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Chapter 1

1.1. INTRODUCTION

Articular cartilage (AC) and the subchondral bone plate (SBP) are two
mechanically and structurally distinct components that are tightly connected,
providing excellent shock-absorbing capabilities to diarthrodial joints [1]. The
majority of AC consists of fixed negatively charged glycosaminoglycans
(GAGs) entrapped in a collagen type II fibril network, which complex is
immersed in interstitial water with varying composition from the superficial to
the deep zone of the cartilage layer [2]. Unlike collagen type II fibrils, GAG
molecules undergo continuous turnover, which process is governed by the
chondrocytes [3]. The calcified cartilage, a highly mineralized compartment of
AC, forms a bridge between the non-calcified hyaline cartilage to the SBP and
acts as an interface between the non-matching mechanical properties of non-
calcified cartilage and SBP [2]. In osteoarthritis, both AC and SBP undergo
structural deterioration, which at micro-scale is associated with GAG loss and
disrupted collagen fibrils in AC and increase/decrease in thickness and
perforation of the SBP, depending on the stage of OA (Figure 1) [4, 5].

Healthy
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Figure 1.1. Cartilage and bone alterations occurring at tissue and micro-scale levels
during osteoarthritis. These alterations inevitably affect the cross-talk between cartilage
and subchondral bone plate (Adapted by permission from Elsevier: Osteoarthritis and
cartilage).
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In early osteoarthritis, gradual GAG loss and collagen fibril damage
prevails, which leads to diminished net charge of the tissue and inferior
compressive properties due to loss of water attraction and retention, and
impaired tensile properties due to damage to the collagen fibrils [6, 7]. Beside
changes in GAGs and collagens, increased water content can enhance the
permeability of the tissue in late stage OA when the tissue features large
fissures [8]. Therefore, it is likely that the transport properties of the tissue are
affected in the various stages of OA. The decreased compaction of GAGs and
disrupted collagen fibrils alter the solute-matrix interactions (steric-hindrance
effects). Moreover, the alterations in electrostatic interactions due to
diminished negative charges, result in slower penetration of positively charged
solutes and faster penetration of negatively charged solutes [9]. Therefore,
alterations in microstructure, charge, and water content play a key role in the
diffusive properties of the tissue. This is of great importance, as the health
status of the joint is linked to the cross-talk between the AC and SBP [10].
This cross-talk intrinsically depends on the cartilage matrix alterations and
micro- and nano-topographic changes in the subchondral bone plate, namely
pore characteristics and invasion of vasculature. Furthermore, the collagen-
apatite space found typically in calcified cartilage could affect the transport
between non-calcified cartilage and the SBP. The exact pathways by which the
transport occurs between cartilage and the underlying bone is to date not fully
understood. Therefore, one major aim of this thesis was to better identify
factors affecting diffusion in AC and the SBP separately and in conjunction,
using advanced experimental and computational platforms. Not only does this
approach allow the prediction of the diffusive properties of cartilage and bone
in health and/or disease, but it also may provide avenues to optimize delivery

of e.g. therapeutic molecules or contrast agent.

Beside OA, ageing jeopardizes the health of bone and cartilage, mainly
through accumulation of advanced-glycation end products (AGEs) [11-13].
AGEs are synthesized as a consequence of the reaction between arginine and
lysine, amino acids from the collagen fibrils, and reducing sugars like glucose

and threose. As a result of AGE formation and accumulation, the tissue
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becomes less resilient and more prone to mechanical damage. Furthermore,
formation of AGEs inevitably reduces spacing between collagen fibrils, thus.
increasing steric hindrance, and increases the net charge of the tissue leading to
increased electrostatic interactions. These two factors could substantially
influence the transport within articular cartilage, particularly that of larger
solutes. Because of demographic developments ageing and the related
accumulation of AGEs currently pose increasing risks for the elderly
population and therefore the other aim of this thesis was to interrelate the rate
of chemical reactions between collagen fibrils and reducing sugars with
external mechanical cues to help in developing anti-ageing strategies in

articulating joints.

1.2. THESIS OUTLINE

The thesis consists of eleven chapters.

Chapter 1 (the current chapter) is meant to provide an introduction to
the thesis with some information about the diffusion processes in cartilage and
subchondral bone as well as about the mechano-chemcial processes involved
in ageing and osteoarthritis. A short overview of each chapter then follows to

give the reader an impression of the essential contents of the thesis.

Chapter 2: This chapter reviews the major imaging tools, namely
fluorescent microscopy, computed tomography (CT) and magnetic resonance
imaging (MRI) that are used to study the diffusion process in articular cartilage
by adopting a multi-scale approach. Suggestions and recommendations are
provided to optimally select proper imaging tools for the various diffusion

applications.

Chapter 3: This chapter investigates the separate effects of osmotic
swelling, external bath concentration and solute’s charge on the solute
transport across articular cartilage. Contrast-enhanced micro-computed
tomographic is used in an experimental setup and finite element models are
employed to address the roles of those factors in different zones of articular

cartilage.
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Chapter 4: A novel biphasic-solute finite element model to describe the
diffusion process in different zones of articular cartilage is developed based on
solute concentration vetrsus time data that were obtained from contrast-
enhanced micro-computed tomographic experiments. The developed multi-
zone biphasic-solute model successfully predicts the diffusive properties of

different cartilage layers when applying a neutral solute.

Chapter 5: A multi-zone multiphasic finite element model is developed
based on the contrast-enhanced micro-computed tomographic experiments.
This model allows the accurate description of the diffusive properties of

articular cartilage in different layers when a charged molecule diffuses.

Chapter 6: A multiphysics platform is developed to assess the effects of
size and stirring of the overlying bath in contact with the cartilage surface, as
well as of formation of a stagnant layer at the bath-cartilage interface. This
platform allows investigation of pivotal bath parameters affecting diffusion in
cartilage and enables diffusion experiments to be performed in an optimal

fashion.

Chapter 7: To investigate the cross-talk between cartilage and bone, the
diffusion at the interface of cartilage and subchondral bone is characterized
using contrast-enhanced micro-computed tomography. The diffusion is not
only characterized for relatively small solutes in human and equine samples,
but also a correlation with the micro-architecture of the osteochondral

interface is found.

Chapter 8: A multi-zone biphasic-solute platform is developed to
quantify the diffusion of neutral solutes across the osteochondral interface
based on contrast-enhanced micro-computed tomographic data. This
computational platform allows the simultaneous determination of diffusion
coefficient in various zones of cartilage and the subchondral bone plate at

tissue level.

Chapter 9: The first aim of this chapter is to uncover the details of pore

structure at the interface of non-calcified cartilage and calcified cartilage, as

5
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well as of calcified cartilage and the subchondral bone plate, using focused-ion-
beam scanning electron microscopy (FIB-SEM). Using the FIB-SEM
tomography data, the diffusion coefficient and hydraulic permeability of the
pericellular matrix of calcified cartilage and the subchondral bone plate are for

the first time obtained using a pore-network modeling platform.

Chapter 10: The role of mechanical factors on advanced glycation end
products is investigated in articular cartilage under different osmotic swelling
conditions using mechanical tests, contrast-enhanced micro-computed
tomography, biochemical assays and cartilage surface colorimetry. The extent
of collagen fibril deformation is found to markedly affect the non-enzymatic

glycation process, which precedes the ageing process.

Chapter 11: The main concepts of the aforementioned chapters are
recapped and discussed concisely and suggestions for future further research

are provided in this chapter.

Last but not least, an experimental and computation protocol to perform
transport tests using neutral and charged solutes in cartilage is presented in

Appendix A.
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ABSTRACT

As articular cartilage is an avascular tissue, the transport of nutrients
and cytokines through the tissue is essential for the health of cells, i.e.
chondrocytes. Transport of specific contrast agents through cartilage has
been investigated to elucidate cartilage quality. In laboratory, pre-clinical
and clinical studies, imaging techniques such as magnetic imaging
resonance (MRI), computed tomography (CT) and fluorescent microscopy
have been widely employed to visualize and quantify solute transport in
cartilage. Many parameters related to the physico-chemical properties of
the solute, such as molecular weight, net charge and chemical structure,
have a profound effect on the transport characteristics. Information on the
interplay of the solute parameters with the imaging-dependent parameters
(e.g. resolution, scan and acquisition time) could assist in selecting the
most optimal imaging systems and data analysis tools in a specific
experimental set up. Here, we provide a comprehensive review of various
imaging systems to investigate solute transport properties in articular
cartilage, by discussing their potentials and limitations. The presented
information can serve as a guideline for applications in cartilage imaging
and therapeutics delivery and improve understanding of the set-up of

solute transport experiments in articular cartilage.

10



Chapter 2

2.1. INTRODUCTION

Articular cartilage is an avascular tissue mainly comprising large
macromolecular assemblies of collagen II and aggrecans. The aggrecans
contain highly negatively charged glycosaminoglycan groups (GAGs) chains,
which receive their negative charges from the carboxyl and sulfate groups
present in the repeating disaccharide unit of GAGs [7, 8] (Figure 2.1). Solute
transport in cartilage occurs through passive (Brownian) or active (Convective
interstitial fluid flow) diffusion [9] mechanisms. These mechanisms determine
solute’s uptake and retention within the tissue extracellular matrix and their
interactions with extracellular and intracellular receptors [9-11]. Several
previous studies have investigated the effects of solute size and charge on their
ability to penetrate and reside within the articular cartilage [9, 10, 12-15].
Cartilage tissue has a heterogeneous structure. For example, density of
negatively charged aggrecans and the spacing between collagen fibrils increase
with depth, thereby resulting in depth-dependent solute diffusivities [4, 9, 12,
16]. The densely packed structure of the tissue restricts the transport of most
solutes due to steric hindrance, which is particularly important for larger and
branched molecules [10, 14, 17]. The negative tissue charge could further
slowdown the transport of negatively charged solutes and prevent them from
penetrating into the deeper GAG-rich regions of the tissue. This can make
intra-cartilage delivery of imaging dyes and also therapeutics challenging [12,
13, 15, 18]. Other parameters such as the relative volumes of solute bath and
tissue, presence of stagnant solute layers at the solute bath-cartilage interface,
and the diffusivity ratio of the bath to that of the cartilage were considered in
experimental and numerical studies [16]. Despite previous efforts to improve
understanding the solute-tissue interactions, comprehensive guidelines to help
in applying the above-mentioned findings and principles ex-vivo, pre-clinical,
and even clinical settings are still lacking. Therefore, this review article will first
introduce the transport principles essential to molecular diffusion in hydrated
tissues, followed by an analysis of various imaging modalities and their
applicability in studying intra-cartilage solute diffusion ex-vivo and zn-vivo, as well

as for clinical purposes. We will also discuss some critical considerations for
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setting up a transport experiment, such as the importance of tissue thickness,
tissue deformation, pericellular and extracellular matrix properties, interactions
with synovial fluid, external solute bath attributes, solute’s charge, acquisition
time, and resolution and data analysis. This review concludes by providing
directions towards more efficient design of ex-vivo and in-vivo experiments and
translating these considerations into clinical applications of tissue imaging and

therapeutics to yield more effective results.

~ |Collagen fibril
Low Supclﬁcial-
GAG zone
. |Collagen fibril
Middle =
zone
Deep
zone

| Collagen fibril

Figure 2.1. Cellular information and constituents of articular cartilage obtained
using scanning electron microscopy: implications for solute transport. Collagen fibrils,

glycosaminoglycans (GAGs) and chondrocytes are displayed.
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2.2. MOLECULAR TRANSPORT

2.2.1. PRINCIPLES

Depending on the mechanical state of the tissue, both passive and active
transport mechanisms take place in articular cartilage. In absence of joint
motion, e.g., when the subject is relaxing or sleeping, the interstitial fluid flow
does not significantly affect solute transport. However, physical activities, such
as jumping and climbing enhance the interstitial fluid flow [7], thereby
increasing the transport rate of larger solutes by a factor of two [19]. The effect
of convective fluid flow is less pronounced on the transport of smaller
molecules [19, 20]. In practice, experimental approaches investigating the
transport properties of healthy and diseased cartilage are often based on
passive diffusion. We will therefore focus on passive diffusion processes while
also considering fluid flow effects, whenever appropriate. For the sake of

simplicity, we will call passive diffusion simply diffusion in further text.

2.2.2. EXPERIMENTAL BOUNDARY CONDITIONS

Application of boundary conditions precedes the design of the diffusion
experiments. The boundary conditions depend on the characteristics of the
external solute bath in contact with the cartilage tissue, solute charge, and the
direction of solute diffusion. The concentration of the external bath may or
may not change depending on whether it has finite or infinite volume as
compared to the cartilage volume. Furthermore, the external bath may be well-
stirred or not well-stirred, which will influence the presence and the extent of
stagnant solute layers on the tissue surface (i.e. at the solute bath-tissue
interface). The external bath may contain either electrically neutral or charged
solutes, which create additional interactions between the bath and the ECM.
The last boundary condition is determined by the direction of solute diffusion
that may occur in axial, radial, or angular direction (or a combination of them).

In the finite-bath condition, solute concentration in the bath
continuously changes with time, complicating the analysis and interpretation of

the results. This setup, however, may more closely mimic the relative cartilage
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tissue-synovial fluid volume and the actual diffusion process in the diarthrodial
joints [4, 15]. Thereby, it is relevant for studying intra-joint transport kinetics
of therapeutics and imaging dyes following their intra-articular administration.
The infinite volume condition, on the other hand, maintains constant bath
solute concentration over time. In both cases, constant mechanical stirring of
the external bath helps to prevent the formation of stagnant solute layers at the
interface of the solute bath and cartilage. Mechanical stirring could, however,
cause additional fluid flow effects and result in experimental conditions that
deviate from a pure diffusion model. The finite bath volume model also creates
additional complexities associated with stirring limitations and the potential
formation of a stagnant layer at the cartilage-bath interface. The resulting
equations cannot often be solved using analytical techniques and may require
advanced computational approaches.

External baths containing neutral or charged solutes behave differently,
because self-repulsion within the bath and electrostatic interactions between
the charged solute and proteoglycans of the ECM complicate the situation as
compared to the baths that only contain neutral solutes where steric hindrance
predominates.

In the human body, articular cartilage is heterogeneously organized in
direction perpendicular to its surface. As diffusion from synovial fluid to
cartilage primarily occurs through the articular surface, most ex-vivo studies
have designed their setups such that diffusion could only occur perpendicular
to its surface. Consequently, there is limited number of studies focusing on

radial and/or angular diffusive properties.
2.3. IMAGING TECHNIQUES

The development of imaging tools has enabled characterization of the
diffusive behavior of solutes within articular cartilage. In fact, characterization
of diffusion requires application of advanced imaging tools, such as fluorescent
microscopy (Figure 2.2), clinical or micro-CTs (Figure 2.2), and magnetic
resonance imaging (MRI) (Figure 2.2). Therefore, accurate characterization of

the tissue requires broad knowledge of imaging techniques. In this section, we
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introduce and describe the principles and potentials of these imaging
techniques used for cartilage imaging in particular with respect to the diffusive
properties of the tissue.

T
Microscopy
5 Excised
<CEE | >

o

——

Equipment price

FIGURE 2.2. Info-graph of multi-scale cartilage imaging using CT, MRI and
microscopy to study solute transport across articular cartilage: Resolution and cost [1, 21].
Microscopy as a cost-efficient tool can be extremely beneficial for imaging the diffusion in
excised tissue (Mainly 2D). CT provides high spatial resolution of the diffusion process in
3D. Clinical MRI as a costly technique suffers from poor out-of-plane resolution while in
experimental setups can achieve high spatial resolution using high magnetic fields.
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2.3.1. FLUORESCENT MICROSCOPY

Primarily, two fluorescence microscopy techniques have been used to
study intra-cartilage solute diffusion: scanning microphytolysis (SCAMP) and
fluorescence recovery after photobleaching (FRAP). The application of
SCAMP in diffusion through the pericellular matrix of articular cartilage was
introduced in 2008 [22]. SCAMP works based on changes in the fluorescent
signal change, which is a function of two independent variables: the rate of
photobleaching and the rate of diffusion of fluorescent molecule. Molecules
with fast motion traverse the laser path faster and therefore are exposed to
laser path for a shorter time period, whereas slow-moving molecules are more
likely to remain within the laser path and bleached. The diffusivities and
bleaching constants are then obtained by fitting a 3D diffusion-reaction model
to the intensity vs. time data. FRAP has been extensively used to study the
diffusion of fluorescent molecules in articular cartilage slices [9, 10]. A
photobleached region is first created by intense laser illumination causing the
fluorescence to fade away and then fluorescent molecules diffusing from the
nearby region would result in gradual fluorescent recovery until complete
recovery. Analytical models are then used to derive the diffusivity from the
dynamic fluorescent intensity. The planar resolution of the FRAP and SCAMP
has been as high as 0.9 um® [9]. Using confocal microscopy, these techniques
can be applied to thin cartilage slices (<100 um) allowing a z-resolution of up

to a few microns [9].

