figure 3.25(a).
A decrease in porosity was observed in the calcified scaffold as shown in Figure 3.25(b). This meant
that the calcified scaffolds had more material than the non-calcified scaffolds of the same dimen-
sions. Also, in Figure 3.25(b), the structure of the collagen fibres seemed to be affected by the cells
and/or the calcium phosphate deposits. The shrinkage was caused due to the cells seeded on the
scaffolds. A mechanical interplay exists between the cells and scaffold’s properties. Cells can gen-
erate quantifiable contractile forces that lead to scaffold contraction [49]. Cells seeded on collagen
hydrogels can buckle under the contractile forces of the cells resulting in contraction [50].

4.1.3. Calcium phosphate deposits

The calcium phosphate deposits and its effect on the collagen scaffolds are compared to calcifi-
cations found in atherosclerotic tissues. Ca/P atomic ratios of the deposits found in the calcified
scaffolds varied from deposit to deposit, ranging from 1.18 to 1.42 and 2.15 to 2.66 with an aver-
age of 1.49 ± 0.45. The Ca/P atomic ratios indicate that the deposits could be amorphous calcium
phosphate (ACP) [51]. This is in line with the formation of calcifications during atherosclerosis. Ca-
rich material deposits in the intima of an artery early in the disease [51]. Calcification progresses
with amorphous calcium phosphate depositions which mature with time to transform into crys-
talline hydroxyapatite (HAp). ACP is the initial solid phase to form. This finally forms into calcified
spherules [52]. It has also been found that spherical aggregates of ACP do not always transform to
HAp. Both ACP and HAp have been found [52]. In the study by Roijers et al, the Ca/P mass ratio
of the microcalcifications found in their study corresponded to ACP rather than pure HAp. The cal-
cium phosphate deposits were not hydroxyapatite (HAp) crystals which have an atomic ratio of 1.67.
Despite the ambiguity in the composition of calcifications, the calcium phosphate deposits formed
in this study were in agreement with the calcification process seen in atherosclerotic plaques. A
destabilising diameter range of 5 µm - 15 µm has been suggested through biomechancial studies
[13, 15–17]. In this study, the calcium phosphate deposits had an average size of 6.45 µm, rang-
ing from 1.01 µm to 53.31 µm. Hence, a collagen scaffold construct with calcium deposits in the
destabilising range, comparable to atherosclerotic fibrous caps, was successfully created.

4.2. Mechanical properties

Differences were seen in stretch ratios and tangential moduli between the calcified and non-calcified
scaffolds. Since the structure and composition of the calcified and non-calcified scaffolds differed
based on the cells and calcium phosphate deposits, it can be inferred that they had an effect on
the calcified scaffold’s mechanical behaviours. Calcifications have a high stiffness, with an average
Young’s Modulus of 690 ± 2300 MPa and values ranging from 100 MPa to 10 GPa, even going as high
as 21 GPa [53]. This high stiffness of calcifications leads to dissimilarities in the material properties
with the surrounding fibrous tissue.

4.2.1. Stretch ratio

Calcified scaffolds stretched to higher values than the non-calcified scaffolds. The calcified scaffolds
shrank on average by 50%. This implies that they would have to stretch 50% more, to reach the non
contracted state of the non-calcified scaffolds. This means that for the mechanical properties of the
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collagen fibres to come into effect, the collagen network first had to uncurl or unwind to the non
contracted state. The calcified scaffolds had to potentially stretch more to reach the porous state
of the non-calcified scaffolds. This highly stretched state of the calcified scaffolds was observed in
Figure 3.26(b) & (d).

As seen in Figure 3.8, differences were observed among the calcified scaffolds where some of the
scaffolds failed at much lower stretches than the rest. The variation in the concentration of calcium
phosphate deposits in the volume of each scaffold could potentially be a factor. After the initial
failures, the calcified scaffolds continued to stretch considerably until the final failures. As seen
in the failure behaviour of the calcified scaffolds in Figure 3.20(b), some parts of the scaffold did
not stretch visibly. In their corresponding Miller stains, the random network of the collagen was
preserved. In the corresponding Von Kossa images 3.22, the total amount of calcium phosphate de-
posits were observed to be more in the parts that did not visibly stretch. It is probable that the areas
of the scaffold with less calcium deposits stretched more to compensate for the areas with more
calcium phosphate deposits. In the areas that did not stretch, it is likely that the calcium phosphate
deposits anchored the fibres down, preventing them from stretching. In the Von Kossa Figure 3.19,
the deposits seemed to form on the collagen fibres and in the SEM Figure 3.29, deposits were seen
entangled in the collagen fibres. The calcified scaffolds which failed at much higher stretch values
might have had a balance between the calcium phosphate deposits anchoring the fibres and creat-
ing stress concentrations. In the four scaffolds that were analysed, the amount of calcium phosphate
deposits seemed to lead to higher stretches at final failure. The number of scaffolds doesn’t allow
for a strong confirmation of this possibility.

4.2.2. Tangential Moduli

The tangential moduli of the calcified scaffolds were significantly lower than the non-calcified scaf-
folds and were more compliant than the non-calcified scaffolds. This can be attributed to the fact
that the calcified scaffolds had to stretch approximately 50% more. Also, the structure of the col-
lagen fibre network was possibly affected by the cells. Hence, the overall low stiff behaviour of the
calcified scaffolds can be attributed to the difference in the structure of the network.

