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Abstract

The solute transport across the osteochondral (OC) interface is of crucial metabolic importance for
a normal function of articular cartilage, and, therefore, for the OC interface as a whole. A better
understanding how the mechanical- and physiological properties of the OC interface affect the solute
transport across the OC interface could lead to new insights in repair strategies. The aim of this
master’s thesis was to investigate how graded mechanical- and/or physiological properties of the OC
interface affect the solute transport across the OC interface.

A combination of computational modelling and experimental diffusion tests on GelMA-based
hydrogel plugs was used to approach the goal. Regarding the computational model, first, a multi-zone
biphasic-solute finite element model that accurately replicates axial solute transport across the OC
interface was designed and validated. Second, a power law function was used to apply several
gradients on the initial values of the solid volume fraction (SVF), diffusion coefficient, and elastic
modulus across the OC interface to study the effect of each parameter on the solute diffusion across
the OC interface. On the experimental front, attempts were made to 3D-print GeIMA-based hydrogel
plugs but all failed. Alternatively, five groups (n = 3) of hydrogel plugs were created, each of which
underwent different UV curing time, by casting GelMA into cylindrical plugs. Axial diffusion of an
alizarin red solution through the hydrogel samples was recorded using a digital camera.

The results of the computational model show that only the SVF plays a small role in the height of the
equilibrium concentration reached in the subchondral bone layer. However, the influence of both the
SVF and diffusion coefficient on the time when the equilibrium concentration is reached in the
subchondral bone is considerably large. It is shown that the elastic modulus has a negligible influence
on the solute transport. Regarding the experimental diffusion tests, air bubbles and/or sincere light
reflections made all but six hydrogel plugs unusable for further analysis. A relationship between
sample thickness and diffusion is observed in the remaining hydrogel samples. The results of the SVF
computational model and experimental diffusion tests were compared, but sufficient experimental
data was lacking to draw any solid conclusions from this comparison.

This master’s thesis provides a new computational model of the OC interface which allows the
implementation of graded parameters across the OC interface. It is concluded that the current
experimental set-up is not suitable for obtaining consistent data on solute transport across hydrogel
plugs. Suggestions to improve the experimental set-up are made.






1 Introduction

Osteoarthritis (OA) is the most common chronic musculoskeletal disease among elderly people,
causing a structural degeneration of the articular cartilage (Oliviero et al., 2010). Such damage can
progress to the underlying subchondral bone, which increases the risk to suffer pain and reduced
mobility (Buckwalter & Mankin, 1998). One of the parameters that changes because of OA is the
molecular diffusion between articular cartilage and the bone directly underneath the cartilage
(Botter et al., 2011; Westacott, 2002). Because articular cartilage has a limited self-healing capacity,
due to the lack of nerves (Dye et al., 1998) and a limited vascularity (Moses et al., 1990), the
molecular diffusion of solutes through cartilage is of crucial metabolic importance for a normal
function of cartilage (Leddy & Guilak, 2003). Despite extensive research, OA still has limited
treatment possibilities (Tuan et al., 2013), predominantly due to the different healing capacities and
mechanical properties of the bone and cartilage tissues (Di Martino et al., 2015), making the bone-
cartilage interface (also known as osteochondral (OC) interface) a complex, graded structure (Di
Martino et al., 2015), where the structure, mechanical properties, and composition vary smoothly
from the articular cartilage surface to the bone (Antons et al., 2018; Di Luca et al., 2015; Khorshidi

& Karkhaneh, 2018).

In recent years, the regeneration of the whole OC interface has received an increased attention
(Ansari et al., 2019; Di Martino et al., 2015). This increased popularity to repair the whole OC
interface instead of just the articular cartilage or the bone finds its origin in some studies suggesting
that OA is a disease that could affect the whole joint instead of just cartilage (Lories & Luyten, 2011;
Mahjoub et al., 2012). Additionally, articular cartilage and bone are mechanically connected (Brown
et al., 1984), so in case of a traumatic event or a disease like OA leading to an OC defect, not only
the articular cartilage or bone, but both are affected (Pape et al., 2010). Consequently, in order to
regenerate a functional OC interface, it is important that both cartilage and the underlying bone are
reconstructed simultaneously (Ansari et al., 2019; Di Luca et al., 2015; Mukherjee et al., 2020; Peters
et al., 2018), and that the biomechanical properties mimic those of the native OC interface (Liu et
al., 2015). Among the materials used in tissue engineering, hydrogels have proven to be one of the
most prestigious and multipurpose materials (Hunt et al., 2014; Wang et al., 2018). Hydrogels are
3D-networks composed of crosslinked hydrophilic polymer chains and water that fills the spaces
between the polymer chains (Korah et al., 2018). The highly hydrated structure of hydrogels has

great similarities with the natural extracellular matrix (Spicer, 2020).
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Using conventional methods such as freeze-drying (Levingstone et al., 2014), solvent-casting
(Eltom et al., 2019), and gas-forming (Loh & Choong, 2013), many types of scaffolds have been
designed. However, up to date, no scaffold of the OC interface has been designed that reached the
same level of efficiency as the native OC interface. With the introduction of (multi-material) 3D-
printing, the qualities of the scaffolds, such as biocompatibility, mechanical stiffness (Chen et al.,
2012), and low brittleness (Rastogi & Kandasubramanian, 2019), have significantly improved
compared to the conventional scaffolds (Varma et al., 2020; Zhang et al., 2020). Moreover, 3D-
printing techniques allow the production of interconnected porous scaffolds with highly controlled
pore geometry such that the morphologic properties match those of the host tissue (Zhang et al.,
2020). Because 3D-printing allows to create graded scaffolds with various types of biomaterials,
structures, and mechanical properties (Chen et al., 2019; Doubrovski et al., 2015; Nowicki et al.,
2020), it makes it possible to study how important the contribution of each mechanistic and material

mechanism is, and how one mechanism affects of the others.

As mentioned earlier, one of the parameters that is affected due to OA is the molecular diffusion
through the OC interface (Botter et al.,, 2011; Westacott, 2002), which is of crucial metabolic
importance for a normal function of the cartilage (Leddy & Guilak, 2003) and, therefore, for the
whole OC interface. The diffusion through the OC interface does not only depend on the
morphological characteristics like porosity and thickness of the OC interface, which could be
replicated with 3D-printing techniques (Zhang et al.,, 2020), but also on the distribution and
concentration of the extracellular matrix components (proteoglycans and collagen fibrils) which
contribute to the mechanical properties of the OC interface (Arbabi et al., 2016; Botter et al., 2011).
Hence, in 3D-printing, it is important that the biological and mechanical properties of the ink used
match those of the native tissue. As mentioned before, the structures of hydrogels have great
similarities with the natural extracellular matrix (Spicer, 2020). Among various types of hydrogel
inks, the inks based on gelatine functionalized with methacryloyl groups (GelMA) show great
promise due to their excellent biocompatibility, on-demand photocrosslinkability, and highly
tuneable physicochemical properties of this collagen-modified biopolymer (Daly et al., 2016) which
makes it possible to apply structural and mechanical gradients. A deeper understanding of how
gradients in different mechanical and/or physiological properties affect the diffusive behaviour

within the OC interface could improve the development of current regenerative methods.

Hence, the main goal of this master’s thesis is to investigate how graded mechanical- and/or

physiological properties of the OC interface affect the solute transport across the OC interface.
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However, in vivo and in vitro experiments are often associated with high costs and time-consuming
analysis. Meanwhile, the budget and time span for this master’s thesis are not unlimited. A solution
to overcome these drawbacks is the use of computational models. Computational models
concurrently calculate the mechanical and physiological behaviour of multiple tissues, and so, once
properly validated, could provide valuable insights in tissue interactions that are difficult to obtain
through traditional experimental methods. Moreover, the parameter values within a computational
model can easily be altered. Thus, a computational model could generate iterations of the same
model with different parameter values and predict the effect of these different values on the

modelled tissue(-s).

The main goal of this master’s thesis is to investigate how graded mechanical- and/or physiological
properties of the OC interface affect the solute transport across the OC interface. In this chapter, a
detailed description of the structure and organization of the OC interface will be described, followed

by the resulting research questions of this master’s thesis.