In normal cartilage, diffusion in the pericellular matrix is slower than in
the extracellular matrix [22]. In osteoarthritic cartilage, diffusivity of the
pericellular matrix increases and becomes similar to that of the ECM [22]. As
most of the SCAMP and FRAP setups have used 37 um® large region of
interest (ROI), the distance of the boundaries of the ROI from the
chondrocytes (~ 10 um), determines whether the measurement is performed in
pericellular or extracellular matrix. SCAMP has the advantage of imaging in
mili-seconds range, whereas FRAP requires several minutes. SCAMP,
however, requires solving the relatively complex diffusion-reaction equations

numerically, while the analytical solutions to FRAP are easily accessible in most
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cases. Fluorescent microscopy has also been employed to assess the effects of
surface cracks on solute diffusion and adsorption properties using different
sized florescent molecules in 200 pm thick cartilage slices [23-25]. Desorption
experiments [26, 27] were used as an indirect way to study the diffusion in
cartilage where diffusion was studied from the cartilage specimen to the bath.
In those experiments, the dynamic diffusion behavior in the bath in contact

with cartilage containing fluorescently labeled solutes was studied.

2.3.2. X-RAY COMPUTED TOMOGRAPHY (CT)

X-ray attenuation is a function of elemental atomic number and bulk
density of the materials. Mass attenuation of cartilaginous tissues is extremely
close to that of water [28], which complicates visualization of such hydrated
tissues bathed in synovial fluid inside the joint. X-ray contrast agent molecules
attenuate the X-ray signal and assist in visualizing the soft cartilaginous tissues.
Computed tomography (CT) allows acquisition of three-dimensional
information on the diffusion of contrast agent molecules. Iodine (I) and
Gadolinium (Gd) are well known for their X-ray attenuation characteristics and
therefore vastly used to study the diffusion processes [28]. They are used as
contrast agents to visualize articular cartilage post-equilibration- the time after
which no further diffusion from the source (bath) to reservoir (cartilage) takes
place. Negatively charged contrast agents, e.g., ioxaglate (iodine-based) and
gadopentetic acid (Gadolinium-based) [15, 18, 29], have been applied as their
interactions with proteoglycans provide quantitative essential information
about the cartilage health. Positively charged iodinated contrast agents
(ammonium ion. —NH;+) with different charge densities were recently
introduced [30-32] and used to enhance the retention and diffusion within
articular cartilage. Neatly all above-mentioned molecules (both iodine-based
and Gd-based) represent relatively small molecular weight (below 2 kDa). To
study the effects of solute’s charge on the diffusion characteristics, Pouran et
al. [15] compared the transport of similarly sized molecules with varying net
charges including iodinated molecules of ioxaglate (electrical charge= -1) and

iodixanol (charge=0) and found 2.5-fold lower ioxaglate flux in the superficial
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zone. Another study, showed that at equilibrium, micro-CT signal for iodinated
molecules with +4 charge correlated strongly with the intra-tissue proteoglycan
content [31] resulting in high-quality images of cartilage in 7z vivo rabbit models
[33] and ex-vivo mouse models [32] even with low iodine concentration. In-vivo
research conducted on healthy and osteoarthritic knee joints of patients using
clinical CT (voxel size = 0.21x0.21x0.40 mm’) proved effective for OA
identification and determination of contrast agent lifetime [34]. Iz vivo delayed
cone-beam CT after ioxaglate injection into the knee joint (voxel size =
0.20%0.20x0.20 mm®) showed promise in low-dose radiation imaging, yet
capable of detecting knee cartilage lesions accurately [35, 36]. When using
petipheral quantitative CT (voxel size = 0.2 mmX0.2 mmX2.3 mm),
immersion of bovine osteochondral blocks in ioxaglate solution allowed
simultaneous morphological scoring of cartilage and subchondral bone [37].
Clinically applicable CT arthrography (voxel size = 0.265%0.265%0.750 mm?)
was proposed based on the equilibrium penetration of ioxaglate by comparing
the results with contrast-enhanced micro-CT (voxel size = 35%35%35 um’)
[38]. Similarly, ioxaglate partitioning experiments in 3D on ex-vivo rabbit
specimens were in agreement with the 2D histological sGAG distribution for
both articular cartilage and meniscus [39, 40]. Detection of surface injuries of
ex-vipo articular cartilage specimens was recently accomplished by assessing the
transport kinetics of sodium iodide using high-resolution micro-CT (voxel size
= 8.6x8.6x8.6 um’) [18]. Similar strategies employing micro-CT technique
were applied to calculate the diffusion and near-equilibrium distribution of
contrast agents in healthy and non-enzymatically cross-linked ex-vivo cartilage
specimens (voxel size = 30.2x30.2x30.2 um’) [17, 41]. Collagen distribution in
ex-vivo non-calcified cartilage was successfully determined using micro-CT
(voxel size = 3.2X3.2x3.2 um’ [42] and 17.4x17.4x17.4 um’ [43]) after
equilibration with phosphotungstic acid and phosphomolybdic acid). Most
recently, contrast-enhanced micro-CT with high spatial resolution (voxel size =
3.0%3.0%3.0 um’) has proven advantageous for assessing GAG content of
murine articular cartilage but was not accurate enough to measure cartilage
thickness [44]. The studies on diffusion involving CT techniques have used a

wide range of voxel sizes ranging between approximately 0.2 mmXx0.2 mmx2.3
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mm and 3.0 pm X3.0 pm X3.0 pm, indicating the feasibility of CT contrast

agent imaging in laboratory, pre-clinical and clinical studies.

The thickness of articular cartilage varies between different species,
anatomical locations, and cartilage health conditions. Cartilage can be as thin as
100 pm in mice, up to 2.5 mm in humans and 3 mm in African elephant [45].
This wide variation implies that studying the solute diffusion in different zones
of cartilage particularly for thin specimens requires the highest possible
resolutions. Moreover, the scan time of a particular micro-CT setup could be
an issue for diffusion studies especially when scans have to be repeated
multiple times. For ex-vivo experiments, bath volume, bath concentration, and
presence of stagnant layers at the cartilage-bath interface are other contributing
factors. These factors influence the choice of the best imaging tool and are

discussed in more detail below.

2.3.3. MAGNETIC RESONANCE IMAGING (MRI)

Hydrogen ions (protons) residing e.g. in water molecules and proteins
are major constituents of soft tissues like articular cartilage. As MRI-images are
based on the variations in relaxation times due to differences in response of
hydrogen atoms in an externally applied magnetic field, it is possible to acquire
depth-dependent information on the composition and structure of extracellular
matrix in articular cartilage. Three major relaxation times, namely T, (spin-
lattice relaxation time), T, (spin-spin relaxation time) and T, (spin-lattice
relaxation time in the rotating frame) have been used in both clinical and
experimental studies. T, relaxation anisotropy, due to proton-collagen
interactions, varies depth-wise and relates to depth-dependent organization of
collagen network. On the contrary, T, relaxation is much more isotropic in
articular cartilage and is known to be isotropic to the magnetic field direction.
T, becomes important when imaging articular cartilage with paramagnetic Gd-
DTPA? that shortens the T, relaxation [46-48]. This protocol is often referred
to as the delayed gadolinium-enhanced or dGEMRIC. T is dependent on the
strength of spin-lock field. When the field approaches zero, it approaches T,

relaxation and when the field increases, it becomes less anisotropic. As the
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main focus of the present paper is the diffusion in articular cartilage, we focus
on the MRI techniques useful for diffusion studies, namely dGEMRIC,
Sodium (*’Na), and diffusion weighted imaging (DWT).

The equilibrium partitioning of Gd-DTPA® results from its interactions
with negatively charged GAGs. Thereby, degeneration of cartilage,
characterized by the decreased GAG content, increases the Gd-DTPA*
partitioning. This leads to low T, values [49]. Gd-DTPA* could be
administered either intravenously or intraarticularly, which generates two
different mechanisms for diffusion. To a large extent, the former contributes
to diffusion by both direct diffusion from the synovial fluid (SF) and perfusion
from the subchondral bone, whereas the latter takes place by the direct
diffusion from SF to the cartilage. However, it should be noted that diffusion
across the subchondral bone plate for small molecules has been recently
confirmed [50] and therefore it can also take place post-intravenous injections,
which would depend on the micro-architecture of the subchondral bone plate,
i.e. porosity and thickness [50, 51]. In MRI, the highest achievable resolution,
particulatly in the z-direction (direction of main magnetic field), is limited due
to relatively low magnetic fields (1.5 and 3 T), which tremendously reduces the
SNR [52, 53]. In clinical settings, voxel sizes up to 0.40 mm>*0.40 mmX3 mm
have typically been used. Dynamic ex-vivo AdGEMRIC MRI (cartilage thickness
of up to 2.1 mm, infinite bath, 9.4 T) was performed over 18 h to measure the
diffusivity and depth-wise distribution of Gd-DTPA® in healthy and
enzymatically degraded bovine articular cartilage (voxel size = 78 umX78
umX1 mm) [54]. Application of three negatively charged and one neutral MR
contrast agents with both T, and T, sequences (1.5 T, voxel size = 300
umX300 um*2mm) highlighted that charge of the contrast agent only controls
the amount of contrast agent and not the spatial distribution of contrast agent.
The authors also found that the rate of relaxation (AR, and AR,) for both
sequences were of the same magnitude for all tested contrast agents [55].
Sweeping imaging with Fourier’s transformation (SWIFT, scan time=185.5
min, isotropic voxel size=117 um’, 9.4T) was developed to generate T-

relaxation time maps of enzymatically treated and non-treated osteochondral
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plugs [56]. A comparative study confirmed the superiority of GAd-DTPA* over
single negatively charged contrast agents for evaluation of GAG content,
however Gd-BOPTA” did provide higher contrast, suggesting an alternative
for the conventional dGEMRIC [57]. Cationic Gd-based contrast agent (net
charge = +4) was synthesized and its diffusion was monitored in bovine
cartilage and human finger cartilage using a 8.5 T scanner (0.2 mmX0.2 mmX1
mm, scan time=106.5 min) , which provided sufficient T signal at one-tenth the
effective dosage of gadopentetic acid [58]. Consistently, determination of fixed
charge density (FCD) of cartilage using T, relaxation post-contrast ex-vivo has
been successful [406, 54]. Another strategy to determine FCD in articular
cartilage is sodium MRI, which functions based on interactions between
positively charged sodium and FCD of cartilage. Although non-invasive, this
method was shown to suffer from intrinsically insufficient SNR in the clinical
imaging, chiefly due to low concentration of *Na in articular cartilage [59].
Using experimental uMRI (7T, 17.6 umX17.6 pmX1 mm), the authors found
important synergistic effects of mechanical loading and Gd-DTPA*
concentration on quantification of GAGs in healthy and degraded articular
cartilage [60].

Diffusion weighted imaging (DWI) uses the variability of diffusive
motion of water within cartilage. DWI provides promising non-invasive
information about tissue composition and structure, particularly collagens and
GAGs [61]. Previous studies using DWI indicate that in- resolutions up to 78

um® and slice thicknesses of 2 mm are feasible [62].

2.4. IMAGING CONSIDERATIONS

Depending on the type of the instrument and the goal of the
experiments, one may encounter challenges when using any of the above-
mentioned imaging tools. Therefore, a general set of considerations from the
authors’ perspective could be insightful to facilitate proper selection of the
imaging tools in diffusion studies: tissue thickness, tissue deformation,
pericellular matrix and extracellular matrix, synovial fluid, bath characteristics,

scan time, equipment costs and availabilities.
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2.4.1. TISSUE THICKNESS

The thickness of articular cartilage not only depends on the type of the
joint and anatomical location but also on the species of interest. Cartilage
thickness spans a wide range from a few hundred microns, for instance in mice
~ 100 um, to a few millimeters in species such as human and horse ~ 2 mm
and elephant ~ 3 mm. Thickness can be an important factor when choosing
the imaging facility particularly when investigating zone-dependent transport
properties. For example, even 9.4 T MRI provides relatively low resolutions in
out-of-plane orientation (Figure 2.1) [63], which hampers the 3D
characterizations, particularly in very thin cartilage of small animals. Therefore,
for mice and rat cartilage, the preferred modalities would be either micro-CT
(voxel size ~ a few microns) or fluorescent microscopy techniques (planar
resolution <1 um). Prior to the scans, the dimensions of the ex-vivo samples
should sometimes be chosen optimally, particularly for the micro-CTs with
resolutions that depend on the field of view (FOV). To study the diffusion
across different zones of mice and rat cartilage, one might adopt voxel sizes
less than 10 um as this accommodates at least one voxel for the superficial

zone of mice cartilage (~20 pm thickness).

Diffusion investigations often require estimating the equilibration time
before start of the experiments. Some studies have reported that 18-24 hr is
sufficient to reach equilibrium [17, 18, 41, 64| when applying small solutes (less
than 2 kDa), whereas equilibrium time was not reached even after around 48
hr for other studies [15, 16, 50]. The key elements that play a role are the
thickness of the tissue as well as integrity and density of the matrix, which

exhaust solute transport through frictional loss, i.e., steric hindrance.

2.4.2. TISSUE DEFORMATION

As cartilage contains high negative charge, it can easily undergo osmotic-
induced deformations, which depend on the osmolality of the external bath.
Some diffusion experiments, similar to [15], leads to deformations that must be

accounted for before proceeding to image processing. The above-mentioned
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work and similar studies [15, 65] have reported deformations of about 5 to 8
%, which for a 2.7 mm thick cartilage means 200 um. A minimum spatial
resolution of 200 um is therefore recommended. As this resolution should be
applied out-of-plane, application of MRI techniques would be limited.
Visualization of the tissue deformation during the diffusion process is also
challenging using fluorescent-based techniques. Then, the only robust

technique for this particular case would be micro-CT.
2.4.3. EXTRACELLULAR MATRIX AND PERICELLULAR MATRIX

Due to higher charge and density of PCM in healthy cartilage, the
diffusive properties of PCM could be distinctly different from those of ECM.
Proper understanding of PCM diffusive properties requires imaging tools with
resolutions in the order of a few microns, thereby necessitating application of
ultra-high resolution micro-CTs (~ 10 um’ voxel size) and fluorescent
techniques. Fluorescent techniques boast the advantage that diffusion of larger
molecules (> 2 kDa) and perhaps more clinically relevant molecules could
more conveniently be studied. Obviously, MRI techniques could not be used
to study diffusion in PCM.

2.4.4. SYNOVIAL FLUID

The volume, viscosity, and composition of the synovial fluid could
potentially influence solute transport. The required amount of diffusing
molecule for either visualization or therapeutic purposes, or in other words,
solute concentration in the joint could influence the solute distribution within
the cartilage, especially if the diffusing molecule is charged [12, 16]. This is
even more important if the diffusing molecule is negatively charged and
therefore charge-driven transport plays a role [12]. Moreover, injected solute
concentration and synovial fluid osmolality are inter-related and therefore
tissue swelling/shrinkage is expected, which requites attention to be paid prior
to the scans. If the injection volume is too low, solute transport could be
adversely affected because of lack of sufficient transport to deeper zones. On
the contrary, if the injection volume is too high, the osmolality may rise,
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causing tissue deformation, which complicates the post-processing. Viscosity
and composition of the synovial fluid are two major factors that change during
the disease progression and could alter the solute transport features, e.g., by
formation of undesirable stagnant layers near the cartilage surface.