4.2.3. Stress

The stress values at initial rupture points and final rupture points of calcified and non-calcified scaf-
folds were comparable. It is probable that the stresses were comparable since the collagen fibres
rupturing were made of the same material. Hence, the effect of the collagen fibres was potentially
the same in both types of scaffolds. Although not statistically significant, some of the calcified scaf-
folds did fail at lower and higher stresses than the non-calcified scaffolds. Also, a larger variation was
observed in the stress values of the calcified scaffolds. Since the structure of the collagen fibres in
the calcified scaffold that was not mechanically tested looked altered, it is possible that the deposits
might have had some affect on lowering or raising the stresses in the scaffolds.

4.2.4. Comparing the calcified scaffolds to atherosclerotic fibrous caps

The calcified scaffolds were more compliant than the atherosclerotic fibrous caps. The studies by
Loree et al [26], Holzapfel et al [27] and Teng et al [24] tested fibrous caps which exhibited high stiff-
ness, with failures at low stretch and high stress. This high stiff behaviour is expected. A fibrous cap
is a more complicated structure of varying thickness made of a dense collagen rich ECM with cells
such as vascular smooth muscle cells, macrophages, immune cells and calcifications. On the other
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hand, the calcified scaffold was a simplified model with a collagen fibre network, cells and calcium
phosphate deposits. The fibrous cap is a much denser structure with more components in com-
parison to the calcified scaffolds. Even in the contracted state, the calcified scaffolds would have
been more porous than a fibrous cap. The low stiffness of the calcified scaffold in comparison to the
high stiff fibrous caps can be largely attributed to these differences in the composition. Also, in this
study, the calcium phosphate deposits formed throughout the scaffold. However, microcalcifica-
tions identified [13, 15–17] in atherosclerotic fibrous caps were found as clusters. The distribution
of microcalcifications in the cap was highly non-uniform [14]. The studies which tested fibrous caps
did not examine the caps for calcifications. The caps which exhibited a high stiff behaviour in their
data could have had isolated clusters of microcalcifications or large macrocalcifications. Hence, the
calcified scaffolds have to be modified on the basis of their composition to imitate a fibrous cap
better.

4.3. Failure

The initial failures occurred much before the final failures in the calcified scaffolds while in non-
calcified scaffolds, the initial failures were closer to the final failures. In the mechanical data of the
calcified scaffolds, multiple failures can be seen between the initial and final failures. Some of these
failures were also observed macroscopically. In the four scaffolds analysed with their calcium phos-
phate deposit area fractions, the two scaffolds with higher area fractions exhibited failures between
the initial and final failures in their mechanical data. Also, in the mechanical data of the calcified
scaffolds, failures were also detected before the initial failure. These could be potential microscopic
failures. These failures were not observed in the non-calcified scaffolds. This can potentially be
explained by the calcium phosphate deposits.

A modulus mismatch exists between the stiff calcium phosphate deposits and less stiff collagen
fibres. This can lead to stress concentrations. Highly localised stress can develop at interfaces be-
tween calcifications and tissue due to large dissimilarities in material properties [20]. Based on the
theory of cavitation, due to these local stress concentrations, elastic energy is stored in the prox-
imity of the microcalcifications. When the local stresses in the tissue exceeds ≈ 5/6E, E refers to
Young’s modulus of tissue, theoretically this should favour rupture by the release of this stored en-
ergy in form of voids [13, 17]. It is possible that in the calcified scaffolds, during an initial failure,
the collagen fibres failed due to these stress concentrations building up. This could also poten-
tially be the reason behind the microscopic failures seen in the mechanical data. After the initial
failure took place, the multiple failures that were observed till the final failures could be because
of multiple stress concentrators created by the deposits causing failures. The accumulation of the
micro-failures in the scaffold before the initial failures and the failures in between the initial and
final failure could have led to the overall final failure of the scaffold.

Although it is probable that the calcium phosphate deposits had these effects, studying the effect
of calcifications is not an easy task. There are a number of factors such as calcification size, shape,
alignment, to be considered when the effect of calcifications is investigated. Even if nearly all fibrous
caps have microcalcifications, only a subset of them have the potential for rupture [13]. Through
biomechanical studies, microcalcifications have been predicted to increase the local stresses by a
factor of 4 [13, 15–17]. The potential of microcalcifications to be stress concentrators depends on
the ratio between the gap between the microcalcifications and their diameter (h/D) i.e. their prox-
imity. This ratio, h/D has to be considered when neighbouring microcalcifications are aligned along
their tensile axis. Clusters of microcalcifications with h/D<4 have been predicted to be more harm-
ful than a single microcalcification [13]. It also depends on the shape of the microcalcifications and
their pattern of distribution. Microcalcifications of the size range 5 µm to 15 µm have been pre-
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dicted to increase the local stresses [13]. Since the histology of the calcified scaffolds were limited,
the calcium phosphate deposits and their interaction with the collagen fibres could not be studied
directly.