1.1 Structure and Organization of the Osteochondral Interface

The mature OC interface of synovial joints consists of three tissue layers, varying in structure and
mechanical properties: the compliant hyaline articular cartilage (HAC), a thin layer of articular
calcified cartilage (ACC) and the rigid subchondral bone (SCB) (Figure 1.1). The function of the HAC
is to act as a shock damper to transmit the loading forces in the articular joint with a minimal stress
concentration (Bernstein et al., 2013; Broom & Thambyah, 2018), and to provide a smooth surface
at the end of the bones which realizes near-frictionless movement in the joint (Broom & Thambyabh,
2018). It is assumed that the main function of the ACC is to transmit the articular forces between
the compliant HAC and the stiff SCB (Redler et al., 1975). Finally, the SCB contributes to the
preservation of the functional integrity of the HAC (Duncan et al., 1987). Moreover, the SCB provides
mechanical support for the HAC which is essential for the performance of the HAC (Nooeaid et al.,

2012).

Healthy human HAC is composed of chondrocytes and a stiff viscoelastic extracellular matrix (ECM)
(Cohen et al., 1998; Hoemann, 2004). Chondrocytes are responsible for the synthesis and
maintenance of HAC, where the ECM provides the structure of the HAC and thus its unique
mechanical properties. The ECM is comprised of proteoglycans, glycosaminoglycans (GAGs), water,
collagen fibrils (mostly collagen type Il (Buckwalter & Mankin, 1997)), and non-collagenous proteins

(Hoemann, 2004). Collagen fibrils on their own do not provide significant resistance against
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compression, they do however provide great resistance against tension and are responsible for the
major part of the tensile properties of the HAC (Schmidt et al., 1990; Woo et al., 1976). The most
abundant GAG-bearing proteoglycan in HAC is aggrecan (Hoemann, 2004). Attached to the
proteoglycans are negatively charged GAGs that attract water into the ECM of HAC, thereby creating
hydrated spaces in the ECM which functions as a porous-permeable reinforcement for the collagen
and so provides the HAC its resistance against compression and thus its compressive strength

(Setton et al., 1994).

Articular surface

Hyaline articular cartilage =

Articular calcified cartilage i

Subchondral bone —— e

Tidemark Cancellous bone

Figure 1.1: Schematic representation of the osteochondral tissue and the orientation and arrangement of the
extracellular matrix fibers, modified from Di Luca et al. (2015).

The HAC is subdivided in three layers from the articular surface towards the bone: the superficial
zone (SZ), middle zone (MZ), and the deep zone (DZ) (Figure 1.2), with a depth of 10-20%, 40-60%,
and 30-40% of the total HAC height, respectively (Bullough & Goodfellow, 1968; Clark, 1985). Each
layer differs in orientation, size, type, and structure of the collagen fibrils and chondrocytes (Figure
1.2). The SZ consists of dense collagen fibrils, and flat and ellipsoid chondrocytes which are oriented
parallel to the articular surface, thereby creating a dense articular surface. Due to their parallel
orientation, the collagen fibrils provide large resistance against tensile and shear forces (Bhosale &
Richardson, 2008). In the MZ, the collagen fibrils are obliquely aligned to the articular surface (Figure
1.2). Furthermore, the chondrocytes are more spheroid-shaped, and the concentration is less than
in the SZ (Figure 1.2). The GAG-bearing proteoglycans in the MZ reinforce the collagen fibrils in this
zone, giving the HAC its compressive strength (Mansour, 2003). In the DZ, the collagen fibrils are
stacked in columns perpendicular to the articular surface, while the chondrocytes are spheroid-

shaped (Figure 1.2).
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Figure 1.2: Schematic representation of the osteochondral interface, showing the orientation and arrangement
of the collagen fibrils throughout the hyaline articular cartilage, modified from Di Luca et al.
(2015).

Between the HAC and ACC, a distinct, wavy, jigsaw puzzle-like, line can be seen (Figure 1.2). As
first described by Fawns & Landells (1953), this boundary between the HAC and ACC is called the
tidemark. The biomechanical role of the jigsaw waviness of the tidemark is that it provides great
resistance to shear stresses between HAC and SCB (Redler et al., 1975). Furthermore, the DZ of HAC
is strongly connected with the ACC by collagen fibrils which cross from the DZ of the HAC through
the tidemark into the ACC layer (Redler et al., 1975). Within the ACC layer, the chondrocytes are
more hypertrophic than in the HAC (Buckwalter et al., 1986). Due to these hypertrophic
chondrocytes, collagen type X is synthesized (Kielty et al., 1985), and collagen type Il fibrils degrade,
leading to the formation of C-propeptide which binds calcium (Poole et al., 1989), mineralizing the
ECM of ACC, providing a stiffer ECM than that of HAC, and thus influencing its material properties.
Within the ACC layer, the mineral content and material properties are graded near the HAC at the
tidemark (Gupta et al., 2005). Mente & Lewis (1994) stated that ACC is 10-100 times less stiff than
SCB. Even when the ACC and SCB have the same mineral content, ACC is less stiff than SCB due to
the organization and distribution of the mineralized tissue and collagen fibrils (Gupta et al., 2005).
Summarized, the integrity and the shock-absorbing function of the ACC layer is provided by the

graded mineralized ECM of ACC in the presence of collagen type X.

Underneath the ACC lies the dense SCB. The wavy boundary between the ACC and SCB is called

the cement line. As mentioned earlier, the main function of the SCB is to provide mechanical support
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for the HAC which is essential for the performance of the HAC (Nooeaid et al., 2012). Mainly collagen
type | fibrils are found in the ECM of the SCB, mineralized by deposits of calcium and phosphate
named hydroxyapatite (Heinegard & Oldberg, 1989). The hydroxyapatite and calcium are bound to
the ECM of the SCB by the proteins osteocalcin and osteonectin, respectively (Heinegard & Oldberg,
1989). The dense SCB comprises of multiple bone plates of 0.2-0.4mm thickness joined together to
embed intercommunicating spaces of 0.4-0.6mm thickness (Madry et al., 2010). Unlike the non-
vascularized HAC, the SCB has a large quantity of arterial and venous vessels (Imhof et al., 1999).
Occasional small branches of the vessels cross the cement line from the SCB into the ACC (Clark,
1990; Gilmore St. & Palfrey, 1987). However, no collagen fibrils are continuous between the SCB
and ACC (Burr et al., 1988), making the cement line a region where the mechanical interlocking of

the SCB and ACC is weak.

1.2 Research Questions

Summarized, the OC interface is a heterogeneous, anisotropic, multi-phasic, and nonlinear
material. The diffusion of molecules through the OC interface is of crucial metabolic importance for
a normal function of the cartilage (Leddy & Guilak, 2003), and, therefore, for the whole OC interface.
Previously, research has been done on the regeneration of the whole OC interface. However, up to
date, no scaffold of the OC interface has been designed that reached the same level of efficiency as
the native OC interface. Knowledge how different mechanical- and physiological properties, such as
the solid volume fraction, diffusion coefficient, and the elastic modulus, affect the diffusive
behaviour within the OC interface could lead to new insights of how to replicate the diffusive
behaviour of the OC interface and therefore improve the development of current regenerative
methods. Therefore, the goal of this master’s thesis is to investigate how graded mechanical- and/or
physiological properties of the OC interface affect the solute transport across the OC interface. The
main goal can be dissected into sub-questions. To what extent does the solid volume fraction, the

diffusion coefficient, and the elastic modulus influence the solute transport across the OC interface?

To achieve this, a combination of a computational model and an experimental set-up is used.
Regarding the computational model, first, a model that accurately replicates the diffusive behaviour
of the OC interface is designed and validated. Second, a power law function is used to apply various
gradients on the solid volume fraction, diffusion coefficient, and elastic modulus values of the
computational model to study the effect of each parameter on the solute diffusion through the OC
interface individually. On the experimental front, attempts are made to 3D-print a graded GelMA-

based hydrogel that mimics the diffusive behaviour of the OC interface. The properties of the
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hydrogel are graded by alternating the UV crosslinking time during the printing process. The
relationship between UV curing time and solute transport across GelMA is investigated by

performing diffusion tests.
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2 Materials and Methods