2.4.5. EXTERNAL BATH ATTRIBUTES

Some of important factors that control solute penetration are the solute
molecular size, stirring conditions, and concentration of the bath. In CT-based
experiments, large and particularly concentrated baths could cause considerable
beam hardening (X-ray spectrum shape changes), which creates artefacts in the
resulting images. The orientation of the bath with respect to the cartilage
specimen is crucial in MRI experiments. The stirring of the bath has been
suggested to minimize the unfavorable effects of stagnant layer at the cartilage-
bath interface. Although gentle stirring, particularly when the mechanical stirrer
is kept far enough from the cartilage surface, inhibits the formation of the
stagnant layer [66], it could also influence solute transport through eddy
formation, i.e., a convective flow near the cartilage surface. The concept of
finite bath was introduced to reduce the consumption of contrast agent and
associated beam hardening [4, 15]. Moreover, the minimum bath size to
sufficiently feed the deep zones of cartilage could be determined using
advanced computational techniques [16]. The ratio of solute diffusivity in the
bath to that of the cartilage has been also shown to be critical [16]. Using
confined volumes of external bath enables studying the actual diffusive
behavior of cartilage in the confined joint space. The concentration of the
applied bath affects the diffusion in two ways: (1) possible deviations from the
Fick’s assumption particularly in baths containing charged particles (charge
repulsion-assisted transport) and (2) increased osmolality that affects the
compaction of the matrix components which may affect the transport [15].
The associated complexities involved in some baths, such as those discussed,
could be overcome through application of computational methods.
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2.4.6. IMAGE ACQUISITION

The scan time is of utmost importance in CT- and MRI-, and
fluorescent-based diffusion experiments. Recording the solute diffusion during
the first few minutes after exposing the cartilage to the bath may be critical to
determine the solute diffusivity and/or solute flux in the superficial zone (i.e.
the first ~20% of the entire cartilage thickness). Then, the short scan times
that have become available through sophisticated CT and MRI machines are
beneficial, particularly when the solute of interest is small. The required
scanning time of 10 minutes to few tens of minutes required by most micro-
CTs and uMRIs may limit the imaging in such cases. Preparatory steps, such as
active motion of the joints, are crucial in the clinics to allow sufficient
distribution of the contrast agents into the cartilage. Although long waiting
times allow for sufficient penetration of the solute, they cause faster clearance
from the joint [67, 68]. Optimal waiting time, e.g., imaging at 120 min after
injection of dGEMRIC, has been therefore applied [68].

For the CTs with spatial resolution defined by the FOV, proper
selection of the dimensions of sample is needed to ensure sufficient volume
coverage. Moreover, in-vivo scans of relatively large rabbits and rats, two
important animal models, could be challenging as well as proper positioning of
the animal to allow sufficient view of the region of interest. Therefore,
scanning of injected larger joints, for instance in rabbits, may be associated
with relatively lower spatial resolutions, which may impair the investigation of
diffusion in different cartilage zones. Application of fluorescent microscopy
obviously is limited to studying diffusion across thin ex-vivo slices and therefore

monitoring temporal diffusion behavior in 3D becomes literally infeasible.
2.4.7. EQUIPMENT COST
Selection criteria for the appropriate imaging tool should take instrument
cost into account as well. Although the high cost of MRI systems may be seen

as a disadvantage, it is counterbalanced by capability of determining the

diffusion attributes of water molecules in a minimally invasive manner. On the
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other hand, clinical CT and micro-CT systems with lower costs allow for high-
resolution 3D imaging of diffusion process. Involvement of ionizing radiation,
however, could be a concern when designing animal experiments and clinical
studies. Among the systems reviewed so far, the fluorescent microscopy
techniques are the most accessible and cost-efficient, which also allow for
studying the diffusion of a wide range of molecules.

The pros and cons as well as the selection criteria for the imaging
systems discussed earlier are summarized in Table 2.1 and Figure 2.2. Figure
2.3 illustrates the different scales of imaging tools ranging from clinical to ex-

vivo applications.
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Table 2.1. Specifications of Fluorescent Microscopy, CT and MRI used in solute transport studies

Chapter 2

Imaging
. . Cartilage Maximum Time e Solute Bath .
Imaging Tool  Tissue Form . Live Species . Concentration *PCM/ECM Cost
Zones Resolution Interval Size o
Limitation
—:19,88_: Excised Zonal Few hundred Tens of None Large No limitation PCMand Low
microscopy nanometers seconds ECM
Except mouse
In-vivo, in and rat
. Revrs Thickness Few hundred Tens of (cartilage Mostly Low to medium .
Clinical CT Smm%:w dependent microns seconds thickness < small concentrations ECM Middle
clnica spatial
resolution)
Up to rabbit
Experimental In-vivo and in- Zonal F . Tens of size Mostly Low to medium PCM and Middl
CT vitro ona €W microns seconds (Chamber size small concentrations ECM 1ddie
limitation)
Except mouse,
In-vivo. in- Few hundred rat and rabbit
.. Aol Thickness microns (2D), few Tens of (cartilage Mostly .
Clinical MRI SWﬂ mb_a dependent millimeters thick minutes thickness < small Low ECM High
clhinica slice spatial
resolution)
. N . Few microns (2D), Up 8. rabbit
Experimental In-vivo, in- Thickness m Hlimet Few I size Mostly L ECM Hich
MRI vitro dependent W IITIMSLers ew hours (Chamber size small ow 18
thick slice L
limitation)

* PCM: Pericellular Matrix
* ECM: Extracellular Matrix
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Figure 2.3. Examples of predominant imaging tools

at different imaging scales [1-6] (Reprint with permission from Elsevier, ASME and Wiley).
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2.5. TRANSPORT AUGMENTATION

Enhancing solute transport could revolutionize drug delivery strategies
as well as image acquisition technologies. The ECM of articular cartilage
presents a densely-packed structure and is highly negatively charged, which
hinders the transport of polymer-based therapeutics and negatively-charged
solutes [69]. One way to enhance the retention of the drugs is to modify them
with ligands, e.g. WYRGRL (a peptide sequence of collagen II binding
domain), which binds to collagen II and allows matrix binding. On the other
hand, the size of the particles governs their ability to penetrate through the
matrix. Sufficiently small nanoparticles (<38 nm) were initially believed to
diffuse across various zones of cartilage [70]. However, synthesized
nanoparticles often present a Gaussian size distribution, which is remarkable as
a later study suggested that even 15 nm quantum dots only penetrate into a
small fraction of the superficial zone after 24 hr [1]. The same study concluded
that the transport is size- and shape-dependent. Traumatic damage of cartilage
was shown to facilitate the transport of fragments of anti-inflammation
therapeutics (anti-IL-6 antigen binding fragments, ~ 48 kDa) unlike the full-
sized antibodies [71]. As already mentioned, molecules larger than 15 nm
experience difficulty penetrating into ECM, although positively charged gene
delivery agents (i.e. self-complementary recombinant adeno-associated virus
vectors) even with 20 nm size could be successfully delivered across equine
articular cartilage [72]. Harnessing electrostatic features enabled more efficient
delivery of some therapeutics, e.g. Dexamethasone to the cells and matrix
targets. Avidin (7 nm, 66 kDa, net charge = +20), unlike NeutroAvidin (7 nm,
60 kDa, net charge=0) dramatically increased the retention (minimum 15 days)
and uptake (400 times larger than that of NeutrAvidin) inside bovine cartilage
explants owing to electrostatic partitioning and binding to ECM.
Consequently, positively charged Avidin was shown to deliver dexamethasone
inside the cartilage, thereby controlling the cytokine induced GAG loss over a
period of three weeks with only a single low dose of the drug [13].
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2.6. CONCLUSIONS

This review provides an overview of the practical aspects of solute
transport through articular cartilage, particularly in light of imaging
perspectives in clinic and experimental setups. First, the transport mechanisms
and their undertlying background were reviewed and the effects of bath
attributes on diffusion, which are often ovetlooked, were discussed. In shott,
fluorescent microscopy enables high-resolution diffusion of large molecules in
relatively short amount of time and in different zones, as well as in pericellular
matrix, although out-of-plane study is limited to few hundred microns. Instead,
several thin tissue sections can be prepared and the diffusion can be
monitored. Unfortunately, this inflicts disruption of tissue integrity. MRI has
been extensively applied to measure the diffusion of typically small molecules,
e.g., Gd-DTPA and water, and high-resolution MRI substantially ameliorates
the accuracy when measuring the diffusivity in 3D. However, relatively long
scan times associated with this technique and low out-of-plane resolution limit
its application, particularly if different zones of cartilage are studied. Even
though CT-based techniques have been widely used mainly for measuring the
3D diffusivity of small iodinated molecules and offer high resolutions and
short scan times, their immediate application is somewhat challenged for
measuring the diffusion of larger therapeutic molecules which are often
radiolucent. In the end, as delivering and retention of therapeutics have long
been to high extent associated with critical challenges, guidelines with respect
to namely, drug incorporation in positively charged carriers, considerations of
cartilage thickness and charged bath-cartilage interactions were provided. The
review, by providing sufficient tools and guidelines, can assist future research
efforts on diffusion-aided cartilage imaging and quantitative characterization of

solute diffusion using imaging techniques.
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ABSTRACT

The metabolic function of cartilage primarily depends on transport of
solutes through diffusion mechanism. In the current study, we use contrast
enhanced micro-computed tomography to determine  equilibrium
concentration of solutes through different cartilage zones and solute flux in
the cartilage, using osteochondral plugs from equine femoral condyles.
Diffusion experiments were performed with two solutes of different charge
and approximately equal molecular weight, namely iodixanol (neutral) and
ioxaglate (charge = -1) in order to isolate the effects of solute charge on
diffusion. Furthermore, solute concentrations as well as bath osmolality were
changed to isolate the effects of steric hindrance on diffusion. Bath
concentration and bath osmolality only had minor effects on the diffusion of
the neutral solute through cartilage at the surface, middle and deep zones,
indicating that the diffusion of the neutral solute was mainly Fickian. The
charged solute diffused considerably slower through cartilage than the neutral
solute, indicating a large non-Fickian contribution in the diffusion of charged
molecules. The numerical models determined maximum solute flux in the
superficial zone up to a factor of 2.5 lower for the negatively charged solutes
(charge= -1) as compared to the neutral solutes confirming the importance of

charge-matrix interaction in diffusion of molecules across cartilage.
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3.1. INTRODUCTION

Articular cartilage is an avascular tissue with highly inhomogeneous
organization that lines the end of long bones and enables low-friction joint
mobility [1, 2]. The avascular nature of articular cartilage means that it has to
rely mainly on diffusion for transport of vital signaling molecules, nutrients
and oxygen. Cyclic loading and the associated fluid flow augment the transport
of large molecules through an additional transport mechanism, namely
convection [3-5]. Transport of small solutes such as ions, however, cannot be
significantly amplified via convection [5]. Extracellular matrix (ECM) of
cartilage consists mostly of collagen type II, proteoglycans (PGs) and water.
Fragments of PG and collagen type II are continuously transported within
ECM as a result of enzymatic digestion and remodeling. Collagen type II and
PGs account for the major components of cartilage that provide the ECM
with its shear and tensile properties as well as with resilience [2, 6]. Articular
cartilage is characterized by a zonal architecture where water content, as the
major parameter influencing solute diffusion, varies from 80% in the
superficial layer to 60% in the deep layer [7-10]. The orientation, thickness, and
concentration of collagen type II fibrils together with uneven distribution of
PGs in various zones of articular cartilage play significant roles in the solute
diffusion across the tissue [1, 11]. Solute diffusion depends predominantly on
the nature of the interaction that can vary as a consequence of different
density and morphology of the tissue at the molecular level (steric hindrance)
and ion-ion interactions. The latter is believed to take place when the solute is
charged and thereby repulsion/attraction interaction with the negatively fixed
charges of the glycosaminoglycans chains (GAGs) is dominant [12-14]. The
combined effects of electric phenomena with the steric hindrance make the

diffusion process across the articular cartilage extremely complicated.

To better understand the above-mentioned complexities in the transport
of solutes across cartilage, the current study aims to separate the various physical
mechanisms as much as possible by using a carefully designed set of diffusion

experiments and associated finite element modeling.
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First, we address the question whether the solute transport in cartilage
has a Fickian nature. This would be the case if the concentration-time curves
remain unchanged for different levels of osmolality and different levels of
solute concentration in case the solute molecules are non-charged. Osmolality
difference between bath and cartilage deforms the cartilage and consequently
alters the molecular morphology and thus the interaction between the solute
and the extracellular matrix that causes deviation from Fickian diffusion. For
instance, it has been shown that Fickian models could poorly predict the
diffusion of cryoprotective agent (CPA) through articular cartilage primarily

due to local osmolality variation within the extracellular matrix [15].

Second, we address the contribution of electrical charges to the transport
of solutes across cartilage. In the majority of previous studies, the charged
solute’s diffusion attributes have been obtained by adopting Fickian-based
models [16-18]. Answering the second research question allows us to quantify
the effect of this simplification on the accuracy of determined solute fluxes
and the described diffusion behavior. We therefore not only isolate the effects
of external bath osmolality, concentration and charge from each other but also
quantify those effects using equilibrium curves and zonal concentration curves
as well as solute fluxes. The present study features a unique experimental
approach through which the aforementioned effects could be separated.
Moreover, biphasic-solute and multiphasic models [9, 19] that we had

previously developed have been used to determine solute fluxes.

3.2. MATERIALS AND METHODS
3.2.1. SAMPLE HARVEST AND CONDITIONING

Equine knees for this study were obtained from the Equine Clinic in
Utrecht University (approved by Animal Experiments Committee in Utrecht
University). Using a custom-made hollow drill bit, four osteochondral plugs (8.5
mm diameter, cartilage thickness = 2.57+0.27 mm) were harvested from the
medial femoral condyle of two 6-year old equine femurs (samples 1 and 2 from
one donor and samples 3 and 4 from the other). To prevent sample overheating

and to keep the drilling site moist during drilling, we continuously sprayed
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phosphate buffer saline (PBS, 290 mOsmol/kg H20, pH=7.4, Life
technologies) on the drilling site. We stored the osteochondral plugs in a large
bath of a solution comprising PBS, protease inhibitors (cOmplete tablets,
EDTA free, Roche, Netherlands) and 5 mM Ethylenediaminetetraacetic acid
(EDTA) at -20 °C before the diffusion experiments. Upon thawing, the samples
were tightly wrapped laterally using heat-shrinking sleeves to prevent lateral
contrast agent leakage (Figure 3.1). The sample was protected from heat during
heat-shrinking process by optimizing the heat source distance from the sample,
constantly spraying cold PBS on the sample surface, and mounting small wet

cotton pieces on the boundaries.

Cork plug —_—

Shrinking tube
| Articular cartilage

I—— Subchondral bone

Contrast agent solution e

Support
| - 7

Figure 3.1. The sample consists of an osteochondtal plug, a cork plug, a shrinking
tube, contrast agent solution and a support.

3.2.2. CONTRAST AGENT SOLUTIONS

The transport of two clinical contrast agents with similar molecular
weights was investigated: iodixanol (Visipaque, 1550 g/mol, charge=0, GE
Healthcare, Netherlands) and ioxaglate (Hexabrix, 1269 g/mol, charge=-1, GE
Healthcare, Netherlands). In order to study the effects of bath concentration,
osmolality, and electrical charge on solute transport, we prepared four
different contrast agent baths (Table 3.1). We adjusted the osmolality of each
solution at the required level by adding sodium chloride. Enzymatic digestion

was prevented during the diffusion experiments through the addition of
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protease inhibitors (cOmplete, Roche, Netherlands) and EDTA to the baths.
A freezing point osmometer (Advanced® Model 3320 Micro-Osmometer,

Netherlands) was used to measure osmolalities.

3.2.3. CECT IMAGING

We placed the wrapped samples on a custom-made holder and fixed the
holder inside micro-CT (Quantum FX, Perkin Elmer, USA). In each
condition, we loaded approximately 650 pL from the baths onto the cartilage
surface. A cork plug and proper micro-CT chamber humidification were used
to minimize solution evaporation during micro-CT scans (Figure 3.1). We
scanned the samples at room temperature using micro-CT under a tube
current of 180 pA and a tube voltage of 90 kV, resulting in a scan time of 2
min and a voxel size of 40X40X40 um3. The resolution was chosen such that
the field of view included the cartilage specimen, the contrast agent bath, and
the subchondral bone. We acquired images during diffusion process at time
points t-1 (before adding the bath), t_0 (bath injection), t= 5, 10, 30 min and
t=1, 2, 3, 4,5, 7, 10, 12, 24 and 48 hours. When the experiment on every
specimen was finished using one bath and before starting a new experiment
with another bath (Figure 3.2), we washed the osteochondral plugs in series of
large desorption baths [20] (PBS+protease inhibitor+EDTA (5mM) for 48
hours (4 °C) which proved to be effective (less than 5% difference between
the gray values). The average grey values for each sample and each condition
were recorded at t_ 0 to make sure of the efficacy of the contrast agent
washout process. The equilibrium concentration of ioxaglate (inversely related
to GAG content [21]) did not vary after performing the aforementioned
experiments during our pilot studies suggesting no cartilage degeneration (data
not shown). Furthermore, the remaining of each bath was tested after each
experiment to search for any clues of GAG leakage using Dimethylmethylene
Blue assay (DMMB), which proved no visual sign of GAG loss.
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Table 3.1. Specification of the baths used in the diffusion experiments: Four
different bath conditions were used to investigate the effects of concentration (lodix
320,290 vs. lodix 160,290), external bath osmolality (Iodix 320,290 vs. lodix 320,600) and
solute’s charge (Iodix 320,600 vs. loxag 320,600) on the diffusion in cartilage.