4.4. Overall Summary

Collagen scaffold constructs with calcium phosphate deposits were successfully cultured. These
calcium phosphate deposits exhibited an elemental composition and size similar to the calcifi-
cations found in atherosclerotic fibrous caps. The calcified scaffolds exhibited a high stretch be-
haviour at failure. Initial failures were more pronounced in the calcified scaffolds. Multiple failures
were also observed before the initial failures and between the initial and final failures. These me-
chanical behaviours may be attributed to the effect of the cells and calcium phosphate deposits as
that was the differing factor in the calcified scaffolds. The calcified scaffolds were a less stiff than
atherosclerotic fibrous caps. This was attributed to the differences in structure and composition. In
this study, the initial steps towards the development of an atherosclerotic fibrous cap was achieved.
To successfully imitate a fibrous cap, the composition and structure of the calcified scaffolds have
to be modified to reach the mechanical properties of a real fibrous cap.
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Concluding Remarks

5.1. Conclusion

Collagen scaffold constructs with calcium phosphate deposits to emulate an atherosclerotic fibrous
cap was created. The scaffold construct was mechanically characterised and the potential effects of
the cells and calcium phosphate deposits on its mechanical behaviour were investigated. The main
findings of this study can be described based on the aims of the study.

1. Development of collagen scaffold constructs with calcifications:
Collagen type 1 scaffolds were seeded with paediatric Mesenchymal Stem Cells (p-MSCs) to
successfully create calcium phosphate deposits. The elemental composition and size of the
calcium phosphate deposits were in line with the microcalcifications found in fibrous caps.

2. Mechanical characterisation of the collagen scaffold constructs:
The calcified collagen scaffold constructs were mechanically tested using uniaxial tensile tests.
From the tests, mechanical properties such as Cauchy stress, stretch ratio and tangential mod-
uli were calculated. Based on these properties, the mechanical behaviour of the calcified scaf-
folds was described to be highly extensible and compliant. The failure behaviour was charac-
terised by initial noticeable failures before the final failure of the scaffold, also accompanied
by multiple smaller failures in between.

3. Structural characterisation of the collagen scaffold constructs:
Through histology and scanning electron microscopy, the calcium phosphate deposits were
found to form throughout the volume of the scaffold, at different concentrations. The calcium
phosphate deposits seemed to form on the collagen fibres and entangled within the fibres.

5.2. Future recommendations

Based on the results of this study, the following recommendations are suggested for the continua-
tion of this study.

1. Localised calcium phosphate deposits:
To investigate the effect of calcium phosphate deposits on the collagen fibre network, lo-
calised calcium phosphate deposits should be created to compare the effects with regions
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lacking calcium phosphate deposits. To create localised calcium phosphate deposits, localised
cell seeding has to be done. This can potentially be done by seeding cells in a certain part of a
scaffold and then preventing the cells from spreading to other parts by using various cues such
as mechanical or chemical. This will also bring the structure of the collagen scaffold construct
closer to the non-uniform distribution of microcalcification in an atherosclerotic fibrous cap.
This will serve as a challenge since creating local deposits has not been done before. Seeding
cells in a scaffold is already a challenge due to the dynamic nature of cells.

2. Thickness of the scaffold:
A thickness of 65 µm in a fibrous cap of a coronary vulnerable plaque is chosen as a criterion
of instability [54]. The thickness of calcified scaffolds were 1200 µm. This thickness should
reduce to the thickness of a fibrous cap. This could potentially be reached by using collagen
hydrogels.

3. Optimise the control:
In this study, collagen scaffolds with no cells were used as the control. A better control would
be to use collagen scaffolds, also seeded with cells but maintained in the expansion medium
as long as the calcified scaffolds were maintained in the osteogenic differentiation medium.
Another option would be to degrade the calcified collagen scaffolds in regions using MMPs.
Another alternative would be to find a way to prevent shrinkage in the scaffolds during culture.
This could possibly be done by using clamps to secure the scaffold in place while the cells are
in the scaffold.

4. Optimise sectioning during histology to obtain the entire ruptured scaffolds:
Sixteen calcified collagen scaffolds were tested in this study but due to problems faced during
sectioning, only four of them could be studied effectively. To study the failure behaviour, al-
most the entire volume of the scaffolds should be preserved. In this study, collagen scaffolds
were embedded in paraffin. A better option might be to embed the scaffolds in tissue-tek for
cryostat sectioning. Embedding in tissue-tek doesn’t require the processing steps required for
embedding in paraffin. This also helps prevent any shrinkage caused by the dehydration steps
during processing.

5. Methods to study failure behaviour:
In this study, failure was studied through histology and scanning electron microscopy. An-
other effective method should be found to study the direct interface of collagen and calcifica-
tions clearly. Confocal microscopy with collagen staining could be an option.