2.1 Computational Model

Computational models based on biphasic-solute mixture models have proven to be able to
describe the diffusion of neutral solutes through biphasic tissues like bone and cartilage (Arbabi et
al., 2015, 2016; Ateshian et al., 2012; Mauck et al., 2003). The mixture in these models consists of a
porous-permeable solid matrix, a solvent, and a solute (Ateshian et al., 2011; Mauck et al., 2003).
The main objective of these mixture models is to solve for the three unknowns, being the motion of
the solid matrix U, the pressure of the fluid p, and the solute concentration ¢, using three governing
equations (Ateshian et al., 2011; Mauck et al., 2003). These equations enforce the balance of the
linear momentum for the mixture (eq. 1), the balance of the mass for the mixture (eq. 2), and the
balance of the mass for the solute (eq. 3) (Ateshian et al., 2011; Mauck et al., 2003). The balance of

linear momentum for the mixture could be described as:

divT = 0,
1)
where T is the Cauchy stress tensor for the mixture which describes the total (mixture) stress. The

balance of the mass of the mixture could be described as:

div(vS + w) =0,

(2)
where v° is the velocity of the porous-permeable solid matrix, and w describes the volumetric flux
of the solvent relative to the solid with ¢" describing the volume fraction of the solvent in the
mixture, and V" being the velocity of the solvent. At last, since the total amount of the solute in the
bath and the tissue must remain constant, the equation of the balance of mass for the solute could

be written as:

1D?
YE](,DWI%E + dll?] =0,
®)

DS
where | = det F, and F is the deformation gradient of the solid matrix, and o is the material time

derivative in the spatial frame, following the solid, K is the effective solubility, ¢ is the solute
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L . .. cC I . .
concentration, ¢ is the effective solute concentration (¢ = %) which is continuous across boundaries

and contact surfaces (Ateshian et al., 2011), and j is the molecular flux of the solute relative to the
solid. The dependence of w and j on the solid matrix strain and effective solute concentration are

shown by the following equations:

K

w=-k (gradﬁ + RO
do

d grad 6)
@)

¢
j =«d (—(pwgrad ¢+ —w),
do

®)

with
= [k‘l N RO k¢ (I d)]_1
- ¢Y dy do
(6)
woq_ 9
(‘p ] )

(7)
where K is the hydraulic permeability tensor for the flow of the solution, D is the effective solute
pressure which is the mechanical contribution of the total solute pressure (p = p + ROP), R is
the universal gas constant, 6 is the absolute temperature, @ is the osmotic coefficient, d is the
diffusion coefficient tensor in free solution, d is the solute diffusivity coefficient tensor in the
mixture, K is the hydraulic permeability tensor of the solvent through the solid matrix, and ¢; is the

volume fraction of the solid phase in the reference configuration (Ateshian et al., 2011; Mauck et

al., 2003).

By applying the principle of virtual work, the equations mentioned above were solved in the open-
source finite element modelling program FEBio (v3.6.0) to describe the transport of a neutral solute

through a biphasic structure.

2.1.1 Geometry

The mesh of a validated multi-layer, biphasic-solute model of the OC interface (Arbabi et al., 2016)
was replicated and modified by a comprehensive mesh refinement for each layer of the OC interface
(Figure 2.1). These mesh refinements allowed for the incorporation of depth-dependent variations

for various tissue parameters through the individual layers of the OC interface and therefore the
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possibility to apply gradients on the parameter values through the OC interface. A description of the

geometry of the computational model is provided in the next section.

Arbabi et al. (2016) Current model Osteochondral tissue
A : o
0.14 mm Superficial
Zone
Middle
S zone
IS
0
>
o Deep
0.21 mm s0ne
v
4
0.178 mm Subchondral
v A4 bone

Figure 2.1: 2D schematic of the multi-zone model of the osteochondral interface of Arbabi et al. (2016) (left),
the zonal refinement of the computational model as used in this study (middle), and the structure
and organization of the osteochondral tissues (right).

The model comprised four different zones: SZ (20% HAC thickness), MZ (50% HAC thickness), DZ
(30% HAC thickness), and SCB. The thickness of HAC (0.7 mm) and SCB (0.178 mm) was obtained
from micro-CT images (Pouran et al., 2016). It was assumed that the diffusion of the solutes only
occurred in the axial direction (Kulmala et al., 2010). On top of the cartilage was an overlaying bath
of 12 mm high (Figure 2.2A), which corresponded to the diffusion experiments of Pouran et al.
(2016). Each zone was then subdivided into multiple zones of equal height, such that the
SZ/MZ/DZ/SCB comprised of 2/5/3/2 zones, respectively (Figure 2.1). Eight-node trilinear
hexahedral elements were used for mesh generation, which were refined near the interfaces to

ensure computational accuracy (Figure 2.2).

2.1.2 Mechanical and Physical Properties

Both the HAC and the SCB were modelled as neo-Hookean material with a Poisson’s ratio of O,
while the E modulus was selected in such a way that the swelling behaviour of the HAC resembles
that of the experiments of Arbabi et al. (2015), meaning that the E modulus was chosen high enough
to resist the osmotic pressure from the bath and large deformations were prevented. Both the
hydraulic permeability tensor and the diffusion coefficient tensor for the bath, HAC and SCB were
regarded as isotropic. The hydraulic permeability and the effective solubility were set to 103
mm*/Ns and 1, respectively (Ateshian et al., 2012; Ateshian & Weiss, 2013). The solid volume
fraction (SVF) of the SZ, MZ, and DZ were 0.2, 0.3, and 0.4, respectively (Sophia Fox et al., 2009), and
the SVF of the SCB was set to 0.8 (Li & Aspden, 1997). The diffusion coefficient in the bath was set
to 250 um?/s (Nair et al., 2008) and for the SZ, MZ, DZ, and SCB to 4.35, 0.40, 0.18, and 0.12 pm?/s,
respectively (Arbabi et al., 2016).
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Figure 2.2: (A) Schematic drawing of the computational model including the solute bath and the osteochondral
(OC) interface. (B) A closer look at the model including the four zones of the OC interface.

To obtain a gradient for the values of the diffusion coefficient, SVF, and E modulus through the OC
interface, the following power law for material gradation is used (equation 8) (Chakraborty et al.,

2003):

y )"
dy = ([ —dp) (2+3) +dy,

(8)
where z is the total height of the OC interface, k is the power coefficient, and dj, d;, and d,, are the
diffusion coefficient at the bottom, top, and distance y from the middle of the OC interface,
respectively. The range [d;- d};] of each parameter was set according to the values of the SZ and
SCB layer used in the model of Arbabi et al. (2016). Hence, the range of the diffusion coefficient was
[4.35 - 0.12] um?/s, the range of the SVF was set to [0.2 - 0.8]. The range of the E modulus was [10 -
1150] MPa, where the d; value was taken from Arbabi et al. (2016) and the d;, value represents the
average E modulus of human SCB (1.15 GPa) (Choi et al., 1990). The values of k = 0.015, 0.1, 1/3, 1,
2, and 3, were used to study the effect of different gradients of the selected parameters on the
solute diffusion through the OC interface. Figure 2.3 shows the values of the SVF, diffusion
coefficient, and E modulus through the OC interface obtained from Arbabi et al. (2016) and for each
used gradient k in equation 8. An overview of the values used for each parameter is presented in

Appendix A.
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Figure 2.3: Plots of the values of the solid volume fraction (A), diffusion coefficient (B) and the elastic modulus
(C) of each layer of the computational model as used in Arbabi et al. (2016) (dotted line), and for

each used gradient k in equation 8.

2.1.3 Initial and Boundary Conditions
The initial solute concentration in the bath was taken 420 mM, corresponding to the solute
concentration used in the diffusion experiment of Arbabi et al. (2015). To ensure that the effective

solute pressure (p) is continuous across boundaries (Ateshian et al., 2011), the following equation

was used:

5 =p— RO,
9

wherep = 101 kPa, R = 8.314e °mJ/nmol - K, 0 = 298K, and ¢ = 1 (Arbabietal.,

2015, 2016).
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2.1.4 Validation

To validate the mesh refinement of the computational model, the initial parameter values of the
model of Arbabi et al. (2016) were copied and simulated for 72 hours. The resulting concentration-
time data of the HAC was compared with the experimental data found by Arbabi et al. (2016) by
calculating the root mean square error (RMSE) between these two datasets. For the SCB layer, the
RMSE was calculated between the experimental (Arbabi et al. (2016), and computational
equilibrium concentration in the SCB. Both the RMSE of the HAC, and the SCB found by the
computational model of this study were compared to the RMSE values for the HAC, and SCB

obtained by the computational model of Arbabi et al. (2016).

2.1.5 Near-Equilibrium Concentration Time

A MATLAB (2023b) code (Appendix B) was written that simultaneously runs the simulations in
FEBio for the selected values of k on the SVF of the osteochondral model and plots the
concentration-time curves to find the near-equilibrium concentration time point in the SCB.
Likewise, two additional MATLAB codes were written, one applied the selected gradients k on the
diffusion coefficient values of the OC model, and the latter applied the selected gradients k on the
E modulus values of the OC model. In all three MATLAB codes, the concentration was normalized
for the height of the SCB and each simulation was run until the near-equilibrium concentration in
the SCB was reached. The near-equilibrium concentration time was found when a slope of less than

0.001 was obtained between two time points.