Concentration Osmolality
Bath Solute Charge (ol /) (mOsm/ kg H20)
Todix 320,290"  Todixanol 0 320 290
lodix 320,600 Todixanol 0 320 600
lodix 160,290"  Todixanol 0 160 290
Toxag 320,600* Toxaglate -1 320 600

* The conditions are described by their abbreviated solute name (iodixanol
(lodix) and ioxaglate (loxag)), solute concentration in the bath and bath’s
osmolality.

Sample extraction & Passive

preparation diffusion Micro-CT imaging

Desorption bath

Figure 3.2. Flowchart of the experimental setup: Osteochondral plugs from the
fresh equine femoral condyles were extracted. The osteochondral plugs were mounted on
a support while being wrapped using a shrinking tube. Passive diffusion experiments were
conducted in a micro-CT chamber. Immediately after each experiment the samples
underwent serial desorption process within large baths before start of the next

experiment.
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3.2.4. IMAGE ACQUISITION AND PRE-PROCESSING

Image acquisition included 3D image reconstruction that was
undertaken automatically using the built-in micro-CT software. The 3D files
were transferred to Anlayze 11.0 (Perkin elmer, USA) to convert them to a
sequence of 2D images (TIFF format). The images underwent noise removal

using 3D Gaussian filter (Image], 1.47v).

3.2.5. EQUILIBRIUM CURVES

We then exported the 2D image sequences to Image] (Imagef, 1.47v) to
process the images. The mid-sagittal slice that included cartilage, contrast
agent, and subchondral bone was chosen as the representative image to study
the transport of contrast agent molecules across cartilage. Our earlier
calculations suggest that mid-sagittal slice can act as a representative slice and
therefore we restricted our analyses to a single mid-sagittal slice. We applied a
rectangular region of interest (ROI) (width = 5.6 mm) to all mid-sagittal
images at every time point. The cartilage was segmented from the contrast
agent bath and subchondral bone by global thresholding. This allowed for
generation of cartilage masks that could be used to create another ROI that
precisely outlined the cartilage. We overlaid this ROI onto the corresponding
original images to evaluate the average grey values (Q). The average grey values

were then calculated using the following formula:

2 PiX;j
Q=21 0

where P, and X are the pixel intensity and frequency, respectively.

We used an experimentally confirmed linear relationship between the
grey value of the cartilage at t = 0 and that of the contrast agent bath and their
corresponding concentrations to obtain the actual solute concentration within

cartilage:
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C=aQ+p @

where C is the solute concentration, Q is the average grey value and o

and 3 are constants.
3.2.6. IMAGE REGISTRATION

To obtain the zonal diffusion curves, we performed elastic (ie.
deformable) image registration, which accounted for small elastic deformations
in the cartilage as observed in our experiments (8+2.55 % of the total cartilage
thickness) and spatial movements during the diffusion process. We registered
the images using the Elastix package (University Medical Center Utrecht,
Netherlands) [22, 23]. Two images were required to perform the registration
process, a moving image and a fixed image. Images at t = 0 minutes for each
bath condition (Table 3.1) were selected as the fixed images while images at t
=1, 6, 12, 24, 30 and 48 hours were selected as the moving images to which
the ROIs for the zonal equilibrium curves will be assigned. Registration is
mathematically formulated as an optimization problem where the cost
function has to be minimized with respect to T to achieve the optimal

transformation [22]. T is the image transformation matrix which is given as:
T(x) = x+u(x) (3)
where u (X) is the translation vector.

Elastix software limits the amount of possible transformations by
introducing a parameterization of the transformation. Eventually, we examined
the accuracy of the registration process through checking the location of a few
fixed points on the cartilage-bath and cartilage-subchondral bone interfaces
using MeVisLab (MeVis Medical Solutions AG, Bremen, Germany) (Figure
3.3).

45



Chapter 3

(A) - Articular cartilage d Articular fartilage

Subthondral bone dndral bone

Matched points on the cartilage-subchondral plate interface

Matched points on the cartilage-bath interface

E',.,...

(B) Articular cartilage

Subchondral bl)ne

Figure 3.3. Visual inspection of the registration outcome using Mel 7sLab.
Random points on the (A) cartilage-subchondral bone interface (blue line) and (B)
cartilage-bath interface were selected to visually inspect whether the points in the fixed

and the registered image matched.

3.2.7. ZONAL DIFFUSION CURVES

Articular cartilage can be considered to comprise three major zones, i.e.
superficial, middle, and deep zones [7, 24-20]. Zonal diffusion curves can
therefore be obtained to provide a more detailed description of diffusion and
equilibrium concentration in each individual zone. Zonal diffusion curves were
generated based on the previously registered images at 0, 1, 6, 12, 24 and 48
hours. The first step was to determine the thickness of cartilage at t = 0 for
each sample using Bone] (plugin of image]). Then, for each image, cartilage
was divided into three different zones: superficial (20% of cartilage thickness),

middle (50% of cartilage thickness), and deep zone (30% of cartilage thickness)
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[7]. Thereafter, Image] was used to cover the superficial, middle, and deep
zones separately, thereby generating three new ROIs corresponding to each
zone. Those ROIs were applied to the registered images at 0, 1, 6, 12, 24 and
48 hours to obtain the average grey values. The average grey values were
converted to concentration values using a similar approach as described in
equilibrium curves. The normalized concentrations were then obtained by

dividing the concentration values by the initial bath concentration.

Since solute flux is the rate of solute transport per unit area, we used
multi-zone biphasic-solute and multiphasic models to curve-fit the
concentration-time data followed by plotting the solute flux versus time in the
middle of the superficial zone (20% of cartilage thickness) in each sample to
compare the transport of neutral (Iodix 320,600) and charged (Ioxag 320,600)
solutes in cartilage. The models [9, 27, 28] included the solid phase, the fluid
phase, and the solutes and could describe the interactions of the solid matrix
and the fluid and solute phases. Physical phenomena such as water exodus and
return, cartilage swelling, electric interactions (ioxaglate) and the deformations
of the solid phase caused by osmolality shocks and water transport were
therefore taken into account [9, 27]. The model consisted of a finite bath (=14
mm) and a cartilage that resembled the experimental setup. The diffusion was
restricted to occur only through the surface of the cartilage (axial diffusion)
while the cartilage-subchondral bone interface was prescribed as a no-flux
boundary condition. The initial concentration of the solute in the cartilage was
set to zero. The model was fitted to the equilibrium curves and the solute flux

curves were subsequently plotted.

3.2.8. STATISTICAL ANALYSIS

Two-factor ANOVA statistical analysis was used to determine the
statistical significance of the normalized concentrations at 48 hours in the
equilibrium curves as well as in the zonal diffusion curves. A significance
threshold of p < 0.05 was used. It should be noted though that the aim of this

chapter is to address the effects of external bath osmolality, solute
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concentration as well as solute’s charge on the transport within each sample,

thereby those effects should be studied in each sample separately.
3.3. RESULTS

Changes in bath concentration and osmolality may cause local
deformation in cartilage matrix and mass transfer resistance at the bath-
cartilage interface, which consequently alter solute-matrix interactions through
steric hindrance mechanism. On the other hand, strong solute charge-matrix
charge interactions affect the diffusion and make it deviate from Fickian
behavior. Here we study these interactions with the aid of equilibrium curves,

zonal diffusion curves and solute flux curves.

3.3.1. EQUILIBRIUM CURVES

The near-equilibrium state was reached approximately 24 hours after
the start of the experiments (Figure 3.4). The effect of bath solute
concentration on diffusion was assessed by comparing the equilibrium curves
of bath Iodix 320,290 and lodix 160,290 that represent the diffusion of
iodixanol at different solute concentrations but with the same osmolality. The
normalized concentrations (% initial bath concentration) for both baths Iodix
320,290 and Iodix 160,290 were very close to each other (Table 3.2A). For the
early time points, Iodix 160,290 showed a steeper slope compared to lodix
320,290 indicating a faster diffusion rate (Figure 3.4).
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Figure 3.4. Plot of normalized concentration (% initial bath concentration) vs.

time for the full thickness of the cartilage for samples 1-4. Slight difference for the effect
of bath concentration (Iodix 320,290 vs. lodix 160,290) and bath osmolality (Iodix 320,290
vs. Todix 320,600) can be observed whereas effect of solute’s charge is more pronounced
(lodix 320,600 vs. loxag 320, 600).
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The effect of osmolality on diffusion was assessed by comparing the
equilibrium curves of Iodix 320,290 and Iodix 320,600 that represent the
diffusion of iodixanol at different osmolalities but with the same
concentration. In this experiment, the different osmolalities (hypo- and hyper-
osmolal) will lead to differences in expansion and as a consequence the
diffusion can deviate from Fickian through potential effects of steric
hindrance. Fickian diffusion would require identical diffusion curves for the
two conditions. For both conditions, the near-equilibrium state was reached at
24 hours (Figure 3.4). On average, the difference between these two

conditions was very small.

We further investigated the effects of charge and consequently non-
Fickian solute diffusion across articular cartilage by comparing the normalized
concentration curves between Iodix 320,600 and loxag 320,600. These
conditions represented the same contrast agent concentration and osmolality,
but different solute charges. Similar to the previous situations, for both
conditions, the near-equilibrium state was reached at 24 hours (Figure 3.4).
The diffusion rate in Iodix 320,600 was considerably higher than that of Ioxag
320,600 particularly in the very early time points (Figure 3.4). Moreover, the
equilibrium normalized concentrations in Iodix 320,600 were markedly higher
than those in Ioxag 320,600 (p-value=0.006, Table 3.2A), which indicate a

fairly large non-Fickian aspect in the diffusion.

3.3.2. ZONAL DIFFUSION CURVES

The superficial zone represents the highest values of normalized
concentrations (Figure 3.5A). Solute transport rate was found to be the highest
in the superficial layer for all conditions. However, it approached the near-

equilibrium state shortly after the onset of the experiments (Figure 3.5A).
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Figure 3.5. (A) Plot of normalized concentration vs. time in the superficial, middle
and deep zones (example, sample 1). For all different conditions the concentration values
are lower in the deep zones. In all zones effect of charge on the transport is tangible. (B)

Plot of concentration vs. cartilage depth for Iodix 320,600 and Ioxag 320,600 to highlight
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To address the effect of concentration on diffusion, resulting curves for
Todix 320,290 and lodix 160,290 were compared. The diffusion rate was
similar between Iodix 320,290 and Iodix 160,290 but the deep layer showed a
larger difference (Figure 3.5A). In the superficial zone, the near-equilibrium
state is reached for Iodix 320,290 and lodix 160,290 after 6 hours (Figure
3.5A). Regardless of bath conditions, the equilibrium state is not reached for
the middle or deep zones since the diffusion curves keep rising (Figure 3.5A).
The equilibrium concentration was not significantly higher in Iodix 160,290
within the deep zone compared to that in Iodix 320,290 (p-value>0.05, Table
3.2B).

Effect of osmolality on diffusion was addressed by comparing resulting
curves for lodix 320,290 and Iodix 320,600. Both Iodix 320,290 and lodix
320,600 reached the near-equilibrium concentrations at 12 hours in the
superficial zone (Figure 3.5A). The equilibrium concentrations in the
superficial, middle and deep zones between lodix 320,290 and Iodix 320,600
were not significantly different (p-value>0.05, Table 5.2B).

The effect of solute’s charge on diffusion was studied by comparing
Todix 320,600 and Ioxag 320,600. In all zones, the normalized concentration
curve for Ioxag 320,600 depicts significantly lower concentrations compared
to those of lodix 320,600 (Figure 3.5, p < 0.05, Table 3.2B). However, the
time point where each condition reaches near-equilibrium state was almost
similar and was 12 hours (Figure 3.5A). The typical concentration versus
cartilage depth curves at 48 hours showed also higher concentration of
iodixanol (Todix 320,600) compared to ioxaglate (Ioxag 320,600) (Figure 3.5B).

The solute flux for Iodix 320,600 showed higher peak than that of Ioxag
320,600 and the peak occurred in the early time points (Figure 3.6). The
maximum flux of iodixanol was 0.0084+0.0061 mmol/m2.s, while that of
ioxaglate was 0.0047+0.0031 mmol/m2.s (p-value=0.185).
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Figure 3.6. (A) Computational model representing bath containing either iodixanol
or ioxaglate and articular cartilage comprising of supetrficial, middle and deep zones. (B)
Plot of solute flux vs. time in the middle of superficial zone for both lodixanol (lodix

320,600) and Ioxaglate (Ioxag 320,600) for samples 1-4 to investigate the effect of charge
on solute transport.
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3.4. DISCUSSION

Multiple factors contribute simultaneously to the diffusion of solutes
across cartilage. In this study, we strived to use a carefully designed set of
experiments to separate the effects of three of those factors, namely bath
concentration, bath osmolality and solute’s charge, from each other. Exact
Fickian diffusion should lead to exactly the same diffusion patterns for all
experiments and deviation from this can be observed by comparing the
various experiments. We used equilibrium and zonal diffusion curves as well as

finite element models to study the effects of those factors.

3.4.1. EFFECT OF CONCENTRATION

Normalized concentration values as well as diffusion rates at early time
points within cartilage were slightly higher in the bath with lower
concentration (Iodix 160,290) compared to the more concentrated bath (Iodix
320,290) (Figure 3.4). Nevertheless, the final normalized values were largely
similar regardless of concentration (Table 3.2A). Previous study showed
insignificant effect of concentration on the diffusion mechanism using

charged, i.e. anionic solutes [18].

Somewhat different behaviors in Iodix 320,290 and lodix 160,290 are
observed when the superficial, middle and deep zones are concerned (Figure
3.5A). That is associated with some mild differences between the final
normalized concentration values of Iodix 320,290 and Iodix 160,290 in those
zones (Table 3.2B). However, the final normalized concentration in all zones is
not significantly different between Iodix 160,290 and Iodix 320,290 (Table
3.2B). It can be therefore concluded that while the main diffusion mechanism
for neutral solutes is Fickian, some zonal deviations from the Fickian
assumption can be pinpointed. The final normalized concentration values for
the superficial zone were observed to be higher compared to middle and deep
zones for both lodix 320,290 and Iodix 160,290 that refers to highly
inhomogeneous nature of the articular cartilage. The major reason that leads to

enhancement of diffusion rate in the superficial zone might be the sparse
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distribution of GAGs, high water content, and fine collagen fibers [1, 14, 29,
30]. A previous study, however, showed that collagen does not considerably
affect the transport of small solutes because collagen fibrils are widely spaced
in comparison to proteoglycans [31]. Relevant research also addressed the
importance of various cartilage zones when determining the diffusion
coefficient of cartilage. Indeed, up to 100 times higher diffusion coefficients
were found in the superficial zone as compared to the deep cartilage zone [9,
24, 32]. The effects of concentration can also be viewed from the standpoint
of more facilitated transport in low concentrated solutions due to lower mass
transfer resistance in the cartilage-bath interface [33]. Furthermore, lower
concentration might lead to lower solution viscosity that in turn enhances the
transport rate within the bath and also in the cartilage-bath interface [34]. This
underscores the fact that the solute diffusivity within the bath may need to be
considered as a separate parameter to improve on the accuracy of previously
conducted research [14, 16-18].

3.4.2. EFFECT OF OSMOLALITY

Equilibrium curves showed a subtle difference between Iodix 320,290
and Jodix 320,600 indicating that the effect of osmolality on the transport of
neutral solutes is insignificant (Figure 3.4, Table 3.2A) and the diffusion
therefore can be considered Fickian. The zonal differences between lodix
320,290 and Iodix 320,600 were present but generally small (Figure 3.5 and

Table 3.2B). Since we used a hyper-osmolal bath, cartilage shrank 8+2.55 % of
its total thickness in the early time points due to water loss. Thereafter,
cartilage recovered to its original thickness, since increased ionic concentration
in cartilage after initial water loss caused reversal of the water exodus. This
could lead to a more compact structure of the ECM giving rise to increased
solute-ECM friction and therefore hindered diffusion. However, water exodus
stopped after a few hours and water gain started to maintain the equilibrium
between the cartilage and the bath. This counteracts the previous hindrance
phenomenon and can potentially nullify the reduced diffusion rate within the

ECM. In spite of little effect of osmolality on diffusion of small molecules
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observed in this study, larger tissue deformation and its consequent local re-
orientation of collagen fibrils as well as alterations of proteoglycans

concentration is anticipated to change the cartilage diffusive attributes [1].