Th calcified collagen scaffold construct made in this study can be used as a base towards the de-
velopment of an in-vitro model of an atherosclerotic fibrous cap. It provides a good starting point
for further research into creating the in-vitro model. Future studies should aim to further replicate
the composition and mechanical properties such as the high stiff behaviour of the atherosclerotic
fibrous caps and use other means such as confocal microscopy to study the interface between col-
lagen and calcifications.
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A
Appendix

A.1. Matlab code for extracting stresses and stretch ratios at initial and fi-
nal ruptures using slope values

1 % 1 . F i t t i n g each experimental curve with a centred moving average f i t
2 % 2 . Calculating slope over each experimental curve and extract ing i n i t i a l

and
3 % f i n a l rupture point values
4

5 clear a l l
6 close a l l
7 cl c
8 set ( 0 , ’ DefaultAxesFontName ’ , ’ times ’ ) ;
9 load ( ’ s l o p e _ i n i t i a l v a l u e s _ F i t t i n g . mat ’ ) ; %loading the experimental data

10

11 a =[ ’ E119S1 ’ ; ’ E119S2 ’ ; ’ E119S3 ’ ; ’ E119S4 ’ ; ’ E119S5 ’ ; ’ E119S6 ’ ; ’ E120S2 ’ ; ’
E120S3 ’ ; ’ E120S4 ’ ; ’ E120S5 ’ ;

12 ’ E122S1 ’ ; ’ E122S2 ’ ; ’ E122S3 ’ ; ’ E122S4 ’ ; ’ E122S5 ’ ; ’ E122S6 ’ ; ’ ESSca1 ’ ; ’
ESSca2 ’ ; ’ ESSca3 ’ ; ’ ESSca4 ’ ; ’ ESSca5 ’ ; ’ ESSca6 ’ ] ;

13

14 %% 1 . Moving average f i t
15 index = 10;%to c a l l the stretch and s t r e s s values from the character array

i n d i v i d u a l l y
16 x = eval ( [ a ( index , : ) ’SR ’ ] ) ; %storing the stretch values in x
17 y = eval ( [ a ( index , : ) ’CS ’ ] ) ; %storing the s t r e s s values in y
18

19 y _ f i l t e r e d = movmean( y ,100) ; %centred moving average f i t over 100 sampling
points

20

21 %P l o t t i n g o r i g i n a l experimental curves
22 f i g u r e ( ’Name’ , a ( index , : ) ) ;
23 plot ( x , y , ’ color ’ , [ 0 , 0 , 0 ] ) ; grid on
24 legend ( ’ Original experimental data ’ , ’ Location ’ , ’ Northwest ’ )
25 xlabel ( ’ Stretch Ratio ’ ) ;
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26 ylabel ( ’Cauchy Stress (MPa) ’ ) ;
27 set ( gca , ’ FontSize ’ ,20) ;
28

29 %P l o t t i n g f i t t e d experimental curves
30 f i g u r e ( ’Name’ , a ( index , : ) )
31 plot ( x , y _ f i l t e r e d , ’ color ’ , [ 0 , 0 , 0 ] , ’ LineWidth ’ , 1) ; grid on
32 xlabel ( ’ Stretch Ratio ’ ) ;
33 ylabel ( ’Cauchy Stress (MPa) ’ ) ;
34 legend ( ’ Centred moving average f i t ’ , ’ Location ’ , ’ Northwest ’ ) ;
35 set ( gca , ’ FontSize ’ ,20) ;
36

37

38

39 %% 2 . I n i t i a l and f i n a l values
40 % Take the corresponding x and y values from the f i l t e r e d graph
41 % corresponding to a dif ference of 0.2 or more in the slope graph
42

43 slope = d i f f ( y _ f i l t e r e d ) . / d i f f ( x ) ;
44

45 f i t t e d s l o p e = movmean( slope ,100) ; %centred moving average f i t over 100
sampling points

46

47 %P l o t t i n g slope values with f i t t e d curves
48 f i g u r e ( ’Name’ , ’ Slope and f i t curve ’ ) ;
49 l e f t _ c o l o r = [0 0 0 ] ;
50 r i ght_col or = [0 0 0 ] ;
51 set ( f igure , ’ defaultAxesColorOrder ’ , [ l e f t _ c o l o r ; r i ght_col or ] ) ;
52 yyaxis l e f t
53 plot ( x , y _ f i l t e r e d , ’−. ’ , ’ color ’ , [ 0 , 0 , 0 ] , ’ LineWidth ’ , 1) ;
54 ylabel ( ’Cauchy S tress (MPa) ’ )
55 hold on ;
56 yyaxis r i g h t
57 ylabel ( ’ Slope ’ )
58 plot ( x ( 1 : end−1) , f i t t e d s l o p e , ’ color ’ , [ 0 . 2 5 , 0.25 , 0 . 2 5 ] ) ; grid on ;
59 set ( gca , ’ FontSize ’ ,20) ;
60

61 xlabel ( ’ Stretch Ratio ’ ) ;
62 legend ( ’ Centred moving average f i t ’ , ’ Slope ’ , ’ Location ’ , ’ northwest ’ )
63

64 %exporting x and y values t i l l i n i t i a l
65 %rupture − executing in command window based on i n i t i a l points taken from
66 %the slope graphs
67 %
68 %i =2678; i n i t i a l v a l u e s = [ x ( i ) y _ f i l t e r e d ( i ) ] ; expdata =[ x ( 1 : i ) y _ f i l t e r e d ( 1 : i )

] ;
69 %j =2890; UTS values = [ x ( j ) y _ f i l t e r e d ( j ) ] ; expdata =[ x ( 1 : j ) y _ f i l t e r e d ( 1 : j ) ] ;
70 %i = index of i n i t i a l rupture on slope , j = index of f i n a l rupture on slope
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A.2. Matlab code for averaging over strain energy intervals

1 % 1 . Calculating average values using s t r a i n energy i n t e r v a l s for t h i s
2 % study and other studies in l i t e r a t u r e
3