2.2 Diffusion Experiments

2.2.1 Sample Preparation

An extrusion-based 3D-printer (BIO X, Cellink, Sweden) was used to print cylindrical hydrogel plugs
(height = 2.4 mm). The ink used was a thermosensitive, ready-to-use, porcine gelatine-based GelMA
(Cellink, Sweden) and extruded with a temperature of 32 °C on a cold petri dish (15 °C) with a
pressure of 10 kPa and crosslinked with UVA (364 nm) light with a source-sample distance of 3 cm.
The samples were printed inside cylindrical tubes with an inner diameter of 12.36 mm and a height
of 9.8mm. The cylindrical tubes were obtained by cutting and polishing syringes (Fisherbrand, Fisher
Scientific, U.S.A.) (Figure 2.4). To overcome the height of the cylindrical tubes, a one-inch (2.54 cm)
long dispensing tip (Vieweg, Germany) with an inner diameter of 0.25 mm was used to extrude the
GelMA in the tubes. The horizontal spacing between the path of the extruder was held constant at
0.5 mm (Figure 2.5A). This way, with the applied pressure, the extruded hydrogel filled the whole

area and no empty spaces were left behind. Each printed layer had a height of 0.2 mm, so a total of
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12 layers have been printed to obtain a total height of 2.4 mm (Figure 2.5B). Knowing that the
SZ/MZ/DZ comprise 20/50/30% of the cartilage thickness (Sophia Fox et al., 2009), the total number
of layers for each zone were 2, 5, 3, and 2 for the SZ, MZ, DZ, and SCB, respectively (Figure 2.5B).

Figure 2.4: Cylindrical tubes were obtained from syringes.

............

> X

‘“*Xﬁ —

Figure 2.5: (A) Horizontal view of the trajectory of the extruder, the spacing between the paths is held constant
at 0.5 mm. (B) lllustrative picture of the frontal plane of the printed hydrogel plugs. Each plug was
comprised of 12 layers, each 0.2 mm high.

Several attempts have been made to 3D-print the hydrogel samples using the protocol as
described in the section above, only variating the extrusion temperature and pressure.
Unfortunately, no successful prints could be accomplished, mostly because the GelMA solidified
prematurely within the inch-long dispensing tip or was too viscous which results in over-extrusion
of the GelMA and a poor resolution of the printed samples. Therefore, it was decided to cast
droplets of GelMA in the cylindrical tubes to obtain hydrogel samples with a height of 2.4 mm.
Because this method is not as accurate as 3D-printing, it was decided to prepare hydrogel plugs

comprised of four layers of equal height (4 droplets per layer, representing 0.6 mm per layer).

An increased photocuring time of GelMA leads to a higher E modulus and a more dense ECM (and

therefore higher SVF) (Miri et al., 2018). Hence, a lower diffusion coefficient for the GelMA is
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expected if the photocuring time increases. By changing the photocuring time, 15 hydrogel plugs

were created and subdivided into five groups (Table 2.2). Four of the five groups underwent a

homogeneous photocuring time for the whole sample (45, 90, 180, or 300 seconds), where the

photocuring time of the fifth (graded) group was graded over the height of the samples (Table 2.2,

Figure 2.6). To print the graded samples, the first four droplets of GeMA representing the SCB layer

were put in the tube and photocured for 120 s, then the GelMA representing the DZ was put in the

tube and both the SCB and DZ were photocured for 90 s, followed by adding the MZ layer and

photocuring the SCB, DZ and MZ for 45 s. Finally, the GelMA representing the SZ was added on top

of the MZ, whereafter the whole sample was photocured for 45 s, such that the total amount of

photocuring time for each layer was 300/180/90/45 seconds for the layers representing the

SCB/DZ/MZ/SZ, respectively (Figure 2.6).

Table 2.2: Grouping of the printed hydrogel samples with their corresponding total UV curing time.

Group

Homogeneous UV 45
Homogeneous UV 90
Homogeneous UV 180
Homogeneous UV 300
Graded

UV source UV source

No. of samples

3

3
3
3
3
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Hydrogel 3 g g Hydrogel g g g Hydrogel ggg Hydrogel
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Figure 2.6: Schematic drawings showing the fabrication of the graded hydrogel samples. The bottom layer is
poured into the cylinder first and UV cured for 120 seconds. Then the second layer is poured on
top of the first layer and the whole structure is UV cured for 90 seconds. Thereafter, the third layer
is put into the cylinder and all three layers are UV cured for 45 seconds. Finally, the fourth layer is
poured into the cylinder, whereafter the whole structure is UV cured for 45 seconds again.
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2.2.2 Image Acquisition

Alizarin Red S (A3882, Sigma-Aldrich, U.S.A.) was diluted to 0.1% using distilled water. 0.6 mL of
the solute was injected into the tubes on top of the hydrogel samples (corresponding to 0.5 cm bath
height). The images used to measure the transport of the alizarin red solution through the hydrogel
samples were acquired using a Sony A7R (with E 3.5/30 MACRO lens). Images were taken directly
after putting the solution on top of the samples (t = 0), and every 10 minutes after t = 0 for 2 hours
and 50 minutes (18 time points). The effect of fluctuating external light was minimized by placing a

screen around the set-up (Figure 2.7).

Figure 2.7: Experimental set-up of image acquisition, including a close-up of a sample at the start of the
diffusion experiment showing alizarin red on top of the white hydrogel sample. A box is placed
around the sample to minimize the effect of surrounding light on the samples during the diffusion
experiment.

2.2.3 Image Processing

ImagelJ (v1.51h) was used to process all the pictures. For each hydrogel, a rectangular region of
interest (ROI) (width = 1.0 mm) containing all 12 layers of the hydrogel and a part of the bath, was
selected and applied for every time point. Each of the prescribed ROIs was then subdivided into five
separate ROls representing the solute bath, SZ, MZ, DZ, and SCB. Thereafter for each image, the

average grey value (Q) for each of the five ROIs was calculated with the following formula:

_ X(Pixp)
Q= T’

(10)

where P; and X; are the pixel intensity and pixel frequency, respectively.
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Pouran et al. (2016) experimentally confirmed the existence of a linear relationship between the
grey value of cartilage at t = 0 obtained from micro-CT images and the grey value of the bath at the
same time point (eq. 11). This linear relationship was used to obtain the actual concentration of the

solute inside the hydrogel.

C =aQ + B,
(11)

where C is the solute concentration, a and 8 are constants, and Q is the average grey value.
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3 Results

3.1 Biphasic-Solute Model

3.1.1 Validation of Refinement

Taking the initial parameter values of the model of Arbabi et al. (2016) for the computational
model of this study, the RMSE for the cartilage was 0.1116, and for the SCB was 0.0001, which were
almost identical to the RMSE values found by Arbabi et al. (2016) (0.1114 for the cartilage, and
0.0003 for the SCB) (Table 3.1).

Table 3.1: Root mean square error (RMSE) to compare the computational and experimental solute
concentration versus time in cartilage and RMSE to compare the computational and experimental
normalized equilibrium concentration in subchondral bone.

Arbabi et Mesh
al. (2016) refinement

Cartilage 0.1114 0.1116
RMSE Subchondral bone 0.0003 0.0001

3.1.2 Near-Equilibrium Concentration Time

By changing the gradient of the SVF, and diffusion coefficient values in the computational model,
the near-equilibrium concentration time in the SCB was 1513.498 hours + 256.8565 % (mean + SD)
and 841.1847 hours *+ 860.5269 % (mean * SD) for the SVF and diffusion coefficient models,
respectively (Figure 3.1 & Figure 3.2). As for the model where gradients were applied on the E
modulus, an average near-equilibrium concentration time for the solute in the SCB layer of 1260.999

hours = 0.7925 % (mean % SD) is found (Figure 3.2).