3.4.3. EFFECT OF CHARGE

Negatively charged fixed macromolecules, ie. keratin sulfate and
chondroitin sulfate, are the major components that give cartilage its excellent
physical and mechanical features [35]. These highly charged molecules interact
with the diffusing charged solutes, thereby introducing an additional
mechanism that, together with steric hindrance, cause the diffusion process to
deviate from the Fickian model. The last aim of this work was to study the
effects of solute charge on the diffusion of solutes across articular cartilage.
Equilibrium curves for Iodix 320,600 showed considerably higher diffusion
rate as well as higher final normalized concentration values as compared to
Toxag 320,600 (Figure 3.4, Table 3.2A). Zonal diffusion curves also confirm
the trends seen in the equilibrium curves (Figure 3.5A, Table 3.2B). Ioxaglate,
as a negatively charged contrast agent, had the highest final normalized
concentration in the superficial zone as compared to two other zones chiefly
due to higher water content, less concentrated GAGs, and less interaction with
the ECM in the superficial zone. Moreover, the concentration versus cartilage
depth at equilibrium for ioxaglate lied below that of iodixanol (Figure 3.5B)
underscoring the effect of repulsion between two negatively charged molecules
(PGs and ioxaglate) on the diffusion. The effect of proteoglycans on the
diffusion of solutes even neutral ones rather than collagen has been confirmed
due to their compact structure [36]. It is worth mentioning that the negatively
charged ioxaglate solute has considerably slower diffusion rate and lower final
normalized concentration, as compared to the neutral iodixanol solute (Figure
3.6 and Table 3.2). The two contrast agents used in this study had very similar
molecular weights i.e. hydrodynamic radii and therefore it allowed studying the
effect of charge while neglecting the effect of solute size on diffusion across

cartilage.
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Based on the prescribed experimental boundary conditions solute
diffusion occurred primarily along the vertical axis of the cylindrical specimens
and therefore the radial component of diffusion equations has been neglected
in our models. Lower ioxaglate flux peak compared to that of iodixanol
(Figure 3.0) indicates the restrictive effect of electric interactions between the
negatively charged solute (ioxaglate) and negative fixed charges of articular
cartilage. Furthermore, samples 3 and 4, which demonstrated lower GAG
content compared to samples 1 and 2 (higher ioxaglate equilibrium
penetration) showed higher maximum solute flux (Figure 3.4 and Figure 3.6).
The findings of this study highlight the importance of electrical charge and
show that the effects of electrical charge by far exceed those of other factors
considered in the current study including solute concentration and external
bath osmolality.

3.4.4. LIMITATIONS

This study introduces a few limitations associated with the experiments.
Since the aim of this study was to investigate the isolated effects of physical
parameters on the diffusive transport in articular cartilage, four samples were
randomly extracted from two different same-age equine femoral condyles,
which enables drawing general conclusion regardless of the donot’s joint. The
sample size could be increased to enhance the power of the study;
nevertheless, the aim was to create an experimental setup by which
conclusions could be made while comparing conditions within each individual
sample without further need to increase sample size. The time frame of the
experiments was chosen to be 48 hours to ensure reaching the equilibrium
state although this might slightly affect the GAG concentration within the
tissue. To support that, our previous experiments using DMMB assay of the
bath confirmed minimal GAG loss. The study of the effects of ionic strength
and concentration of charged solutes in the bath on the diffusion process are
proposed for the future studies. In this study, we used osteochondral plugs to
ensure minimal damage to the cartilage constituents particularly collagen fibrils
and proteoglycans. This allowed maintaining physiologic diffusion condition as

faithfully as possible. In our computational model, we used a no-flux boundary
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condition at the cartilage-bone interface, which stayed valid within the

timeframe of the experiments.

3.5. CONCLUSIONS

We investigated the isolated effects of solute concentration, external bath
osmolality, and solute charge on the diffusion of solutes across articular
cartilage. The main novelties of the study are in using the experiments that
separate the effects of different factors from each other to the maximum
possible extent and using zonal diffusion curves and computational models to
study the diffusion behavior of the various cartilage zone, namely superficial,
middle, and deep zones. It was observed that the concentration and external
bath osmolality do not significantly change the diffusion behavior of cartilage
as a whole and the various cartilage zones. The diffusion mechanism of neutral
solutes was therefore found to be Fickian in general with some zonal
deviations from the Fickian model, thereby justifying the use of terms such as
near-Fickian for describing the diffusion mechanism of neutral solutes across
cartilage. Comparing the solute fluxes and the diffusion behavior of solutes
with similar sizes but different charges (neutral versus negatively charged)
showed that the maximum solute fluxes are significantly smaller for negatively
charged solutes, indicating the profound effect of electrical charge on the
diffusion behavior. The effects of electrical charge on the diffusion behavior

were the same regardless of the cartilage zone under consideration.
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ABSTRACT

Transport of solutes through diffusion is an important metabolic
mechanism for the avascular cartilage tissue. Three types of inter-connected
physical phenomena, namely mechanical, electrical, and chemical, are all
involved in the physics of transport in cartilage. In this study, we use a carefully
designed experimental-computational setup to separate the effects of
mechanical and chemical factors from those of electrical charges. Axial
diffusion of a neutral solute (iodixanol) into cartilage was monitored using
calibrated micro-CT images for up to 48 hours. A biphasic-solute
computational model was fitted to the experimental data to determine the
diffusion coefficients of cartilage. Cartilage was modeled either using one single
diffusion coefficient (single-zone model) or using three diffusion coefficients
corresponding to superficial, middle, and deep cartilage zones (multi-zone
model). It was observed that the single-zone model cannot capture the entire
concentration-time  curve and  under-predicts the near-equilibrium
concentration values, whereas the multi-zone model could very well match the
experimental data. The diffusion coefficient of the superficial zone was found
to be at least one order of magnitude larger than that of the middle zone. Since
neutral solutes were used, GAG content cannot be the primary reason behind
such large differences between the diffusion coefficients of the different
cartilage zones. It is therefore concluded that other features of the different
cartilage zones such as water content and the organization (orientation) of
collagen fibers may be enough to cause large differences in diffusion

coefficients through the cartilage thickness.
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4.1. INTRODUCTION

Articular cartilage is a multiphasic, porous, and avascular tissue that
primarily relies on diffusion for transport of crucial signaling molecules,
oxygen, and nutrients that help maintain its proper metabolic function [1-5].
Osteoarthritis is recognized as a debilitating disease that mainly affects articular
cartilage and subchondral bone, and is characterized by abnormal loss of
glycosaminoglycans (GAGs) molecules, subsequent collagen damage, and
increased subchondral bone remodeling [6-11]. Reduced GAG concentration
and disrupted collagen fibers can directly affect the interactions between the
solutes and the cartilage’s matrix. Solute-matrix interaction plays an integral
role in the diffusion of various molecules ranging from therapeutics and
fragments of GAGs and collagen II to the contrast agents [12, 13]. Effective
early diagnosis of cartilage degeneration most importantly using computed
tomography (CT) and magnetic resonance imaging (MRI) therefore requires in-
depth knowledge of solute diffusion and partitioning within articular cartilage
[11, 14-17]. That is why several previous studies have used imaging modalities
such as CT, MRI, and fluorescent-based diagnostic techniques to study the
diffusion of contrast agents and fluorescent labeled molecules across articular
cartilage and to obtain the diffusion coefficient of articular cartilage, e.g. [1, 3,
18-22).

The above-mentioned studies contributed towards better understanding
of diffusion across articular cartilage. However, there are certain limitations
associated with their methodology. In particular, large baths of contrast agent
are often used in diffusion experiments to I) facilitate the use of analytical
relationships or computational models that have been developed for infinite
bath conditions and II) simultaneously perform diffusion experiments for
several specimens [0, 7, 23, 24]. This type of experimental setup introduces
certain inaccuracies in the measurements. Most importantly, large baths of
concentrated solutions of contrast agents could cause substantial beam
hardening artifacts in CT measurements as a result of preferential absorption
of low-energy photons [25, 26]. Moreover, excessive amount of solutions has

to be used to establish a successful diffusion setup. Finally, testing multiple
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specimens at the same time requires the use of a larger field of view in CT

scanners [7], thereby reducing the maximum achievable resolution [27, 28].

As previously mentioned, the infinite bath assumption was applied to
keep a relatively easy mathematical operation [24]. However, the use of those
simplified analytical or computational models may be associated with some
limitations of their own. Firstly, these models often overlook the effects of
limited solute diffusivity within the bath itself [0, 7, 24, 27-29]. Those effects
are particularly important for non-stirred viscous baths, because a thin layer
forms at the interface of bath and cartilage that has high solute concentration
values and results in additional transport resistance that is not captured by
simple analytical and computational models. Ultimately, in the vast majority of
previous studies, only one diffusion coefficient is used for the entire cartilage
[6, 7, 22, 24, 28, 29]. That assumption neglects the potentially large differences
between the diffusion coefficients of the superficial, middle, and deep cartilage
zones [1, 30], in particular since the collagen orientation and likely the

preferred diffusion direction as well, varies considerably in the different zones.

This research aims to study the transport of neutral solutes across
articular cartilage using a combination of an experimental setup and a
computational model that represents the involved physics as faithfully as
possible. Regarding the experimental setup, finite baths were used to minimize
beam hardening. Different concentrations of contrast agent and osmolality of
the solution were used to study the effects of those on diffusion. On the
computational front, we used a finite-bath biphasic-solute computational
model that properly captures the transport of neutral solutes across articular
cartilage in the experimental setup. In addition, the computational model takes
the diffusion of solute in the bath into account. We then determine the
diffusion coefficient of cartilage by directly fitting the computational model to
experimental readings. The diffusion of solute is studied both using single-zone
and multi-zone computational models to see how zonal difference in diffusion
coefficient could influence the transport of neutral solutes across articular

cartilage.
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4.2. METHODOLOGY
4.2.1. EXPERIMENTS
4.2.1.1. BATH AND SAMPLE PREPARATION

Visipaque solutions that contained iodixanol solutes (1550.191 g/mol,
charge=0) were prepared in different concentrations and osmolalities (Table

4.1).

Table 4.1. Experimental conditions (A-C) for diffusion from a finite bath of

iodixanol with different concentrations and osmolalities.

Condition Concentration [mM]  Osmolality [mOsm/kg H>O]
A 420 290
B 420 600
C 210 290

Solution A was directly taken from the original vial of Visipaque (GE
Healthcare, The Nethetlands) resulting in an osmolality of 290 mOsm/kg
H20O and a concentration of 420 mM (Table 4.1). In order to assess the effect
of bath osmolality on the transport of iodixanol, we elevated the osmolality of
solution A using NaCl to make condition B (600 mOsm/kg H20 and 420
mM) (Table 4.1). Finally, condition C was prepared by two-fold dilution of
solution A, while maintaining the final osmolality the same as in condition A
(Table 4.1). A freezing point osmometer (Advanced® Model 3320 Micro-

Osmometer, The Netherlands) was used to measure osmolalities.

Osteochondral plugs (n=3, cartilage thickness= 2.8 mm, and diameter=
8.5 mm) were drilled out of two fresh equine femora using custom-made drill
tips. During drilling, phosphate buffer serum (PBS) was constantly sprayed on
the site of sample extraction to prevent thermal damage to the cartilage. The
samples were kept in PBS solution enriched with protease inhibitor and
ethylenediaminetetraacetic acid (EDTA) at -20 °C before proceeding to

69



Chapter 4

diffusion experiments. Upon thawing, samples were wrapped laterally using
impermeable shrinking tube (CTFC Series, pro-POWER, UK) to prevent
leakage and to ensure axial diffusion through the cartilage surface. During our
pilot studies, we measured the grey values of the shrinking tube and found no
evidence of the diffusion of iodixanol into the material. Moreover, the
osteochondral plugs were placed firmly on a plastic support. A schematic

drawing of the sample is presented in Figure 4.1.

4.2.1.2. IMAGE ACQUISITION

We used a micro-CT scanner (Quantum FX, Perkin Elmer, USA) to
measure the transport of iodixanol across cartilage. The samples were placed
on a holder during scans to minimize possible movement artifacts. The fluid
baths contained 650 pL. (equal to 14 mm bath height) of solutions A, B & C
and were positioned on top of the cartilage specimens. Images were acquired
before adding the solution and up to 48 hours after adding the solution (17
times points). The scanning parameters were: 180 pA tube current, 90 kV tube
voltage, 2 min scan time, 40X40X40 um’ voxel size and 3600 projections. After
completion of each experiment, the diffused molecules within each sample
were fully washed out using serial desorption baths (PBS+ protease inhibitor +
EDTA at 4 °C, 48 hours) before performing diffusion experiments using the

next solution.
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Wrapping material
Iodixanol bath
Region of interest Articular cartilage
(ROI)
Subchondral bone
Support

Figure 4.1. The specimen used in the diffusion experiments.

4.2.1.3. IMAGE PROCESSING

The 3D reconstructed images were converted to 2D slices (TTFF format)
using in-built software of the micro-CT machine (Analyze 11.0). We used a
Gaussian filter to enhance the signal to noise ratio. Thereafter, we used Image]
1.47v to select the mid sagittal slice of each stack and assigned a rectangular
region of interest (ROI) that contained the cartilage, the subchondral bone, and
a small part of the bath (Figure 4.1). The images within the prescribed ROI
were then thresholded globally for each experimental time point to isolate
cartilage from subchondral bone and the contrast agent solution. The outline
of the cartilage mask at different time points (Figure 4.2) was then laid over the

original cartilage image to calculate the average grey value.
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t=24 hr t=48 hr

Cartilage mask _“—) Average grey value

R M g
Cartilage mask overlaid

Specimen image

Figure 4.2. The sequence of images for one sample specimen and the different

image processing steps used for calculating the average gray values.

No diffusion at t and known concentration of the contrast agent
solution at t were then used to establish a linear relationship that could convert
the average grey values to iodixanol concentration. The average grey values

were calculated using Image] 1.47v based on the following equation:

Average gray valuezzzp)is(i 4.1)

where P, and X; are pixel intensity and pixel frequency, respectively.

4.2.2. COMPUTATIONAL MODEL

Biphasic-solute mixture models are capable of capturing the diffusion of
neutral solutes across cartilage [31]. Three governing equations need to be
solved for such mixture models including the conservation of linear

momentum for the mixture, conservation of mass for the mixture, and the
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conservation of mass for the solute [31-33]. Conservation of linear momentum

for the mixture can be expressed as:
divT=0 (4.2)

where T is the Cauchy stress for the mixture. Conservation of mass for

the mixture is given as:
div(v'+w)=0 4.3)

where v* is the solid matrix velocity and w is the volume flux of
solvent relative to the solid. Finally, the overall amount of solute in the bath
and tissue remains constant:

1D

=D (Je"kc)+divi=0 (4.4)

where J=detF, F is the deformation gradient of the solid matrix,
D*()/Dt is the material time derivative in the spatial frame, and j is the
molar flux of solute relative to the solid. In Equation (4.4), ¢" is volume
fraction of the solvent, K is the effective solubility, and ¢ is the solute
concentration. Since effective solute concentration 5=c/ K is continuous

across boundaries and contact surfaces, it has been used in the computational
model instead of ¢ [32, 34, 35]. The volume flux of solvent relative to the

solid, w, and the relative molar solute flux, j, are given as [32, 36, 37]:

=-k.gradp 4.5)

j=xd. (—(pwgradé + di w) (4.6)

0
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where
. -1
|k ROKE [ d @4.7)
(pw dO dO
with
y (pS

=]1-1c 4.8

@ 7 (4.8)

where p is the fluid pressure, k is the hydraulic permeability tensor for

the flow of the solution, i.e., solvent plus solute through the solid matrix, K is

the hydraulic permeability tensor for the flow of pure solvent, through the
solid matrix, d is the solute diffusivity tensor in the mixture, do is the solute
diffusivity in absence of the solid phase, R is the universal gas constant, 0 is

the absolute temperature, and (pj is the volume fraction of the solid phase in

the reference configuration [32, 36, 37].

The virtual work principle was used to solve the conservation equations
according to the previous studies [33, 38]. The dedicated open-source finite
element modeling platform FEBio 2.0.1 was used for solving the governing

equations of the biphasic-solute model.

4.2.2.1. GEOMETRY

The diffusion of solutes was assumed to happen primarily in the axial
direction [6, 7]. The computational model consisted of cartilage and an
overlaying bath. Two types of computational models were used to analyze the
diffusion of neutral solutes across cartilage, namely single-zone and multi-zone
models. In the single zone approach, we considered the cartilage specimen as a
single phase with spatially homogenized properties in the axial direction
(Figure 4.3A) including one single diffusion coefficient. A mesh was generated

using an 8-node trilinear hexahedral element, which was more refined close to
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the cartilage-bath interface to ensure high computational accuracy (Figure

43A).

) ®)

Figure 4.3. Schematic drawings of the single-zone (A) and multi-zone (B) for

computational models.