4 cl c
5 clear a l l
6 close a l l
7 %CS − Cauchy Stress , SR − Stress r a t i o
8 load ( ’ v a l u e s t i l l i n i t i a l r u p t u r e . mat ’ ) ; %loading the s t r e s s and s t r a i n values

u n t i l i n i t i a l rupture
9

10 a1 =[ ’ iE119S1 ’ ; ’ iE119S2 ’ ; ’ iE119S3 ’ ; ’ iE119S4 ’ ; ’ iE119S5 ’ ; ’ iE119S6 ’ ; ’
iE120S2 ’ ; ’ iE120S3 ’ ; ’ iE120S4 ’ ; ’ iE120S5 ’ ;

11 ’ iE122S1 ’ ; ’ iE122S2 ’ ; ’ iE122S3 ’ ; ’ iE122S4 ’ ; ’ iE122S5 ’ ; ’ iE122S6 ’ ] ;
12

13 set ( 0 , ’ DefaultAxesFontName ’ , ’ times ’ ) ;
14

15 lorre1SR = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’C3 : C8 ’ ) ;
16 lorre1CS = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’D3:D8 ’ ) ;
17 lorre2SR = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’G3 : G29 ’ ) ;
18 lorre2CS = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’H3: H29 ’ ) ;
19 lorre3SR = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’K3 : K16 ’ ) ;
20 lorre3CS = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’ L3 : L16 ’ ) ;
21 lorre4SR = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’O3: O20 ’ ) ;
22 lorre4CS = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’P3 : P20 ’ ) ;
23 lorre5SR = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’ S3 : S17 ’ ) ;
24 lorre5CS = xlsread ( ’ Other fibrous cap data ’ , ’ Sheet2 ’ , ’T3 : T17 ’ ) ;
25

26 a1 =[ ’ lorre1 ’ ; ’ lorre2 ’ ; ’ lorre3 ’ ; ’ lorre4 ’ ; ’ lorre5 ’ ] ;
27

28 %% 1 . Averaging over s t r a i n energy i n t e r v a l s for Lorree
29 n I n t e g r a l I n t e r v a l s = 100;
30 x S t a r t = 1 ;
31 resolution = 100;
32 SE_CS = zeros ( s i z e ( a1 , 1 ) , n I n t e g r a l I n t e r v a l s ) ;% a l l o c a t e space for s t r a i n

energy i n t e r v a l s method
33 SE_SR = zeros ( s i z e ( a1 , 1 ) , n I n t e g r a l I n t e r v a l s ) ;
34 f i g u r e ( ’Name’ , ’ Lorees data ’ ) ;
35 for i i = 1 : s i z e ( a1 , 1 )
36

37 x = eval ( [ a1 ( i i , : ) ’SR ’ ] ) ;
38 y = eval ( [ a1 ( i i , : ) ’CS ’ ] ) ;
39 y=y /1000;
40 xEnd = max( x ) ;
41

42 xGrid = linspace ( xStart , xEnd , resolution ) ;% Generate sampling points (
row vector of resolution number of points between x S t a r t and XEnd

43 yGrid = interp1 ( x , y , xGrid ) ;%, ’ l inear ’ , 0) ;% sample data at sampling
points
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44

45 intData = cumtrapz ( xGrid , yGrid ) ;% compute cumulative i n t e g r a l i . e . 1 to
each stretch

46

47 i n t e r v a l s = linspace (min( intData ) , max( intData ) , n I n t e g r a l I n t e r v a l s ) ; %
generate i n t e r v a l s

48

49 [ intDataNoDuplicates , index ] = unique ( intData ) ;
50 x I n t e g r a l I n t e r v a l s = interp1 ( intDataNoDuplicates , xGrid ( index ) , i n t e r v a l s

) ;
51 y I n t e g r a l I n t e r v a l s = interp1 ( xGrid , yGrid , x I n t e g r a l I n t e r v a l s ) ;
52

53 SE_SR ( i i , : ) = x I n t e g r a l I n t e r v a l s ;
54 SE_CS( i i , : ) = y I n t e g r a l I n t e r v a l s ;
55

56 p1 = plot ( x , y , ’ color ’ , [ 0 , 0 , 0 ] , ’ LineWidth ’ , 1)
57 xlabel ( ’ Stretch r a t i o ’ ) ;
58 ylabel ( ’Cauchy s t r e s s (MPa) ’ ) ;
59 set ( gca , ’ FontSize ’ ,24) ;
60

61 hold on
62

63

64 end
65

66 EmeanSECS = mean(SE_CS) ;
67 EmeanSESR = mean( SE_SR ) ;
68

69 plot (EmeanSESR, EmeanSECS, ’ color ’ , ’ r ’ ) ;
70

71 %% 2 . Averaging over s t r a i n energy i n t e r v a l s for Holzapfel
72

73 %Same code as the one used for Lorre ’ s in 1
74 %% 3 . Averaging over s t r a i n energy i n t e r v a l s for c a l c i f i e d s c a f f o l d s
75

76 %Same code as the one used for Lorre ’ s
77

78 %% 4 . Teng
79 % Digis i ted Teng ’ s average data d i r e c t l y
80

81 tengSR = xlsread ( ’ Other fibrous cap data ’ , ’Teng ’ , ’F1 : F22 ’ ) ;
82 tengCS = xlsread ( ’ Other fibrous cap data ’ , ’Teng ’ , ’G1 : G22 ’ ) ;
83 tengCS=tengCS /1000;
84