The near-equilibrium concentration in the SCB for the SVF model was 95.9427 % * 1.2445 % (mean
+ SD) (Figure 3.1). The near-equilibrium concentration in the SCB for the diffusion coefficient, and E
modulus models were 94.7033 % + 0.1664 % (mean * SD), and 94.6533 % * 0.0003 % (mean * SD),
respectively (Figure 3.2). Figure 3.3 shows the trend of the near-equilibrium concentration time

against k of the SVF-, diffusion coefficient-, and E modulus model.
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Figure 3.1: Plot of the normalized solute concentration in the subchondral plate against time for different
gradients k applied on the solid volume fraction of the computational model, and their
corresponding near-equilibrium time points (stars). The distribution of the solute concentration
within the osteochondral model and solute bath at t = 0 is shown in I. The distribution of the solute
concentration in the osteochondral model for when k = 0.015 is applied on the solid volume
fraction at t = 500, 1000, and 2161 hours is shown in 11, I11, and IV, respectively.
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Figure 3.2: Simulated normalized concentration against time for the subchondral plate for different values of
k on the solid volume fraction (top graph) and diffusion coefficient (bottom graph), and their
corresponding near-equilibrium concentration time points (stars).
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Figure 3.3: Near-equilibrium concentration time plotted against gradient k applied on the solid volume fraction
(A), diffusion coefficient (B), and the elastic modulus (C) values of the computational model.

3.2 Diffusion Experiments

Despite being careful, still, the moulded hydrogel plugs had different heights (Table 3.2). Figure
3.4 shows the diffusion of the solute through sample ‘homogeneous UV90 #2’ at the start (t =0), t
=50 minutes, t = 110 minutes, and t = end (170 minutes). Air bubbles and/or sincere light reflections
in/on the hydrogel samples during the diffusion experiments made most of the obtained data
unusable. Leakage of the alizarin red solution between the hydrogel and cylindrical holder occurred
with one sample (homogeneous UV300 #2), making this sample unsuitable for further analysis

(Figure 3.5). After critical evaluation, only six samples (UV45 #1, UV45 #2, UVO0 # 2, UV180 #2,
UV300 #1, and Graded #2) were selected for further examination.
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Only the samples that were homogeneously UV cured for 180 and 300 seconds reached an
equilibrium concentration in the SCB zone, namely 65.32 % and 79.03 %, respectively (Figure 3.6).

Low sample thickness is a factor contributing to the diffusion (Table 3.2, Figure 3.6).

Table 3.2: Total thickness of the hydrogel samples.

Homogeneous UV 45 = Homogeneous UV 90 | Homogeneous UV 180 = Homogeneous UV 300 Graded
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Height = 4.05 2.82 2.035 2.755 2.376 2.812 242 2401 2.032 1554 2486 1.015 4.033 2.844 0.93
(mm)

(B)

(©) (D)

Figure 3.4: Images of hydrogel sample ‘Homogeneous UV90 #2” during the diffusion experiment at t = 0 (A),
t = 50 minutes (B), t = 110 minutes (C), and the end of the experiment t = 170 minutes (D).
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(A) (B)

Figure 3.5: Images of homogeneous UV300 #2 att = 0 (A) and t = 20 minutes (B), showing leakage of the
alizarin red solution between the hydrogel sample and cylindrical plug.
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Figure 3.6: Normalized concentration of alizarin red solution in the subchondral layer of the hydrogel samples
against time.
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4 Discussion

The aim of this master’s thesis was to investigate how graded mechanical- and/or physiological
properties of the OC interface affect the solute transport across the OC interface. A computational
model that accurately replicates the diffusive behaviour of the OC interface was designed and used
to obtain the relationship between different gradients for the SVF, diffusion coefficient and E
modulus through the OC interface and the solute transport across the OC interface. Furthermore,
diffusion experiments were performed on GelMA-based hydrogel plugs to investigate the

relationship between UV crosslinking time and solute transport through GelMA.

4.1 Biphasic-Solute Model

The RMSE values for cartilage and the SCB plate obtained by our computational model (0.1116
and 0.0001, respectively) are highly comparable to the RMSE values for cartilage and SCB (0.1114
and 0.0003, respectively) found by the validated model of Arbabi et al. (2016) (Table 3.1), thereby
validating the computational model of this master’s thesis for the parameter values of Arbabi et al.
(2016). It should be noted that the micro-CT experiments in the study of Arbabi et al. (2016) failed
to distinguish calcified cartilage from SCB. Therefore, the models did not include the naturally
occurring calcified cartilage layer. Furthermore, the near-equilibrium concentration-time points
found for the SCB actually represent the time when near-equilibrium concentration is reached

within the whole unit of calcified cartilage and SCB.

Changing the gradient of the values for SVF across the OC interface had a lesser effect on the near-
equilibrium concentration time compared to changing the gradient of the diffusion coefficient, but
was still substantial (Figure 3.3A & Figure 3.3B). Whereas changing the gradient of the E modulus
values across the OC interface had a negligible effect on the near-equilibrium concentration time
(Figure 3.3C). A lower water content (higher SVF) throughout the OC interface appears to increase
the equilibrium concentration of the solute in the SCB (Figure 2.3 and Figure 3.1). Moreover, a higher
SVF throughout the OC interface increases the near-equilibrium concentration time in the SCB
(Figure 2.3 and Figure 3.3). This is in accordance with the studies of Lotke & Granda (1971, 1972),
which indicated that the solid proteoglycan molecules acted as a solute filter and the main
constraint to solute transport. Thus, a higher SVF provides more resistance for the solute transport
through the material, thereby resulting in a longer time to reach the equilibrium concentration. As

for the SVF, a lower value of k for the diffusion coefficient provides a higher near-equilibrium
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concentration time (Figure 3.2). However, it is needed to say that all of the findings in this paragraph
are not validated since a computational model could only be validated by data from in vivo and in
vitro experiments which could be obtained from either literature or purposely designed studies

(Viceconti et al., 2005) and none was obtained.

The solute used in the models was electrically neutral, allowing that the effects of fixed charges in
the OC interface, and the resulting electromechanically created diffusion, could be ruled out.
Consequently, the molecular friction between the solute and the ECM of the cartilage (being SVF,
collagen fibrils, and proteoglycans) and the morphology of the SCB (thickness and porosity) are the
only constraining factors for neutral solute diffusion through the OC interface. Suggesting that the
diffusion in this master’s thesis could be described as a Fickean diffusion process. A limitation of the
model is that the geometry is simplified by flat, uniform layers, whereas the natural OC interface
has an irregular curvature and variating thickness for HAC and SCB within the joint. Furthermore,
the thickness of the different zones of cartilage are divided by 20/50/30% of the total cartilage
height for the SZ/MZ/DZ, respectively. However, the distribution of the articular cartilage zones is
not set at exactly these percentages and could differ between joints and is even location dependent

within a joint (Bullough & Goodfellow, 1968; Clark, 1985).

Another limitation of this master’s thesis is that only axial diffusion was assumed in the model.
However, it is known that the diffusion tensor is anisotropic (Leddy & Guilak, 2008), which could
cause diffusion patterns in radial and/or tangential directions that are not taken into account by
axial models. The size of the solute molecules in the computational model is comparable with some
molecules that are important for cartilage metabolism (Ameye & Chee, 2006; Schadow et al., 2013),
but relatively small compared to the greater part of the relevant molecules (Didomenico et al.,
2018). Given that the size of the relevant molecules could vary significantly and that the molecular
size affects the diffusion rate, it is impossible that the full range of all relevant molecules could be
represented by a single molecule. However, the effect of the studied graded parameters on the
diffusion rate through the OC interface is shown in this master’s thesis. Despite the fact that the
absolute diffusion rate might be different for different molecule sizes, the main finding of this
master’s thesis, that a lower k for both the SVF and diffusion coefficient provides a higher near-
equilibrium concentration time and that the E modulus does not affect the molecular diffusion

across the OC interface, is expected to hold no matter what the size of the molecule is.
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4.2 Experiments

4.2.1 3D-Printing

As mentioned before, several attempts were made to 3D-print the hydrogel samples using the
protocol as described in section 2.2.1 as a starting point, variating the extrusion temperature and
pressure. Unfortunately, no successful prints could be made using the current set-up, mostly
because the GelMA solidified prematurely within the inch-long dispensing tip or was too viscous
which results in over-extrusion of the GelMA and a poor resolution of the printed samples. The
limited range of GelMA concentrations that allows for the extrusion of the hydrogel is a known
limitation for 3D-printing GelMA with a nozzle or syringe (Bertassoni et al., 2014; Holzl et al., 2016;
Pepelanova et al., 2018). Removing the inch-long needle would generally expand the range of
printable GelMA concentrations due to the smaller distance between the nozzle and the printing
surface (Naghieh & Chen, 2021). However, in this master’s thesis, the height of the cylindrical tubes
must be overcome, making the inch-long needle essential in the current set-up. ldeas of how to

improve the current set-up are presented later on in the recommendations section (Chapter 4.3).