In the multi-zone approach, cartilage was assumed to be composed of
three zones with three different sets of properties including three different
diffusivities. The multi-zone approach may better capture the inhomogeneous
structure of cartilage caused by uneven distribution of glycoaminoglycans
(GAGs) and different density and orientation of collagen (type II) fibers. This
results in location-dependency of mechanical and physical properties of
cartilage. The first zone considered in the model was the superficial zone that
formed 20% of the cartilage thickness, while the second and third zones were
the middle and deep zones respectively representing 50% and 30% of the
cartilage thickness [39]. In this approach, the mesh is refined also at the
boundary of the different zones (Figure 4.3B).
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4.2.2.2. MECHANICAL AND PHYSICAL PROPERTIES OF
CARTILAGE AND BATH

Similar to previous studies [32, 33], cartilage was modeled as a neo-
Hookean material with a Young’s modulus (E) of 10 MPa and a Poisson’s
ratio (V) of 0. The hydraulic permeability of the cartilage to the solvent (K) and
the effective solubility (K) were set to 10° mm*/Ns and 1, respectively [33,
36]. The diffusivity tensor was considered isotropic. The iodixanol diffusivity
within the bath was set according to a previous study [40]. In the cases where
the well-stirred condition in the bath was to be simulated, the solute diffusivity
in the bath was set much higher than the diffusivity of the solute in cartilage.

The cartilage water content was assumed to be 0.8 in the single-zone approach

32, 33].

In the multi-zone approach, we introduced three different values of
water content for each cartilage zone: 0.8 for the superficial zone, 0.7 for the
middle zone, and 0.6 for the deep zone [1, 14, 39].

4.2.2.3. INITIAL AND BOUNDARY CONDITIONS

Solute concentration in the bath (¢) was prescribed as an initial
condition for the bath. The concentrations presented in Table 4.1 were used to

simulate the diffusion of the solutes under conditions A, B, and C. Continuity

of effective pressure ( p ) across boundaries is ensured [32, 33] through:

effective

pg[féctive = p - RG q)C (49)

where R=8.314x10° mJ/nmol'K and @ is the osmotic coefficient that
was assumed to be 1 for all simulations. The ambient fluid pressure and

absolute temperature were considered p =101 kPa and 6 =298 K, respectively.

A prescribed displacement equal to 0.001 mm was applied to maintain a
stable contact between the finite bath and cartilage [33]. All faces except for
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the cartilage-bath interface (Figure 4A-B) were assigned the no-flux boundary

condition.

4.2.2.4. FITTING METHOD

In the single-zone approach, the diffusivity value in cartilage was
determined by minimizing the difference between the computationally
predicted curve and experimental data points based on the root mean squared
error (RMSE) value of their difference. A similar approach was used in the
multi-zone approach to determine the diffusion coefficients of the superficial
D middle D,,,., and deep D,

Superficial > zones. Direct scanning of the

eep
parameter space was used for minimizing the RMSE values. This approach
ensures all possible solutions are found within the tolerance of the scanning

resolution.

4.2.3. ANALYTICAL MODEL

To verify the computational model for a finite bath, we used an analytical
model. The analytical solution for axial diffusion from a well-stirred finite bath
to cartilage can be obtained by solving the Fick’s 2nd law using the Laplace

transformation [41]:

q .z
n_
Can) ], g 20+aexp(-y2n T
= 1+En=1 5 (410)
Cy (I+a+a“q) cosq,
JDq .
where y= ; - and q,s are the none-zero roots of tan(q )=-0q, with

a . . .. . .
a=. D is the solute diffusivity across cartilage, C(z,r) is the solute
concentration profile within the cartilage as a function of time (z) and spatial
dimension (z), C_ is the equilibrium solute concentrations in the cartilage and

a and [ are the length of the solution and length of the cartilage specimen,

respectively.
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Assuming a final solute uptake equal to 30% within cartilage, we
calculated the bath height as 2.33 mm with a given cartilage thickness of 1 mm

using the following mass conservation equation (k =1) [41]:

aCOo
P +lCoo =aC, (4.11)

where k is the partition coefficient equal to the ratio of the equilibrium
solute concentration in cartilage and in the bath and C, is the initial solute
concentration in the bath, respectively [41]. We set the operating conditions
and mechanical properties of cartilage according to a previous study by
Ateshian et. al [33]. The cartilage is modeled as a neo-Hookean material with
E =10 MPa, v=0 and fluid volume fraction of 0.8. The other parameters were
assumed to be: k=10" mm*/Ns, ¢ =1 mM, 0 =298 K, p=0kPa, =1, K =1
and D = 5x10" mm?/s. Equation (4.10) was used to validate the results of the
computational model in different locations across cartilage, i.e. z=-0.15, -0.29, -

0.5, and -0.94 mm for the well-stirred condition. We also simulated the same

JDt

diffusion process in FEBio and plotted the solute concentration vs. 7= -

4.3. RESULTS
4.3.1. VERIFICATION OF THE COMPUTATIONAL MODEL

To assess the robustness of the computational model for predicting

diffusion from a well-stirred finite bath, we plotted the ratio of normalized

. C . . .
concentration (C—) at several locations versus time (Figure 4.4). The

o]
computational results perfectly matched the analytical solution for all
considered cases (Figure 4.4). The concentration rate decreased by both time
lapse and distance from the surface of the cartilage specimen (Figure 4.4). The
larger the distance from the cartilage surface, the more time was required for
equilibrium (Figure 4.4). All layers of cartilage could finally reach the

equilibrium concentration (C_) (Figure 4.4). Moreover, the finite element
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model could predict the transient solute diffusion for a well-stirred finite bath

model for all n values (Figure 4.4).

C/C

Figure 4.4. Analytical (symbols) and finite element model (solid lines) solutions for

finite well-stirred bath: normalized concentration (Ci) is plotted versus 7]=% for

o]

different locations within cartilage.

4.3.2. EXPERIMENTS

For all conditions (A-C), the highest diffusion rate was observed for the
early-time points (Figure 4.5). The near equilibrium state could be observed 24
hours after the start of the experiments (Figure 4.5). The normalized near-
equilibrium iodixanol concentrations (%oinitial bath concentration) were
27.844.6% (mean *£ SD) for condition A, 28.8%£8.8% for condition B, and
30.9£7.1% for condition C.
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Figure 4.5. Experimental (symbols) and simulated (dashed-lines) concentration vs.
time for conditions A-C and samples 1(A) to 3 (C). Computational models (single-zone)
were fitted to all experimental data points.

80



Chapter 4

4.3.3. COMPUTATIONAL MODEL
4.3.3.1. SINGLE-ZONE MODEL

When the single-zone model was fitted to all experimental data points of
the concentration-time curves, the coefficient of determination (R2) was
ranging between 0.85 and 0.96 for conditions A-C (Table 4.2). Moreover, the
computational model did not follow the experimental data points and
substantially over-predicted the near-equilibrium concentration values for all
conditions (A-C) (Figure 4.5). Once the single-zone computational model was
only fitted to the eatly-time points, the coefficient of determination increased
to values ranging between 0.97 and 1.00 (Table 4.2) for conditions A-C,
indicating that the computational model could very well capture the eatly-time
diffusion behavior of cartilage (Figure 4.6). As expected, when the
computational model was fitted only to early-time diffusion data, there was a
poor agreement between the near-equilibrium concentration values predicted

by the model and the measured concentrations (Figure 4.6).

Table 4.2. RMSE and R? to compare the experimental and simulation solute

concentration vs. time for the single-zone computational model.

Condition A B C
Fitti Early- Early- Early-
1tung Total .ar y Total .ar ) Total .ar y
data time time time
R? 0.94 1 0.96 0.99 0.91 0.99
Sample 1
RMSE  0.0266 0.0040 0.0201 0.0056 0.0355 0.0082
R2 0.95 0.99 0.95 0.99 0.94 1
Sample 2
RMSE 0.0286 0.0052 0.0234 0.0054 0.0259 0.0046
R2 0.88 0.99 0.86 0.99 0.85 0.97
Sample 3

RMSE  0.0518 0.0085 0.0634 0.0144 0.0710 0.0232
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Figure 4.6. Experimental (symbols) and simulated (dashed-lines) concentration vs. time
for conditions A-C and samples 1(A) to 3 (C). Computational models (single-zone) were

fitted only to eatly-time experimental data points.

In all conditions and for all specimens, the diffusion coefficients
determined using the early-time diffusion data were larger than the ones
determined using all data points (Table 4.3). The diffusivities determined for
sample 3 were larger than those of both other samples (Table 4.3).
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Table 4.3. Diffusion coefficients obtained from the single-zone
computational model based on fitting of the model to both eatly-time data

points and all data points.

Fitting data ~ Condition A Condition B Condition C

Total 4 3 6
Sample 1
Eatly-time 6.9 5 11
Total 5 4 5
Sample 2
Eatly-time 8 6.5 7.8
Total 9 12 13
Sample 3
Eatly-time 20.8 27.5 36

4.3.3.2 MULTI-ZONE MODEL

The multi-zone computational model could very well capture the
diffusion behavior of neutral solutes in articular cartilage both for the early and
late time points (Figure 4.7). The coefficients of determination were between
0.99 and 1.00 for samples 1 and 2 (Table 4.4) regardless of condition (A-C).
The coefficients of determination were slightly lower for sample 3, i.e. between
0.94 and 0.97 (Table 4.4). For this last sample, the multi-zone model could not
tully capture the concentration curve. In agreement with the above-mentioned
coefficients of determination, the computational model could follow the
experimental data points very well and could predict not only the early-time
concentration values but also the near-equilibrium concentration values

particularly for samples 1 and 2 (Figure 4.7).
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Table 4.4. RMSE and R? to compare the experimental and simulation

solute concentration vs. time for the multi-zone computational model.

Condition A B C
R? 0.99 1 0.99
Sample 1
RMSE 0.0068 0.0044 0.0122
R? 1 0.99 0.99
Sample 2
RMSE 0.0058 0.0074 0.0079
R? 0.97 0.95 0.94
Sample 3
RMSE 0.0207 0.0348 0.0349

A parametric study indicated that the diffusivities of the superficial and
middle zones played key roles in contrast to that of the deep zone, which had
minimal impact on the predicted diffusion behavior of cartilage. Therefore,
only the diffusivities of the superficial and middle zones are reported (Table
4.5). Similar to the single-zone model, the diffusion coefficients determined for
sample 3 were larger than those of samples 1 and 2 (Table 4.5). However, the
ratio of the diffusion coefficient of the superficial zone to that of the middle
zone (Dsyperficial/ Dmiddle) Was consistent between all samples and for all
conditions (Table 4.6): 14.53£1.88 for condition A, 14.23%3.1 for condition B,
and 13.25%1.64 for condition C.
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Table 4.6. The ratio of diffusion coefficient of superficial zone to middle zone

(DSuperficial/DMiddle)-

Condition A B C

Diffusion

. . Dsyaiia/ Dyidate - Dsuperpciat) Dsiadie  Dsuperfciar/ Dt
coefficient ratio uperficia iddle uperficia iddle uperficia iddle

Sample 1 13.6 17.7 13
Sample 2 16.7 13.3 11.7
Sample 3 13.3 11.7 15

4.4. DISCUSSION

Due to the importance of diffusion for nutrition and oxygenation of cells
in the avascular cartilage tissue, transport of solutes in cartilage has been
studied in several previous studies. There are three main categories of inter-
connected physical phenomena, namely mechanical, chemical, and electrical
that occur simultaneously and complicate understanding the diffusion of
solutes across cartilage. Those physical complexities particularly the role of
fixed electrical charges and mechanical stresses/strain were not respected in
many previous studies where purely Fickean diffusion models were used to
describe the transport of charged particles across cartilage. In this study, we
used neutral solutes to separate the effects of electrical charges from those of
mechanics, i.e. stresses and deformations, and concentration gradients as much
as possible. To make sure the role of both mechanical forces and
concentration gradients are taken into account, a biphasic-solute model was
used to describe the transport of neutral solutes across articular cartilage.
Motreover, the effects of variation in the diffusion coefficients of the various
cartilage zones, i.e. superficial, middle, and deep zones, on the transport of

neutral solutes were studied using both single-zone and multi-zone
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computational models. The fact that the presented computational model
perfectly matches the analytical solution in the case of finite well-stirred bath
(one of the closest cases for which an analytical solution is available) increases

our confidence in the accuracy of the presented computational model.

4.4.1. EFFECTS OF CARTILAGE ZONES ON DIFFUSION

Perhaps the most important conclusion of the current study is that a
single diffusion coefficient is not sufficient to desctibe the transport of solutes
across articular cartilage. The biphasic-solute model is incapable of following
the experimental concentration-time curve when the entire cartilage is
considered to be one tissue with one single diffusion coefficient. It is well
known that the different cartilage layers are different both in terms of GAG
content and the arrangement of collagen fibers. The use of neutral solutes
means that electrical charges are not playing a major role in this observation,
suggesting that variation in the organization of collagen fibers may be sufficient
to cause large variations in the diffusion coefficients of the different cartilage

zones.

One needs to note that only the averaged concentration values were used
in the current study to describe the diffusion of neutral solutes. Two diffusion
coefficients may be sufficient to describe these averaged concentration values
because the concentration values of the deep cartilage zone do not significantly
influence the average concentration value that is calculated for the entire
cartilage. The concentration values of the deep cartilage zone are expected to
play more important roles when the spatial distribution of concentration is
taken into account. However, two diffusion coefficients may not be enough for
capturing the spatial variation of solute concentration values through the
cartilage thickness. We therefore need detailed experimental data regarding the
spatial distribution of concentration values throughout cartilage in order to be

able to determine the diffusion coefficient of the deep cartilage zone.

Throughout the course of diffusion experiments under large osmolality

differences, cartilage is likely to experience large thickness variations due to
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swelling/shrinkage. This causes setious complexities when trying to determine
the concentration values through the cartilage thickness. Major improvements
in experimental and image processing techniques are therefore needed before
one could determine the number of zones required for accurately capturing the
spatial distribution of concentration values through the cartilage thickness. The
mechanical property gradient across the cartilage’s zones due to altered
collagen fiber orientation, concentration and thickness as well as water content
might also play a role in the diffusion. However, we observed only a negligible
shift in the diffusion curves when the hydraulic permeability and Poisson’s
ratio were varied within the expected range of the cartilage mechanical
properties. Young’s modulus was chosen so that it was always significantly
greater than the effective pressure generated within the cartilage to prevent
large deformations, which was in accordance with the experimental
observations. On the contrary, water content gradient presents a strong effect
on the diffusion behavior. The near-equilibrium condition was reached after 24
hr in experiments. However, even after 48 hr the concentration curve still had
the tendency to slightly rise. As for computational results, the single-zone
model highly overestimated the increase of the concentration after 24 hr. It is
much less so for the multi-zone computational model. The concentration
curves obtained by both multi-zone computational model and experiments
show slight increase after 24 hr. For the first two samples, the level of the
increase in the concentration curves is similar in the multi-zone computational
model and experiments. For sample 3, however, there is increased discrepancy
between the concentration curve of the multi-zone computational model and

the experimentally determined concentration curve.

4.4.2. DIFFUSION COEFFICIENTS

The diffusion coefficients are comparable in conditions A-C, despite
large differences in the concentration values. This shows the Fickian nature of
diffusion in the case of neutral solutes: there is a more or less linear

relationship between the concentration gradient and diffusion flux.
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As for the different zones, the diffusion coefficient of the middle zone is
at least one order of magnitude lower than that of the superficial zone. This is
consistently observed within the three samples used in the current study and
implies that the structure of the superficial zone is specialized for facilitating
the diffusion of solutes into cartilage. As previously mentioned, this
observation may not be primarily attributed to the fixed charge density of the
superficial zone (i.e. its GAG content), as the solutes used in the current study
are not electrically charged. The arrangement of collagen fibers including their
otientation, density, and the steric hindrance may, however, play important
roles in this regard. Since nutrition and oxygenation of cells inside cartilage
should occur through diffusion and given that the superficial zone is
responsible for most of that diffusion, it is natural to expect the superficial
zone to be specialized in facilitating the process of solute transport across

cartilage.

Interestingly, the diffusion coefficients calculated for sample 3 are much
higher than those of both other samples. A relatively wide range of diffusion
coefficients is therefore observed in the current study. This is consistent with
the previous studies that report wide ranges of diffusion coefficients [30, 42].
Despite these relatively large differences in the absolute values of the diffusion
coefficients, the ratio of the diffusion coefficients of different zones is very
consistent between samples, highlighting the observation that the diffusion
coefficient of the superficial zone is much higher than of the middle zone

regardless of the absolute values of the diffusion coefficients.