85 %% P l o t t i ng a l l average graphs on one plot
86 f i g u r e ( ’Name’ , ’ A l l average plots ’ ) ;
87 set ( 0 , ’ DefaultAxesFontName ’ , ’ times ’ ) ;
88 p1=plot (EmeanSESR, EmeanSECS, ’− ’ , ’ color ’ , ’ k ’ , ’ LineWidth ’ , 1 ) ;
89 hold on
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90 p2=plot (hEmeanSESR, hEmeanSECS, ’ : ’ , ’ color ’ , ’ k ’ , ’ LineWidth ’ , 2 ) ;
91 hold on
92 p3=plot ( calmeanSESR , calmeanSECS , ’−. ’ , ’ color ’ , ’ k ’ , ’ LineWidth ’ , 1 ) ;
93 hold on
94 p4=plot ( tengSR , tengCS , ’−− ’ , ’ color ’ , ’ k ’ , ’ LineWidth ’ , 1 ) ;
95 xlabel ( ’ Stretch r a t i o ’ ) ;
96 ylabel ( ’Cauchy s t r e s s (MPa) ’ ) ;
97 legend ( [ p1 p4 p2 p3 ] , ’ Loree et al , , 1994 ’ , ’Teng et a l . , 2014 ’ , ’ Holzapfel et

a l . , 2004 ’ , ’ This study ’ ) ;
98 set ( gca , ’ FontSize ’ ,20) ;
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A.3. Derivation of stress equation for Mooney Rivlin fit

The Cauchy stress tensor in an incompressible material can be derived from a hyperelastic strain
energy density function (W), which depends on I1 and I2, the first and second invariants of the Left
Cauchy Green deformation tensor (B). The stress tensor used in the derivation is shown below:

σ=−pI+2(
∂W

∂I1
+ I1

∂W

∂I2
)B−2

∂W

∂I2
B2 (A.1)

where p is the hydrostatic pressure, I is the identity matrix, W is the strain energy density function.

The modified Mooney-Rivlin strain energy density equation is as follows,

W = c1(I1 −3)+D1[eD2(I1−3) −1]+K (J −1) (A.2)

where W is the strain energy density, I1 and J are the first invariant and Jacobian of the deformation
gradient tensor, respectively, D1 and D2 are the material constants and K is Lagrange multiplier for
incompressibility.

Since incompressibility is assumed, J = 1. Equation A.2 becomes,

W = c1(I1 −3)+D1[eD2(I1−3) −1] (A.3)

Since equation A.3 only has I1 terms, differentiating equation A.3 with respect to I1,

dW

d I1
= c1 +D1D2eD2(I1−3) (A.4)

Substituting equation A.4 in equation A.1:

σ=−pI+2c1B+2D1D2eD2(I1−3)B (A.5)

To find the hydrostatic pressure (p),

σi j =−pδi j +2c1Bi j +2D1D2eD2(I1−3)Bi j (A.6)

σ11 =−p +2c1B11 +2D1D2eD2(I1−3)B11 (A.7)

σ22 =−p +2c1B22 +2D1D2eD2(I1−3)B22

σ33 =−p +2c1B33 +2D1D2eD2(I1−3)B33

1, 2 and 3 are the principal tensor directions and 1 is the loading direction. ∴ σ22 = σ33 = 0

∴ p = 2c1B22 +2D1D2eD2(I1−3)B22 (A.8)

Substituting equation A.8 in A.7:

σ11 =−(2c1B22 +2D1D2eD2(I1−3)B22)+2c1B11 +2D1D2eD2(I1−3)B11 (A.9)

= 2c1(B11 −B22)+2D1D2eD2(I1−3)(B11 −B22) (A.10)
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Left Cauchy Green deformation (B) can be related to the eformation gradient (F),

F =
λ1

λ2

λ3



B = F F T =
λ2

1
λ2

2
λ2

3


∴B11 =λ2

1,B22 =λ2
2,B33 =λ2

3

Substituting in equation A.10,

σ11 = 2c1(λ2
1 −λ2

2)+2D1D2eD2(I1−3)(λ2
1 −λ2

2) (A.11)

∵ Incompressibility and isotropy is assumed

V =λ1λ2λ3 = 1

∵λ2 =λ3 =λ
λ2λ1 = 1

λ2 = 1

λ2
1

I1 = tr (B) =λ2
1 +λ2

2 +λ2
3 (A.12)

∴λ2
1 + I1 = 2λ2 =λ2

1 +
2

λ1
(A.13)

Substituting equation A.13 in A.11,

σ11 = 2C1(λ2
1 −

1

λ1
)+2D1D2eD2(λ2

1+ 2
λ1

−3)(λ2
1− 1

λ1
)
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A.4. Matlab code for calculating Tangential Moduli

1 % 1 . Mooney R i v l i n f i t t i n g of c a l c i f i e d s c a f f o l d s
2 % 2 . Mooney R i v l i n f i t t i n g of non−c a l c i f i e d s c a f f o l d s
3 % 3 . Calculating tangential moduli
4

5 cl c
6 clear a l l
7 close a l l
8

9 load ( ’ v a l u e s t i l l i n i t i a l r u p t u r e . mat ’ ) ; %loading the s t r e s s and s t r a i n values
u n t i l i n i t i a l rupture