4.2.2 Diffusion Experiments

After a time period of two hours and 50 minutes, only the evaluated hydrogel samples that are
homogeneously UV cured for 180 and 300 seconds reached an equilibrium concentration in the SCB
layer (Figure 3.6). Looking at the graph shown in Figure 3.6, homogeneously cured samples UV45 #2
and UV90 #2 appear to have almost reached the equilibrium concentration. It is observed that
sample thickness is a factor contributing to the diffusion rate (Table 3.2, Figure 3.6). Noteworthy is
that samples UV45 #1, UV90 #2, and Graded #2 had multiple time points with a negative
concentration in the SCB zone, some even up to -20% of the bath concentration. Most likely, these
negative values occurred because light reflections sincerely influenced the average grey value(-s) at
t = 0 and/or at the time(-s) the negative concentration is calculated since the concentration is

calculated directly from the average grey value.

Looking at the analysed samples with comparable height (UV45 #2 and Graded #2, and UV90 #2
and UV180 #2), the trend of the solute concentration in the SCB zone between UV90 #2 and
UV180 #2 is pretty similar apart from that the equilibrium concentration tends to be lower
for the sample with a longer UV curing time (Figure 3.6). However, looking at the samples
with a bigger difference in UV curing time (UV45 #2 and Graded #2), the solute

concentration in the SCB zone seems to increase quicker in the sample with a shorter UV
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curing time (Figure 3.6). A longer UV curing time causes more polymers to be crosslinked, thereby
creating a more dense structure which accompanies a higher SVF and E modulus (Bertassoni et al.,
2014). Comparing these two findings with the results of our computational model where only the
gradient of the SVF is changed (Figure 3.1), we note that the near-equilibrium concentration in
the simulations with a lower overall SVF (simulations with a higher k value) is lower than the
near-equilibrium concentration of simulations with a higher overall SVF, contradicting the
experimental finding that the equilibrium concentration in the SCB layer is lower for the
samples with a longer UV curing time (Figure 3.6). However, the simulations of the
computational model also suggest that the concentration in simulations with a lower overall
SVF (simulations with a higher k) increases quicker than the concentration of the simulations
with a higher overall SVF, which is in line with the experimental diffusion test. However, it is
necessary to mention that, apart from the relationship between sample thickness and diffusion rate,
no conclusions could be drawn from the diffusion experiments due to the fact the diffusion time
period was set too brief to reach an equilibrium concentration in most cases and because only a few
samples were available for data analysing due to the exclusion of most samples because of sincere
light reflections and/or air bubbles. Looking at Figure 3.6, adding two more hours to the diffusion
experiment most likely will result that the concentration in the SCB layer of hydrogel samples with

a height of 2.4 mm will reach to an equilibrium.

One of the limitations of the current set-up is that the data is collected using a digital camera,
which is only able to record the outer surface of the sample in 2D. As a consequence, the camera is
not able to distinguish whether the alizarin red diffuses through the hydrogel sample or is running
down along the sample instead. It is therefore of crucial importance that there is no space between
the hydrogel sample and the cylindrical holder such that the solute could not run down along the
hydrogel. Furthermore, light reflections from the surrounding area could influence the average grey
value of the images from the outer surface. As mentioned before, the solute concentration is
calculated using the average grey value. Therefore, the light reflections could bias the results if they
do not cover the whole sample. Recommendations on how to improve the current experimental

set-up will be discussed in the following subchapter.

4.3 Recommendations

From the results and discussion, a set of recommendations is formulated for further research. The

first recommendation will be to accurately identify the thickness of the cartilage zones and SCB layer
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of the studied OC sample first and then implement this in the computational model. This way, the

model replicates the geometry of the OC sample more accurately.

As mentioned before, the budget and time span for this master’s thesis were not unlimited. For
future diffusion-related studies using GelMA-based hydrogel samples with the same height as used
in this master’s thesis, a longer diffusion time is recommended to ensure that the equilibrium
concentration will be reached. As mentioned earlier, looking at Figure 3.6, adding two more hours
to the diffusion experiment will most likely be sufficient to reach an equilibrium concentration in

the SCB layer of 2.4 mm high hydrogel samples.

The current set-up uses a digital camera which obtains 2D images of the outer surface. For future
research, it is recommended to use 3D-imaging techniques, like micro-CT, instead. 3D-imaging
techniques allow for the examination of the solute diffusion over time across, for example, the mid-
coronal slice of the GeIMA samples. This overcomes the influence of external light on the grey values
of the images which is a major drawback of the digital camera used in the current set-up. Moreover,
with 3D-imaging techniques, the tube which the GelMA is poured into no longer needs to be
transparent in order to be able to capture the solute diffusion across the hydrogel with the camera,
increasing the number of materials available that could be used for the cylindrical holder. Some of
the newly available materials could have the ability to shrink and make a perfect fit around the
hydrogel sample. This way, the GelMA does not need to be poured directly into the cylindrical tube,
making the inch-long needle in 3D-printing unnecessary, and therefore, increasing the printability
of the GelMA. If, however, a 2D-imaging technique is used to obtain the solute diffusion, it is
recommended to fabricate more GelMA samples so that, despite the loss of samples due to light

reflections, air bubbles, or leakages, there are still enough samples left for analysing.
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5 Conclusion

This master’s thesis aimed to investigate how graded mechanical- and/or physiological properties
of the OC interface affect the solute transport across the OC interface. A computational model that
accurately replicates the diffusive behaviour of a neutral solute across the OC interface was
designed and used to obtain the relationship of different gradients for the SVF, diffusion coefficient
and E modulus through the OC interface and the solute transport across the OC interface.
Furthermore, diffusion experiments were performed on GelMA-based hydrogel plugs to investigate

the relationship between UV crosslinking time and solute transport through GelMA.

From the results of the computational model, it is concluded that both the diffusion coefficient
and SVF significantly influence the solute diffusion through the OC interface, whereas the E modulus
has a negligible effect. Changing the gradient of the values for SVF across the OC interface has a
lesser effect on the near-equilibrium concentration time compared to changing the gradient of the
diffusion coefficient, but is still substantial. Regarding the SVF, a lower overall water content within
the OC interface increases both the equilibrium concentration of the solute and the time until the
solute equilibrium concentration is reached in the SCB. Like the SVF, a lower overall diffusion
coefficient throughout the OC interface results in a higher equilibrium concentration time in the SCB
than the simulations with an overall higher diffusion coefficient. However, unlike with the SVF, the
diffusion coefficient does not really have an impact on the height of the equilibrium concentration

of the solute in the SCB.

On the experimental side, using the current set-up, no successful 3D-printed GelMA plugs could
be obtained due to the limited range of GelMA concentrations that allow for the accurate extrusion
of GelMA by the 3D-printer. Using droplets of GelMA to produce hydrogel samples proved to be
inadequate to obtain samples with the same height. The results of the hydrogel diffusion tests
indicate a relation between sample thickness and the equilibrium concentration time, where a
higher sample is accompanied by a longer time to reach the equilibrium concentration. Moreover,
the diffusion experiments suggest that the solute concentration of GelMA samples with a longer UV
curing time increases more rapidly and reaches a higher equilibrium than GelMA samples with a

shorter UV curing time.

Comparing the results of the computational model and hydrogel diffusion tests, it looks like both

are in agreement that the solute concentration in the SCB zone increases quicker when the overall
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SVF is lower. However, the results of the diffusion experiments suggest that the near-equilibrium
concentration in the SCB layer is lower for samples with a higher SVF. Thereby contradicting the
results of the computational model which suggests that the equilibrium concentration in the SCB

layer is lower when a higher overall SVF is present.

This master’s thesis provides a new computational model of the OC interface that makes it possible
to study the effect of graded parameters throughout the OC interface. New insights into how various
gradients of the SVF, diffusion coefficient, and E modulus throughout the OC interface affect the
solute diffusion through the OC interface are provided. However, more experimental data is needed

to validate these findings which could lead to new repair strategies.
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Appendix A

Table 1.1: Diffusion coefficients selected for all 12 layers of the computational model for each
value of k and the values obtained from Arbabi et al. (2016).