4.4.3. LIMITATIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

As mentioned several times so far, we tried to minimize the effects of
fixed charge density on our study through the use of neutral solutes and a
biphasic-solute computational model. It should be, however, noted that the
assumed water content could significantly influence the diffusion of neutral
solutes across cartilage. In this study, we used realistic water contents

decreasing from 80% at the superficial zone to 60% for the deep layer [1, 14,
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39]. This assumption helps us obtain realistic results in terms of diffusion, but
also indirectly introduces the effects of fixed charge density (ie. GAG
content). That is because water content is, among other factors, a function of
the fixed charge density [12]. It is therefore not possible to entirely exclude the
indirect effects of GAG content on diffusion, even in this carefully designed

set of experiments and computational models.

Similar to many recent studies [6, 7, 24], only through-the-thickness (i.e.
axial) diffusion of contrast agent was considered in the current study. The
diffusion tensor is, however, known to be anisotropic [13] and this could cause
specific patterns of radial diffusion that cannot be captured using axial models.
The specific patterns of radial diffusion are, however, outside the scope of the

current study.

Finally, the biphasic-solute model presented here could be replaced by a
multi-phasic model to study the diffusion of charged molecules into cartilage.
The experiments need to be performed using both neutral and charged
molecules to enable separation of the effects of electrical charges from those of

other effects. These topics will be addressed in a future study.

In this study, we tried to take advantage of a clinically used radiopaque
molecule, i.e. iodixanol, to facilitating the use of CT technology for monitoring
the diffusion process. In reality, wide ranges of molecules with significantly
different sizes are transported in and out of cartilage through diffusion. Some
of the molecules important for cartilage metabolism such as collagen fragments
generated during enzymatic activity and some therapeutics are small enough to
be comparable to our solute [43, 44]. But many other relevant molecules are
much larger than iodixanol. Since the size of relevant molecules could be very
different and given that diffusion coefficients change with molecule size, no
single molecule could represent the entire range of all relevant molecules.
However, this study shows the difference between the diffusion coefficients of
the different zones within cartilage. Even though the absolute diffusivity values

might be different for different molecules, the main conclusion of the current
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study, i.e. significantly different diffusion coefficients through the cartilage

thickness, is expected to hold regardless of the molecule size.

4.5. CONCLUSIONS

The diffusion of neutral solutes across cartilage was studied using both
experiments and computational models. It was found that one single diffusion
coefficient is not sufficient to describe the diffusion of solutes across cartilage
even when the solutes are uncharged and, thus, not influenced by GAG
content. Computational models with three separate zones corresponding to
superficial, middle, and deep cartilage zones could very well describe the
diffusion of neutral solutes. The diffusion coefficient of the superficial zone
was in all three tested samples at least one order of magnitude larger than that

of the middle zone.
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ABSTRACT

Charged and uncharged solutes penetrate through cartilage to maintain
the metabolic function of chondrocytes and to possibly restore or further
breakdown the cartilage tissue in different stages of osteoarthritis. In this study,
the transport of charged solutes across the various zones of cartilage was
quantified, taken into account the physicochemical interactions between the
solute and the cartilage constituents. A multiphasic finite-bath finite element
(FE) model was developed to simulate equine cartilage diffusion experiments
that used a negatively charged contrast agent (ioxaglate) in combination with
serial micro-computed tomography (micro-CT) to measure the diffusion. By
comparing the FE model with the experimental data both the diffusion
coefficient of ioxaglate and the fixed charge density (FCD) were obtained. In
the multiphasic model, cartilage was divided into multiple (three) zones to help
understand how diffusion coefficient and FCD vary across cartilage thickness.
The direct effects of charged solute-FCD interaction on diffusion were
investigated by comparing the diffusion coefficients derived from the
multiphasic and biphasic-solute models. We found a relationship between the
FCD obtained by the multiphasic model and ioxaglate partitioning obtained
from micro-CT experiments. Using our multi-zone multiphasic model,
diffusion coefficient of the superficial zone was up to ten-fold higher than that
of the middle zone, while the FCD of the middle zone was up to almost two-
fold higher than that of the superficial zone. In conclusion, the developed
finite-bath multiphasic model provides us with a non-destructive method by
which we could obtain both diffusion coefficient and FCD of different
cartilage zones. The outcomes of the current work will also help understand
how charge of the bath affects the diffusion of a charged molecule and also

predict the diffusion behavior of a charged solute across articular cartilage.
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5.1. INTRODUCTION

Extracellular matrix of articular cartilage (AC) is a heterogeneous
material that mainly consists of collagen fibrils, self-assembled aggrecan
molecules that contain negatively charged glycosaminoglycans chains (GAGs),
mobile counter-ions, and interstitial water [1, 2]. Understanding the
interactions of external diffusing solutes with the cartilage matrix particularly
charged solutes can help us better understand the role of GAG loss, damaged
collagen (type II) fiber organization, and alterations of water content as
hallmarks of osteoarthritis (OA) [3]. Two distinct mechanisms contribute to
the diffusion of solutes in cartilage: I) steric hindrance imparted by GAG
chains and collagen fibers and II) electrostatic interactions between FCD of
GAG chains and solute’s charge [1, 4]. Numerous studies have been
investigating the transport of neutral and charged solutes such as drug carriers,
computed tomography (CT) and magnetic resonance imaging (MRI) contrast
agents across normal and osteoarthritic articular cartilage [5-13]. However, the
vast majority of previous works have applied Fickean models to obtain the
diffusion coefficient of cartilage. As described before [14], the use of purely
Fickian models might result in inaccurate diffusion coefficients. In a recent
study, we introduced a biphasic-solute finite-bath finite element model to
establish a platform by which the diffusion coefficients of neutral solutes in
different cartilage zones could be accurately determined (chapter 3) [14]. The
finite-bath model enables us to I) minimize the effect of beam-hardening
artifacts while employing micro-computed tomography technique (micro-CT)
to study the diffusion of CT contrast agents [15, 16] 1I) minimize the required
volume of bath solution IIT) maximize the spatial resolution of CT/MRI [17,
18], and IV) more realistically mimic the physiology of the diarthrodial joints

given the fact that the volume of synovial fluid within the joints is finite.

Different methods were proposed to obtain the FCD of cartilage such as
delayed gadolinium-enhanced MRI (dGEMRIC), nuclear magnetic resonance
(NMR), indentation, conductivity and dimethylmethylene blue (DMMB)
binding assay (destructive) [19-25], although many of them are based on the

ideal Donnan theory that might cause inaccuracies when calculating FCD.
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Recently, a more advanced approach using combination of dGEMRIC and
Monte Catlo simulations was developed to more precisely take the electrostatic
interactions into account [26]. Moreover, accurate FCD calculation using
known GAG content by DMMB binding assay requires accounting for ratio of
Keratin sulfate (KS) to Chondroitin sulfate (CS) in the tissue [25]. Recently,
multiphasic computational models in Abaqus using subroutines have emerged
to study swelling behavior of healthy and OA cartilage [27-29]. Other related
work applied user-developed codes based on multiphasic models to calculate

diffusion coefficient and fixed charge density across cartilage [30].

We aim to introduce a multiphasic finite element model based on finite-
bath model to account for the electrostatic interaction between a charged
solute and the constituents of articular cartilage particularly FCD of GAGs.
We fit the computational data to the contrast-enhanced micro-CT data to
obtain the FCD and diffusion coefficients simultaneously in different zones
within articular cartilage. The outcome of this work enables determination of
FCD and diffusion coefficients non-destructive. Our findings based on the
multiphasic multi-zone model will be compared with those obtained using
biphasic-solute model to thoroughly investigate the effects of solute’s charge

and FCD i.e. electrostatic interactions on the molecular diffusion in cartilage.

5.2. METHODOLOGY
5.2.1. EXPERIMENTS

The design of experiments was described thoroughly in our previous
works [14, 31]. A brief description of the experimental steps is provided in this
study. Toxaglate solutions (1268.9 g/mol, charge=-1, 420 mM, 600 mOsm/kg
H20O, GE Healthcare, The Netherlands) were prepared. Osteochondral plugs
(n=3, cartilage thickness= 2.8 mm, and diameter= 8.5 mm) were extracted out
of two fresh equine femora using a custom-made drill bit. The schematic of the
sample comprising of cartilage, subchondral bone, cork plug, contrast agent

solution, wrapping sleeve is illustrated (Figure 5.1A).
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We used a micro-CT scanner (Quantum FX, Perkin Elmer, USA) to
monitor the transport of ioxaglate across cartilage (ambient temperature = 25
°C). The samples were placed on a holder during scans to minimize possible
movement artifacts. The volume of ioxaglate bath was 650 uL. (equal to 14 mm
bath height) and it was injected on the articular surface of the cartilage
specimens. We acquired images at 17 time points within 48 hours using the
following scan parameters: 180 pwA tube current, 90 kV tube voltage, 2 min
scan time, 40X40%40 pm’ voxel size, and 3600 projections.

The 3D reconstructed images were converted to 2D slices (TIFF format)
using in-built software of the micro-CT machine (Analyze 11.0). We used
image] v 1.47 to select the mid sagittal slice and create regions of interest
(ROI) containing the cartilage according to the previous study (chapters 3) [14,
31]. The average grey values of cartilage at different time points were then

calculated and converted to ioxaglate concentration.
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Contrast agent
solution

)

©

Superficial zone

Wrapping sleeve

—— <— Middle zone

Deep zone

Figure 5.1. Schematic of experimental setup (A), the single-zone (B) and multi-
zone models (C). Single-zone model consists of a finite-bath and a uniform cartilage and

multi-zone model consists of a finite-bath and a cartilage with superficial, middle and deep

zones. Mesh is finer near the interfaces.

5.2.2. COMPUTATIONAL MODEL

Diffusion of charge molecules across cartilage could be described
computationally using multiphasic finite element models [32-36]. The formulas
used below are adopted from the previous work of Gerard Ateshian [34].

Conservation of momentum for the mixture in the absence of external

body forces and in the quasi-static condition is given as:

divT=0 (5.1)
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where T is the Cauchy stress for the mixture. Conservation of mass for
the mixture and for the solute when solid volume fraction is negligible

compared to the solute and solvent content can be given as:

div(v'+w)=0 (5.2
1 D° - .

——(J@"k“c*)+divj” =0 5.3
7 Dt( @ ) +divj (-3)

where V' is the solid velocity and w is the volume flux of solvent relative

to the solid. J=detF, F is the deformation gradient of the solid matrix,
DS(-)/ Dt is the material time derivative in spatial frame following the solid,

j“ 1s the molar flux of the solute @ relative to the solid and @™ the volume

fraction of the solvent. The effective solute concentration (¢“) is given by:

& = [k (5.4)

where ¢® is molar concentration of solute a and K is the partition

coefficient of solute ¢ relative to an ideal solution:

- “ ‘F
K = K—exp (- Y
v RO

) (5.5)

where K is the solubility of solute « in the mixture, y* is the activity

coefficient of solute @, z“ is the charge number of solute C, F is Faraday’s

constant, Y is electric potential, R is universal gas constant and 6 is absolute

temperature.

The volume flux of solvent relative to the solid, W, and the relative

molar flux of solute & , j*, are expressed as:
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. ~p
w=- k.(gradﬁ + RGEK—dﬁ.gradéﬁ) (5.6)
dﬁ
B 70
j*=k“d”.| -¢"gradc” +5w (5.7)
dy
where
- -1
k= k-1+R§E’<j I-d—a (.8)
" T d; d,

wherep is the effective fluid pressure which is the mechanical

contribution of the total mechanochemical pressure (p) and RO (I)Eca is the

a

osmotic contribution of p:
p=p-RODY " (5.9)

where d“ is the diffusivity tensor of solute @in the mixture (solid +

fluid), d'is the isotropic diffusivity of solute in free solution (fluid), k is the
hydraulic permeability tensor of the porous solid to the interstitial fluid

(solvent + solutes), K is the hydraulic permeability tensor of the porous solid

to the interstitial solvent and @ is the osmotic coefficient.

Electroneutrality requires the following relationship to hold:

Yzt =0 (5.10)

a

Multiplying equation 5.3 by z%and using electroneutrality constraint
yields:
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divy zj“ =0 (.11)

In cartilage, due to presence of fixed charges of proteoglycans, fixed

charge density ¢ =2z"c’ is defined. Conservation of fixed charge in the solid

matrix can be expressed as:

c (5.12)

F . . . .
where c. is the fixed charge density in the reference configuration. In

the presence of fixed charge density, the electroneutrality can be expressed as

follows:

¢+ Y 2% =0 (5.13)

Finite element method was used to discretize and solve the

aforementioned equations simultaneously.

5.2.2.1. GEOMETRY

We assumed the diffusion to take place only from the cartilage surface in
the axial direction (chapter 3) [14]. Similar to our previous study, we used both
single-zone and multi-zone models to investigate the axial diffusion from the
finite-bath through cartilage (chapter 3) [14]. Single-zone model assumes that
cartilage is homogeneous across its thickness. Therefore, only one diffusion
coefficient and fixed charge density can be defined (Figure 5.1B). The multi-
zone model (Figure 5.1C) assumes that cartilage properties remain constant
within individual zones but different in each zone. Those differences may
originate from inhomogeneous distribution of glycosaminoglycans, orientation
of collagen (type II) fibers, and water content. The first zone in this model
represents the superficial zone (20% of cartilage thickness), while the second

(50% of cartilage thickness) and third zones (30% of cartilage thickness)
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represent middle and deep zones [37]. Both single- and multi-zone models
used eight-node trilinear hexahedral elements for mesh generation, which was

refined near the boundaries (Figure 5.1B and C).

5.2.2.2.  MECHANICAL AND PHYSICAL PROPERTIES OF
CARTILAGE AND BATH

We modeled the cartilage as a neo-Hookean material with a Young’s
modulus of 10 MPa, Poisson’s ratio of 0, hydraulic permeability of 107
mm®/Ns, and effective solute solubility of 1 (chapter 3) [14]. We examined the
effect of hydraulic permeability and Poisson’s ratio on the concentration-time
curves and found negligible impact when they were changed within their
expected ranges. The Young’s modulus was chosen high enough to resist the
osmotic pressure which in agreement with the experiments, large deformations
could be prevented. We used a viscosity-dependent relationship to estimate the
diffusion coefficient of ioxaglate in the bath considering actual diffusion
coefficient of iodixanol [38]. Cartilage water content was assumed to be 0.8
throughout the cartilage thickness in the single-zone model [14, 31, 39, 40]. In
the multi-zone model, however, it was assumed to gradually decrease from 0.8
in the superficial zone to 0.7 in the middle zone and finally to 0.6 in the deep
zone [37, 41, 42]. We considered a wide range of possible FCD (0-350 mEq/1)
across cartilage [11, 43, 44].

5.2.2.3. INITIAL AND BOUNDARY CONDITIONS

The following steps were prescribed to define FCD, initial, and boundary

conditions:

Step 1, Steady-state: we used the same effective fluid pressures and
concentrations inside and outside cartilage while rising FCD to the desired

value. This allowed equilibrium free swelling of the cartilage and bath.

Step 2, Transient: to set the concentration in the bath, we linearly
increased the solute concentrations and effective fluid pressures at the bath

boundaries to the desired level. The diffusion coefficient of the solute in the
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bath was chosen to be high enough to maintain the bath well-stirred to enable
assigning a single concentration throughout the bath. Time at which the solute
was added and diffusion coefficient of the solute in the bath were considered
as two factors with which we minimized solute diffusion in the cartilage. This

would help to converge the problem.

Step 3, Transient: we removed the prescribed solute concentrations and
effective fluid pressures at the bath boundary and reverted the diffusion

coefficient of the solute in the bath to its actual value.

There is one more level of complexity that needs to be addressed: In the
step 3, once we remove all the boundary conditions for the solute
concentrations, there will no longer be any electrical grounding of the mixture.
This means that the electric potential can float and the analysis will either
converge very slowly or fail to converge. To resolve this problem, we needed
to add two other monovalent counter-ions to the bath and tissue. Since the
concentration of monovalent counter-ions does not interfere with the
diffusion of other solutes, we set their concentrations to some arbitrary values
(e.g. 1 mM) both as initial conditions and as boundary conditions at the bath
boundary. The precise value of the monovalent concentrations does not matter
as long as it does not significantly affect the osmotic pressure of the analysis.
To maintain realistic deformation one needs to choose sufficiently high

Young’s modulus to overcome the effect of generated osmotic pressure in the
bath. Ambient fluid pressure and temperature were considered p=101kPa

and 0 =298 K, respectively.

5.2.2.4. FITTING METHOD

We developed a MATLAB (2013b, TU Delft, Delft, The Netherlands)
code to automatically perform simulations in FEBio in wide range of FCDs
and diffusion coefficients for all cartilage zones, to plot the concentration-time
curves and find the minimum root mean square error (RMSE) between

experimental and computational values of concentration at all time points.
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5.3. RESULTS
5.3.1. EXPERIMENTS

Diffusion rate was highest in the early time points followed by a gradual
decrease until the near-equilibrium ioxaglate concentration (Figure 5.2A). The
near-equilibrium ioxaglate concentration for these samples was reached after
24 hours and was 23.31+4.66 % of the initial average bath concentration
(Figure 5.2A).