10 a =[ ’ iE119S1 ’ ; ’ iE119S2 ’ ; ’ iE119S3 ’ ; ’ iE119S4 ’ ; ’ iE119S5 ’ ; ’ iE119S6 ’ ; ’ iE120S2 ’
; ’ iE120S3 ’ ; ’ iE120S4 ’ ; ’ iE120S5 ’ ;

11 ’ iE122S1 ’ ; ’ iE122S2 ’ ; ’ iE122S3 ’ ; ’ iE122S4 ’ ; ’ iE122S5 ’ ; ’ iE122S6 ’ ; ’
iESSca1 ’ ; ’ iESSca2 ’ ; ’ iESSca3 ’ ; ’ iESSca4 ’ ; ’ iESSca5 ’ ; ’ iESSca6 ’ ] ;

12

13 %% 1 Mooney R i v l i n f i t t i n g of c a l c i f i e d s c a f f o l d s
14 C1 = zeros (16 ,1) ;
15 D1 = zeros (16 ,1) ;
16 D2 = zeros (16 ,1) ;
17 k = 1 ; %index for c o e f f i c i e n t arrays
18

19 for i i = 1:16 %only for the c a l c i f i e d s c a f f o l d s
20

21 x = eval ( [ a ( i i , : ) ’SR ’ ] ) ; %storing the stretch values in x
22 y = eval ( [ a ( i i , : ) ’CS ’ ] ) ; %storing the s t r e s s values in y
23

24 y = y *1000; %converting MPa to kPa
25

26 % Derived mooney r i v l i n s t r e s s equation for modified s t r a i n energy
density

27 %predstress = 2*C1* ( x .^2 − (1/ x ) ) + 2*D1*D2*exp (D2* ( x .^2 + (2/ x ) − 3)
) * ( x .^2 − (1/ x ) )

28

29 [ f i t r e s u l t , good ] = mooneyrivl infit ( x , y ) ; %c a l l i n g f i t function
30 a l l c o e f f = coeffvalues ( f i t r e s u l t ) ;
31 C1( k ) = a l l c o e f f ( 1 ) ;%storing each s c a f f o l d s constants
32 D1( k ) = a l l c o e f f ( 2 ) ;
33 D2( k ) = a l l c o e f f ( 3 ) ;
34

35 k = k + 1 ;
36

37 end
38 %% 2 Mooney R i v l i n f i t t i n g of non−c a l c i f i e d s c a f f o l d s
39

40 nonC1 = zeros ( 6 , 1 ) ;
41 nonD1 = zeros ( 6 , 1 ) ;
42 nonD2 = zeros ( 6 , 1 ) ;
43 k = 1 ; %index for c o e f f i c i e n t arrays
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44

45 for i i = 17:22 %only for the noncalcif ied s c a f f o l d s for now
46

47 x = eval ( [ a ( i i , : ) ’SR ’ ] ) ; %storing the stretch values in x
48 y = eval ( [ a ( i i , : ) ’CS ’ ] ) ; %storing the s t r e s s values in y
49

50 y = y *1000; %converting MPa to kPa
51

52 % Derived mooney r i v l i n s t r e s s equation for modified s t r a i n energy
density

53 %predstress = 2*C1* ( x .^2 − (1/ x ) ) + 2*D1*D2*exp (D2* ( x .^2 + (2/ x ) − 3)
) * ( x .^2 − (1/ x ) )

54

55 [ nonf i tresult , nongood ] = mooneyrivl infit ( x , y ) ; %c a l l i n g f i t
function

56 nonallcoeff = coeffvalues ( n o n f i t r e s u l t ) ;
57 nonC1( k ) = nonallcoeff ( 1 ) ;
58 nonD1( k ) = nonallcoeff ( 2 ) ;
59 nonD2( k ) = nonallcoeff ( 3 ) ;
60

61 k = k + 1 ;
62

63 end
64 %% Tangential Modulus
65

66 i n i t i a l c a l c S R = xlsread ( ’ I n i t i a l and f i n a l values with threshold value of 002
’ , 1 , ’C2 : C17 ’ ) ; %c a l l i n g the i n i t i a l s tretch values

67 init ialnoncalcSR = xlsread ( ’ I n i t i a l and f i n a l values with threshold value of
002 ’ , 1 , ’C18 : C23 ’ ) ;

68 icalTM = zeros (16 ,1) ; %to store tangential modulus at i n i t i a l s tretch r a t i o
values for c a l c i f i e d

69 inoncalTM = zeros ( 6 , 1 ) ;%to store tangential modulus at i n i t i a l s tretch r a t i o
values for non c a l c i f i e d

70

71 %d i f f s t r e s s = 2 . *C1 . * ( 2 . * stretch + ( 1 . / stretch . ^ 2 ) ) . . .
72 %+ 2 . *D1( i i ) . *D2( i i ) . * exp (D2( i i ) . * ( s tretch .^2 + ( 2 . / stretch ) − 3) ) . * ( 2 . *

stretch + ( 1 . / stretch . ^ 2 ) ) . . .
73 %+ ( stretch .^2 − ( 1 . / stretch ) ) . * ( 2 . * D1( i i ) . *D2( i i ) . * exp (D2( i i ) . * ( s tretch