Diffusion Coefficient (p.mZ/s)

(Azrgj:)i etal 0015  k=0.1 k=1/3 k=1 k=2  |k=3
dsuperticai 1 4.35 4.35 4.35 4.35 435 435 435
dspertical_2 4.35 0.2694 1.022 2.448 3.965 4315  4.347
A 1 0.40 0.2268 0.783 1.954 3581 421 4325
A2 0.40 0.2016 0.6354 1.607 3.196  4.035  4.264
A 3 0.40 0.1837 0.527 1.331 2812 3791  4.147
dwiddle 0.40 0.1697 0.4407 1.098 2427 3476  3.953
A s 0.40 0.1583 0.3688 0.8938 2043 3.091  3.664
doeep.1 0.18 0.1486 0.3069 0.7116 1658 2637  3.26
dbeep 2 0.18 0.1402 0.2526 0.546 1274 2113 2.723
dbeep.3 0.18 0.1327 0.204 0.3937 0.8891  1.518  2.033
dsubchondral_1 0.12 0.126 0.1601 0.2523 0.5045 0.8541  1.172
dsubchondral_2 0.12 0.12 0.12 0.12 012 012 o012

Table 1.2: Values of the solid volume fraction for all 12 layers of the computational model for each
value of k and the values obtained from Arbabi et al. (2016).

Solid Volume Fraction

ggf:;eta" k=0.015 k=0.1 k=1/3 k=1 k=2 k=3
dsuperticail 1 0.20 0.20 0.20 0.20 0200 020 020
dsupertiial 2 0.20 07788  0.6721 04698 02545  0.205 0.2005
g1 030  0.7849 0.706 05399 03091 0.2198  0.2036
A2 030 07884 07269 05891 03636 0.2446 0.2122
A3 0.30 0791  0.7423 0.6283 0.4182] 0.2793  0.2289
w4 030 07929  0.7545 0.6613 0.4727 0324  0.2563
g5 030 07946 07647  0.6902 05273 03785  0.2974
doeep.1 0.40 07959  0.7735 07061 05818  0.443  0.3546
dbees.2 0.40 07971  0.7812 07396  0.6364 0.5174  0.4308
doeep.3 0.40 07982 07881 07612  0.6909 0.6017  0.5286
dsubchoncral 1 0.80 07991  0.7943 07812 0.7455  0.6959  0.6508
dsubchoncral 2 0.80 0.80 0.80 0.80 0.80 080  0.80
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Table 2.3: Values of the elastic modulus for all 12 layers of the computational model for each value
of k and the values obtained from Arbabi et al. (2016).

E modulus (MPa)

aA[b(azgilzt) k=0.015 k=0.1 k=1/3 k=1 k=2 k=3
dsuperficail1 10 10 10 10 10 10 10
dsuperficiaL2 10 1110 906.9 522.6 113.6  19.42  10.86
dwicdte.1 10 1121 971.3 655.8 2173 47.69  16.85
dwicdte.2 10 1128 1011 749.3 3209 9479  33.13
dwicdte_3 10 1133 1040 823.7 4245 160.74  64.82
dwicdte_s 10 1137 1064 886.5 5282 24554  117.1
dwicdte.s 10 1140 1083 941.4 631.8 349.17  195.0
dbeep 1 10 1142 1100 990.6 7355  471.65  303.8
dpeep_2 10 1145 1114 1035 839.1 612.98 4485
dbeep 3 10 1147 1127 1076 942.7 773.14  634.4
dsubchondral 1 10 1148 1139 1114 1046 952.15|  866.5
dsubchondral 2 10 1150 1150 1150 1150 1150 1150
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Appendix B

% Th
% di
clc

clea
clos

Ca

~ X Qa R

Pb =
Pt =
vahi
vahi

SVF
save

n=1;

%Ple
load

for
% fo

for
for
for
for
for
for
for
for
for
for
for
for

is code returns FEBio file regarding different values of
ffusivity

r all
e all

rtilage

2.4,

[-d/2:d/11:d/2];

[0.015,0.1,1/3,1,2,3];

0.2;

0.8;

d =[0.2, 0.2, 0.3, 0.3, 0.3, 0.3, 0.3, 0.4, 0.4, 0.4, 0.8, 0.8];
d = flip(vahid,2);

= powerplot(k,d,x,Pb,Pt,vahid);
('SVF_BCU.mat', 'SVF'")

ase define the intervals for SVF and FCD
('SVF_BCU.mat');

n=1:1:size(SVF,1)
r n=3

i=SVF(n,1)

i2=SVF(n,2)
j=SVF(n, 3)

j2=SVF(n,4)
j3=SVF(n,5)
j4=SVF(n,6)
j5=SVF(n,7)
k=SVF(n,8)

k2=SVF(n,9)
k3=SVF(n,10)
g=SVF(n,11)
g2=SVF(n,12)

i
i2
j

j2
33
j4
js
k

k2
k3

g
g2
% n=n+1;

48



%
%

%

want

want

want

want

want

want

want

want

want

want

want

fin

% txt_name=['Jordi_File_ 3°'

= fopen('Refinement4.feb', 'r");

".feb'];

txt_name=['Jordi_File ' num2str(n) '.feb'];

fout
idk=

= fopen(txt_name, 'w');
0;

while ~feof(fin)

or

or

or

or

or

or

or

or

or

or

or

idk=idk+1;
s = fgetl(fin);

%idk is the line number in FCD.feb file

%We change the diffusivity of all layers to the i value

if idk==69

s=[blanks(20) '<phie>"'
you want or within the loop s=[‘<diff>’

end
if idk==69
s=[blanks(20) '<phie>'
within the loop s=[ ‘<diff>’
end
if idk==92
s=[blanks(20) '<phie>'
within the loop s=[i<diff>2
end
if idk==115
s=[blanks(20) '<phie>'
within the loop s=[j<diff>’
end
if idk==138
s=[blanks(20) '<phie>'
within the loop s=[j<diff>2
end
if idk==161
s=[blanks(20) '<phie>'
within the loop s=[j<diff>2
end
if idk==184
s=[blanks(20) '<phie>'
within the loop s=[j<diff>2
end
if idk==207
s=[blanks(20) '<phio>"
within the loop s=[j<diff>2
end
if idk==230
s=[blanks(20) '<phie>'
within the loop s=[j<diff>2
end
if idk==253
s=[blanks(20) '<phie>'
within the loop s=[j<diff>2
end
if idk==276
s=[blanks(20) '<phie>"'
within the loop s=[j<diff>2
end
if idk==299
s=[blanks(20) '<phie>'
within the loop s=[j<diff>2
end
if idk==322

num2str(i)
num2str(i)

num2str(i2)
num2str(i)

num2str(j)
num2str(i)

num2str(j2)
num2str(i)

num2str(j3)
num2str(i)

num2str(j4)
num2str(i)

num2str(j5)
num2str(i)

num2str (k)
num2str(i)

num2str(k2)
num2str(i)

num2str(k3)
num2str(i)

num2str(g)
num2str(i)

num2str(0.8)
num2str(i)

'</phie>'];
‘</diff>"];

'</phie>"];
‘</diff>'];

</phie>'];
‘</diff>"];

'</phio>'];
</diff>"];

'</phio>'];
</diff>"];

'</phie>'];
4</diff>"];

'</phie>"'];
5</diff>"'];

</phie>'];
k</diff>"];

'</phio>'];
k</diff>"'];

'</phio>'];
k</diff>"'];

'</phio>'];
g</diff>"];

'</phie>'];
‘</diff>'];

% any number
i is 1:100

% any number you
i is 1:100

% any number you
i is 1:100

% any number you
i is 1:100

R

any number
i is 1:100

you

R

any number
i is 1:100

you

R

any number
i is 1:100

you

-

any number
i is 1:100

you

% any number you
i is 1:100

R

any number you
i is 1:100

R

any number you
i is 1:100

% any number you
i is 1:100
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s=[blanks(20) '<phi@>"' num2str(g2) '</phi@>']; % any number you
want or within the loop s=[j<diff>2 num2str(i) g</diff>"']; i is 1:100
end
fprintf(fout, '%s\n',s);
end

fclose(fin);
fclose(fout);
end
end
end
end
end
end
end
end
end
end
end
end
end
%%%6%96966%676%%6%%6%96 9676767677669 %696 9676767676696 %6 966676767696 %696 %6 9667676767696 %6 9696 967676767676 %696 96 9667676767696 %6 96 967676765 5
%Run the file
% system ('Jordi_File 3.feb');

for kk=1:size(SVF,1)
% for kk=1
filename = sprintf('Jordi_File %d.feb', kk);
system([filename, '&'])
nd
6767696%6%6.7667676 96767666666 96.76.6.676 676 76766166 676767616766 6767676616 1676767616166 6767666166 76767616166 676766166 6 67676766
%%
disp('Press a key when system is ready to continue')
pause;
%%

o

clear all;
clc;

load('SVF_BCU.mat");

for kk=1:1:size(SVF,1)