.^2 + ( 2 . / stretch ) − 3) ) . . .
74 %. * 2 . *D2. * stretch − ( ( 2 . *D2) . / stretch . ^ 2 ) ) ;
75

76 % Calculating tangential modulus of c a l c i f i e d s c a f f o l d s
77 for i i = 1:16
78

79 % d i f f e r e n t i a t e d f i t s t r e s s equation
80 icalTM ( i i ) = 2 . *C1( i i ) . * ( 2 . * i n i t i a l c a l c S R ( i i ) + ( 1 . / i n i t i a l c a l c S R ( i i ) . ^ 2 ) )

. . .
81 + 2 . *D1( i i ) . *D2( i i ) . * exp (D2( i i ) . * ( i n i t i a l c a l c S R ( i i ) .^2 + ( 2 . / i n i t i a l c a l c S R (

i i ) ) − 3) ) . * ( 2 . * i n i t i a l c a l c S R ( i i ) + ( 1 . / i n i t i a l c a l c S R ( i i ) . ^ 2 ) ) . . .
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82 + ( i n i t i a l c a l c S R ( i i ) .^2 − ( 1 . / i n i t i a l c a l c S R ( i i ) ) ) . * ( 2 . * D1( i i ) . *D2( i i ) . * exp (
D2( i i ) . * ( i n i t i a l c a l c S R ( i i ) .^2 + ( 2 . / i n i t i a l c a l c S R ( i i ) ) − 3) ) . . .

83 . * 2 . *D2( i i ) . * i n i t i a l c a l c S R ( i i ) − ( ( 2 . *D2( i i ) ) . / i n i t i a l c a l c S R ( i i ) . ^ 2 ) ) ;
84

85 end
86 %Calculating tangential modulus of non−c a l c i f i e d s c a f f o l d s
87 MicalTM =icalTM /1000;
88 for i i = 1:6
89

90 % d i f f e r e n t i a t e d f i t s t r e s s equation
91 inoncalTM ( i i ) = 2 . *nonC1( i i ) . * ( 2 . * init ialnoncalcSR ( i i ) + ( 1 . / init ialnoncalcSR

( i i ) . ^ 2 ) ) . . .
92 + 2 . *nonD1( i i ) . * nonD2( i i ) . * exp (nonD2( i i ) . * ( init ialnoncalcSR ( i i ) .^2 + ( 2 . /

init ialnoncalcSR ( i i ) ) − 3) ) . * ( 2 . * init ialnoncalcSR ( i i ) + ( 1 . /
init ialnoncalcSR ( i i ) . ^ 2 ) ) . . .

93 + ( init ialnoncalcSR ( i i ) .^2 − ( 1 . / init ialnoncalcSR ( i i ) ) ) . * ( 2 . * nonD1( i i ) . *
nonD2( i i ) . * exp (nonD2( i i ) . * ( init ialnoncalcSR ( i i ) .^2 + ( 2 . / init ialnoncalcSR
( i i ) ) − 3) ) . . .

94 . * 2 . * nonD2( i i ) . * init ialnoncalcSR ( i i ) − ( ( 2 . * nonD2( i i ) ) . / init ialnoncalcSR ( i i )
. ^ 2 ) ) ;

95

96 end
97 MinoncalTM = inoncalTM/1000. %converting to MPa
98 % Box plots of i n i t i a l s tretch r a t i o values
99 x i n i t i a l = [MicalTM ; MinoncalTM ] ;

100 g1 = repmat ( { ’ F i r s t ’ } , [ s i z e (MicalTM) , 1 ] ) ;
101 g2 = repmat ( { ’ Second ’ } , [ s i z e (MinoncalTM) , 1 ] ) ;
102 g = [ g1 ; g2 ] ;
103 f i g u r e ( ’Name’ , ’ Tangential modulus at I n i t i a l rupture points ’ ) ;
104 p1 = boxplot ( x i n i t i a l , g , ’Notch ’ , ’ o f f ’ , ’ Labels ’ , { ’ C a l c i f i e d s c a f f o l d s ’ , ’

Non−c a l c i f i e d s c a f f o l d s ’ } , ’ Whisker ’ , 1 ) ;
105 ylabel ( ’ Tangential Modulus (MPa) ’ ) ; ylim ( [ 0 0 . 8 ] ) ;
106 set ( gca , ’ FontSize ’ ,18) ;
107

108 %Extracting q u a r t i l e and median values
109 icalTMval = quantile (MicalTM , [ . 2 5 . 5 . 7 5 ] ) ;
110 inoncalTMval = quantile (MinoncalTM , [ . 2 5 . 5 . 7 5 ] ) ;
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A.5. Miller stains of non-calcified scaffolds

Figure A.1: (a) & (c) Overview images of Miller stains of two non-calcified scaffolds, (b) & (c) Images at a higher magnifi-
cation of the marked regions

A.6. Scanning Electron Microscopy line analysis

An example of a line analysis carried out on an area of the calcified scaffold through energy disper-
sive x-ray spectroscopy (EDX).



Figure A.2: Scanning Electron Microscopy image of an area over which two line analyses were carried out using energy
dispersive x-ray spectroscopy (EDX).

Figure A.3: The corresponding spectra of the line analyses with the Ca and P peaks marked with red circles.
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