% kk=3;

%6767676%6%6.7667676 967676666766 96.76.6.1676 6767676616696 7676761676 166767676616 167676616166 676766616 6767666166 6 767676166 6 67676766
%% Add functions path to matlab search path

functionname="'ReadData.m';

functiondir=which(functionname);

% functiondir=functiondir(1l:end-length(functionname));

addpath(genpath([functiondir 'DO_WO L@ G5 TO F1 P37 X0 Y0']));
addpath(genpath([functiondir 'Healthy Model Experiment']));
%7626%6%

%%

%num_add=84;

[filename_txt,pathname_txt] = sprintf('Jordi_file %d.log"',kk);
txtfile=[pathname_txt filename_txt];

s=cell(1200000,1);

$125=1200000;

3R 3R ¥



lineCt=1;
% Calculate
fid=fopen(txtfile);
tline=fgetl(fid);
while ischar(tline)
s{lineCt}=tline;
lineCt=1lineCt+1;
% grow s if necessary
if lineCt>sizS
s=[s; cell(1200000,1)];
$1zS=51z5+1200000;
end
tline=fgetl(fid);
end
%remove empty entries in s:
s(lineCt:end)=[];

% Index_DataRecord_step3=strfind(s, 'converged at time : 1101'");

%

Index_DataRecord_Final Row_step3=find(not(cellfun('isempty',Index_DataRecord_ste
P3)));

% Row_to_Read_DataRecord_step3=Index_DataRecord_Final_Row_step3+2;

% A=size(s);

% Index_Increment_Final step3=Row_to_ Read_DataRecord_step3+1+A(1,1)-
Row_to_Read_DataRecord_step3;

%

% for dd=1:Row_to_Read_DataRecord_step3
% s{dd}="vahid';

% end

ss=s;

Index_DataRecord_time=strfind(ss, 'converged at time :');
Index_DataRecord_Final Row_time=find(not(cellfun('isempty',Index_DataRecord time

)))s

A=size(Index_DataRecord_Final Row_time);
t(1)=0;
for bb=1:A(1,1)
ss_time(bb)=ss(Index_DataRecord_Final Row_time(bb));

t(bb+1)= sscanf(ss_time{bb}, '------- converged at time :%f');
end
ss_time=ss_time’';
% t=t-1101;
% t=t';

Index_DataRecord=strfind(s, '‘Data Record');

Index_DataRecord_Final Row=find(not(cellfun('isempty',Index_DataRecord)));
Row_to_Read_DataRecord=Index_DataRecord_Final Row+5;
Index_Increment_Final=Index_DataRecord_Final_ Row+4+151;

Mx=zeros(151,length(Index_Increment_Final));
M=zeros (151, length(Index_Increment_Final));
for i=1:length(Index_Increment_Final)
Mx(:,i)=textread([pathname_txt filename_txt], '%*f %f', 151, 'headerlines’,
Row_to_Read_DataRecord(i)-1);
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M(1:16,1i)=Mx(136:151,1);
M(17:40,1)=Mx(112:135,1i);
M(41:80,1)=Mx(72:111,1);
M(81:96,1)=Mx(56:71,1i);
M(97:151,1)=Mx(1:55,1i);

end

txt_name=['FCDout_ ' num2str(kk) '.txt'];

save (txt_name, 'M', '-ASCII'")

txt_name_time=["'t_"' num2str(kk) '.txt'];
save (txt_name_time, 't', '-ASCII')
clear all

end

%%

clc

clear all
format long
close all

load('SVF_BCU.mat');

%In this code first we will resume concentration and time data from FCDout_
%files, then we remove the data related to bath.
ss=size(SVF,1);
% ss=1;
for j=1:1:ss
% for j=ss:1l:ss
J

k=num2str(j);
txt_name=["'FCDout_' num2str(j) '.txt'];
ce=load (txt_name);

ce(97:151,:)=[1;

ce(l:16,:)=[1;
txt_name_time=['t_' num2str(j) '.txt'];
t=1load (txt_name_time);
t(1)=[1;
t=t"';

n=size(t);
% ce=ce(1:n(1,1),51:165);

load thick_cartilage.txt;
ce_feb=ce'*thick_cartilage';
ce_feb=ce_feb/(0.9%420);

figure(1)

% subplot(2,1,1);

plot(t/3600,100*ce_feb, '--', 'LineWidth', 1);
xlabel('Time [h]"');

ylabel('Nomalized Concentration (% bath)');

load t_exp.txt
load c_exp_norm.txt

t_exp(1)=[1;
c_exp_norm(1)=[];
m=size(t_exp)

for i=1:m(1,1)

3% 3R R X



% c_feb_interp(i)=interpl(t,ce_feb,3600*t_exp(i));
% end;

hold on
%plot(t_exp,100*c_feb_interp, 'o');
% rmse tutorial.

% One way is to use the Root Mean Square function and pass in the "error" part.
% rmse = rms(Predicted-Actual)

% That's it! You're done.
% But for those of you who are the curious type,
% here's how to calculate the root-mean-square-error by hand.

% First calculate the "error".
% err = c_exp_norm/100 - c_feb_interp’;

Then "square" the "error".
squareError = err.”2;

3R R

Then take the "mean" of the "square-error".
meanSquareError = mean(squarekrror);

3 R

Then take the "root" of the "mean-square-error" to get
the root-mean-square-error!

3R R

% rootMeanSquareError(j) = sqrt(meanSquareError)
% rmse = rms(c_exp_norm/100 - c_feb_interp')

% % So, this is true.
% % rootMeanSquareError == rmse

end

figure(1)

% subplot(2,1,1);

% plot(t_exp,c_exp_norm, 'diamond', 'MarkerFaceColor',[0.3010 0.7450 ©.9330])
% legend('k = 0.015', 'k = ©.1', 'k = 1/3', 'k = 1', 'k = 2', 'k = 3",
'Refined', 'Experimental data')

legend('k = 0.015', 'k = 0.1', 'k = 1/3", 'k =1', 'k =2", 'k = 3", 'Refined")
%%

clc

clear all

format long

close all

load('SVF_BCU.mat");

%In this code first we will resume concentration and time data from FCDout_
%files, then we remove the data related to bath.

% ss=size(SVF,1);
ss=size(SVF,1)-1;
% ss=1
for j=1:1:ss
% for j=ss:1:ss
J
k=num2str(j);
txt_name=['FCDout_ ' num2str(j) '.txt'];
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ce=load (txt_name);
ce=ce(1:16,:);
txt_name_time=['t_' num2str(j) '.txt'];
t=1load (txt_name_time);
t(1)=[1;

t=t;

n=size(t);

% ce=ce(1:n(1,1),51:165);

load thick_subchondral.txt;
ce_feb=ce'*thick_subchondral’;
ce_feb=ce feb/(0.1782*420);

figure(2)

% subplot(2,1,2);
datal=plot(t/3600,100*ce_feb, 'LineWidth', 1);
hold on

%legend('2');

xlabel('Time [h]");

ylabel('Nomalized Concentration (%bath)');

t2=t/3600;
dt=mean(diff(t2));
y=100*ce_feb;
dy=gradient(y,dt);
dy2=dy(500:end);

idx=find(dy2 <= 0.001)+500;
idt(j)=1idx(1);
t_eq(j)=t2(idt(3));
ce_eq(J)=y(idt(j));

figure(2)

fit=plot(t_eq(j), ce_eq(j), 'p', 'LineWidth', 2);
fit.SeriesIndex = datal.SeriesIndex;

hold on

end

figure(2)

% subplot(2,1,2);

% plot(t_exp,c_exp_norm_sub, 'diamond', 'MarkerFaceColor',[0.3010 0.7450 0.9330])
% legend('k = ©.015', 'k = 0.1', 'k = 1/3', 'k = 1', 'k = 2', 'k = 3",
'Refined', 'Experimental data')

% plot(t_eq, ce eq, 'p', 'Color','b', 'LineWidth', 2);

plot(nan,nan, 'p', 'Color','k', 'LineWidth', 2);

legend('k = ©.015", '', 'k = 0.1', "', 'k =1/3", "', 'k =1", "', 'k =2", "',
'k = 3", "', 'Near-Equilibrium Time')

k=[0.015, ©.1, 1/3, 1, 2, 3];

figure(3)

plot(k, t_eq(1:6), '--0o','MarkerFaceColor',[0 ©.4470 0.7410])
xlabel('k")

ylabel('Near-equilibrium time [h]")

x1im([-1,4]);

ylim([©,2500]);
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