5.3.2. COMPUTATIONAL MODEL
5.3.2.1. SINGLE-ZONE MODEL

To account for the effects of charged solute in the bath and FCD of
cartilage and their interactions we have compared the results obtained by
biphasic-solute (solid/fluid) and multiphasic model (solid/fluid/chatrge). We
obtained the diffusion coefficients using both a biphasic-solute model and a
multiphasic model while also calculating the FCDs in the latter case (Figure
5.2A and 5.3A).
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Figure 5.2. Plots of normalized ioxaglate concentration (% initial bath

concentration) measured from the micro-CT data versus time (experiment: symbol, FE

model: dotted line) (A) and root mean square error (RMSE) versus diffusion coefficient

(B) in samples 1-3 using single-zone biphasic-solute model.
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square error (RMSE) versus diffusion coefficient and FCD (B) in samples 1-3 using single-
zone multiphasic model.
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RMSE was used to ensure the models fit to the experimental data
(Figure 5.2B and 5.3B). The entire solution process is provided as a flowchart
(Figure 5.4). The diffusion coefficients and R* obtained for both biphasic-
solute and multiphasic models were quite similar while the results of multi-

phasic model were slightly more accurate than those of biphasic-solute model

(Table 5.1A).

Steady state:
Apply fixed charge density

v
Transient:
i‘:}?iﬁ‘(’;;ﬁi‘::‘;‘;‘t‘:' Step2 | Make bath well-stirred, then set the
concentration of the bath
A v x
Transient:
Revert diffusion coefficient of

Step 1

Compare computational
and experimental data

Step 3 .
well-stirred bath to the actual
diffusion coefficient
Single-zone Multi-zone
model model

iV \ 4

RN Estimate diffusion coefficient
i fusion and FCD of the superficial —}
coefficient and FCD Zone up S

¥

Determine diffusion
End coefficient and FCD of all —
zones

Y

Figure 5.4. Matlab-FEBio interface to solve the multiphasic finite element model

of a finite-bath.
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Table 5.1. Root mean square error (RMSE) and R? for single-zone biphasic-solute

and multiphasic models (A). Diffusion coefficients for single-zone biphasic-solute and

multiphasic models and FCD for single-zone multiphasic model are presented (B).

GV
Fittine d Biphasic-solute Multiphasic
1ttt t
fg data model model
R2 0.98 0.98
Sample 1
RMSE 0.0091 0.0089
R2 0.94 0.95
Sample 2
RMSE 0.0207 0.0203
R2 0.92 0.93
Sample 3
RMSE 0.032 0.0308
B) Fitting Diffusion Fixed charged
data coefficient (um?/s)  density (mEq/L)
Biphasic solute
1.6 -
Sample model
1
Multiphasic model 1.6 -125
Biphasic solute
2.3 -
Sample model
2
Multiphasic model 2.1 -65
Biphasic solute
4.7 -
Sample model
3
Multiphasic model 4.6 -80
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5.3.2.2. MULTI-ZONE MODEL

The multi-zone biphasic model was capable of capturing the trends of
experimental data for all samples (Figure 5.5).
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Figure 5.5. Plots of normalized ioxaglate concentration based on the initial bath

concentration versus time using multi-zone biphasic-solute model (experiment: symbol,
FE model: dotted line).

The optimization algorithm of the multiphasic model requires to
consider several parameters ie. diffusion coefficients and FCDs of the
superficial, middle and deep zones which makes the entire process
computationally expensive. Therefore, we first estimated the diffusion
coefficient and FCD of the superficial zone by minimizing RMSE (Figure
5.6A). This was done in such a way that changing diffusion coefficient and
FCD of the middle and deep zones did not affect the curve trend before ~3 h
(Figure 5.6A). Using the estimated diffusion coefficient and FCD in the
superficial zone, we continued the simulation until we reached the minimum
RMSE to obtain the diffusion coefficients and FCDs for the cartilage zones
(Figure 5.6B). RMSE and R2 for both biphasic-solute and multiphasic models
confirmed robust results (Table 5.2A). Larger differences between the
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diffusion coefficients obtained from biphasic-solute and multiphasic models

were observed in the middle zone than in the superficial zone (Table 5.2B).
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Figure 5.6. Plot of root mean square error (RMSE) against the diffusion
coefficient and FCD until ~3 hrs (A) and curve-fitting using multi-zone multiphasic model
(experiment: symbol, FE model: dotted line) (B).

114



Chapter 5

0¥10°0 0S10°0 dSINY

¢ ordureg
860 860 -
12000 6L00°0 HSINY
7 o[dwreg
13 660 -
6¥00°0 ¥900°0 HSINY
1 oidwreg
660 660 d
[opows orseydnniy [opows onjos orseydrg  eIep SUMIL]
(V)

‘() paruoasaxd ore [opowr
orseydnnw ouozZ-pMUW J0J 2UOZ YOEd JO (D PUE 2UO0Z Yoo JOJ sppouwr drseydnnuw
pue omjos-orseydiq ouoz-pW FOJ SIUIPYI0d worsnyyi(q (Y) SEpow orseydnmu
pue sinjos-orseyydiq ouoz-nnw 103 Y pue (FSINY) F0330 oxenbs ueow 100y ‘7'G d[qe],

115



Chapter 5

"ou0Z 93e[nIed

doop o Jo Arsuop paSreyd poxy PUE JUDDPJO0D UOISNIIIP Y SUIWIAIIP SN I[qeUd 01 2u0z d3e[nIred doop o jo

A1sUop paSreyd PIxI PUE JUDFJO0D TOISNIJIP 913 0F YSNOUD JANISUIS 10U FOM SIN[EA TONENTIOUO0D IFLIAL YT, 4

2azyIsUISUT 091- 08- azjIsUISUT 'l 'L [epouw orseydnnyy
¢ ordureg
- - - azjIsUISUT S6°0 'L [opouwr anjos-orseydrgg
arjrsuasu| 01¢- Sll- s uISUf ¥°0 'y Ppow dseydnmpy
¢ o1dureg
- - - azjIsUISUT S1°0 ¢ [epouwr anjos-orseydrgg
aasyrsuasuy 0Sc- 0g1- aarysuasu] 70 SL1 Ppow diseydnnyy
1 ordwreg
- - - wALISUISUT S1°0 6’1 [epouwr anjos-orseydrgg
dnc and »\%N:NQU i [pifiadng and 2 a %EEQ [rifiadng a
uonIpuo))

(1/bgwy) frsuop paSreyd paxy]

(s /zw) 1uadPF000 TOTSNIFIY

(@

116



Chapter 5

The ratios of the diffusion coefficient in the superficial to that of the
middle zone were more consistent using multiphasic model i.e. 8.25+1.89 as
compared to those obtained using the biphasic-solute model, i.e. 14.39% 7.90
(Table 5.3). Furthermore, the ratio of FCDs of the middle zone to the FCDs
of the superficial zone was 1.9£0.09 (Table 5.3).

Table 5.3. The ratio of diffusion coefficient of superficial zone to middle zone
(Dsuperficial/ Duiddie) and  the ratio of FCD of middle zone to the supetficial zone
(FCDwiddie/ FCDsuperficial).-

Dsuperficat/ Distiaae - FCDstiaare/ FCD s porfcial

Biphasic-solute

12.7 -
Sample model
1
Multiphasic model 8 1.9
Biphasic-solute
23 -
Sample model
2
Multiphasic model 10.25 1.82
Biphasic-solute
7.47 -
Sample model
3
Multiphasic model 6.5 2

Equilibrium partitioning of ioxaglate clearly illustrated the FCD
difference between three samples (Figure 5.7A). There was an inverse
relationship between the concentration of ioxaglate and FCD in the superficial

zone and in the middle zone (Figure 5.7B).
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Figure 5.7. Near-equilibrium partitioning of ioxaglate in samples 1-3 where the
color bar represents the ioxaglate partitioning across cartilage samples (A) and strong
relationship between near-equilibrium ioxaglate concentration in the superficial and

middle zones and FCD calculated using multi-zone multiphasic model.

5.3.2.3. PARAMETRIC STUDY

We investigated the direct effects of FCD on the concentration-time
curve by comparing the outputs of the multiphasic model that did or did not
consider FCD, i.e. FCD=0 (Figure 5.8A-C). In all samples, concentration-time
curves obtained from the multiphasic model that considered FCD were below
those obtained from the multiphasic model that did not consider FCD. We
investigated the direct effect of bath ionic strength on the concentration-time
curve by comparing concentration-time curves obtained from the biphasic-
solute model and multiphasic model that did not consider FCD (Figure 5.8A-
C). The curves obtained using the biphasic-solute model were below those
obtained from multiphasic model that did not consider FCD. The synergistic
effect of bath ionic strength and FCD in cartilage can be observed by
comparing the concentration-time curves of the biphasic-solute model with
that of the multiphasic model that considered FCD (Figure 5.8A-C).
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Figure 5.8. Comparing fit obtained using multi-zone multiphasic model, multi-
zone multiphasic model without considering FCD (FCD=0) and multi-zone biphasic-
solute model for samples 1-3 to clucidate the effects of FCD and bath ionic strength
(experiment: symbol, FE model: dotted line).

5.4. DISCUSSION

Both single-zone biphasic-solute and multiphasic models could capture
the experimental curves (Figure 5.2A and 5.3A; Table 5.1A). However, curve
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trends could not be fully predicted by both single-zone models (Figure 5.2A
and 5.3A). The multi-zone biphasic and multiphasic models produced excellent
fit over the experimental curves (Figure 5.5 and 5.6B; Table 5.2A). The
rationale behind can be sought through variation in cartilage properties such as
water content, FCD and orientation of collagen fibers across its thickness [14,
31].

In the single-zone model, quite similar diffusion coefficients between
biphasic and multiphasic models were observed (Table 5.1B). Multi-zone
model resulted in more distinct diffusion coefficients between biphasic-solute
and multiphasic models in the middle zone (Table 5.2B). Small differences
between the diffusion coefficients of the superficial zone calculated with
biphasic-solute and multiphasic models may be due to the fact that movement
of negatively charged solutes from the bath to the cartilage (self-repulsion)
counterbalances the repulsion force between the negatively charged solute and
negative fixed charges of cartilage in this zone. Nevertheless, in the biphasic-
solute model, likely due to neglecting the interaction between charged bath and
fixed charges in the middle zone, the difference between the diffusion
coefficients of multiphasic and biphasic-solute model are more pronounced.
These messages imply that efficient delivery of charged therapeutics relies on
both sufficient charge density as well as taking the role of higher FCD in the
middle and deep zones into account e.g. intra-articular injection systems. This
corroborates the strategy that was previously suggested to enhance penetration
depth and retention of pharmaceutics by using a positively charged carrier
(Avidin) across cartilage [12, 13]. Although determination of diffusion
coefficient and FCD in the deep zone for these samples (Figure 5.7A) is
infeasible due to little diffusion in this zone, previous data shows that the FCD
of the deep zone of equine cartilage remains similar to that of the middle zone
[44]. Consistent diffusion coefficient ratios (Dg,erca/ Dyiaar) May be linked to
the more realistic diffusion coefficients predicted by the multiphasic model as
compared to the biphasic-solute model. Our findings show that the ratio of
FCD of the middle to that of the superficial zone was found to be almost 1.9
(Table 5.3). This is consistent with the reported ratio of FCD (correlated with
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GAG) in the middle zone to that of the superficial zone [44]. Partition of a
negatively charged solute such as ioxaglate is inversely related to FCD [8].
ioxaglate partitioning in sample 3 implicitly indicates that FCD in this sample
should be lower than the other two samples (Figure 5.7A). This is in agreement
with FCD values reported (Table 5.2B). Due to proximity of equilibrium
partitioning of ioxaglate in samples 1 and 2 it is difficult to draw a conclusion
in terms of their FCDs (Figure 5.7A and Table 5.2B), yet, a linear relationship
between ioxaglate equilibrium concentration and FCD (Figure 5.7B) exists in

the superficial and middle zones of all samples.

According to Figure 5.8A-C, diffusion curve of biphasic-solute model
always stayed below the diffusion curve of the multiphasic model that did not
consider FCD. This comparison shows that the diffusion of negatively charged
solutes can be amplified via downward repulsion forces within the overlaying
baths that direct the solutes toward bath-cartilage interface. Comparing the
diffusion curves between the multiphasic models that did and did not consider
FCD suggests that FCD can significantly hinder the penetration of negatively
charged ioxaglate through cartilage. These conclusions might help design
efficient OA treatment strategies by considering e.g. therapeutics’ charge and
injection volume as well as GAG content of cartilage. In addition, our findings
might open windows toward better understanding of OA (e.g. GAG loss)

through interactions between charged solute and cartilage matrix.

The multi-zone multiphasic model could very well capture the diffusion
of a relatively small charged molecule through articular cartilage. However,
steric hindrance due to uneven distribution of collagen fibers and their
interaction especially with larger solutes such as therapeutically relevant solutes
cannot be yet described using the existing model and therefore requires further
research. In order to determine the diffusion coefficient and FCD of deep
zone of cartilage using the developed multiphasic model we offer some
solutions: thinner samples, prolonged experimental time as well as using
positively charged solute in the bath such as CA4+ [16]. Moreover, diffusion is
an anisotropic tensor. Performing experiments involving radial diffusion might

therefore add further information in terms of spatial distribution of cartilage
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components. The solution containing ioxaglate used in our experiment was a
hypetr-osmolal solution (600 mOsm/kg H20) and its effect was not assessed in

the current work, however, this will be addressed in our future studies.

In summary, multiphasic model enabled obtaining both FCD and
diffusion coefficients in the different zones of equine cartilage in a finite-bath
model of diffusion in a non-destructive way while considering the negative
charges imparted by both keratin sulfate and chondroitin sulfate. The
equilibrium partitioning of ioxaglate was shown to correlate with the FCD
obtained using our multiphasic model. The findings of this work suggest that
diffusion coefficient of the superficial zone can be up to 10 times higher than
that of the middle zone and that FCD can be up to two times higher in the

middle zone as compared to the superficial zone.
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Chapter 6

ABSTRACT

Transport of solutes helps to regulate normal physiology and proper
function of cartilage in diarthrodial joints. Multiple studies have shown the
effects of characteristic parameters such as concentration of proteoglycans
and collagens and the orientation of collagen fibrils on the diffusion
process. However, not much quantitative information and accurate models
are available to help understand how the characteristics of the fluid
surrounding articular cartilage influence the diffusion process. In this
study, we used a combination of micro-computed tomography experiments
and biphasic-solute finite element models to study the effects of three
parameters of the overlying bath on the diffusion of neutral solutes across
cartilage zones. Those parameters include bath size, degree of stirring of
the bath, and the size and concentration of the stagnant layer that forms at
the interface of cartilage and bath. Parametric studies determined the
minimum of the finite bath size for which the diffusion behavior reduces
to that of an infinite bath. Stirring of the bath proved to remarkably
influence neutral solute transport across cartilage zones. The well-stirred
condition was achieved only when the ratio of the diffusivity of bath to
that of cartilage was greater than =1000. While the thickness of the
stagnant layer at the cartilage-bath interface did not significantly influence
the diffusion behavior, increase in its concentration substantially elevated
solute concentration in cartilage. Sufficient stirring attenuated the effects
of the stagnant layer. Our findings could be used for efficient design of
experimental protocols aimed at understanding the transport of molecules

across articular cartilage.

128



Chapter 6

6.1. INTRODUCTION

Synovial joints provide an excellent enclosed environment where
exchange of macromolecules, small ions and solutes as well as oxygen
between articular cartilage, synovium and subchondral bone can efficiently
take place [1-3]. Delivery of therapeutic agents and solutes to articular
cartilage and understanding of pathophysiology of the diseased synovial
joints rely on various parameters including volume, viscosity and
movement of the synovial fluid as well as the status of healthiness of
articular cartilage [4-7]. Active mechanical loading of joints increases the
transport of molecules by providing well-mixed synovial fluid and
convection [8, 9]. Recently, efficient design of large cartilage constructs
was accomplished by providing sufficient nutrient supply as well as
enhancement of mechanical stirring in the medium [10, 11]. The micro-
structure of articular cartilage including orientation and concentration of
essential macromolecules namely collagen type II and proteoglycans across
its thickness affects solute transport remarkably [7, 12-14]. Therefore, past
experimental and computational efforts focusing on the diffusion across
cartilage have acknowledged the inhomogeneity of cartilage and
implemented it [12, 13]. However, the diffusion phenomena are not only
linked with the conditions of articular cartilage but also with the
characteristics of the overlying bath, which continuously supplies solutes
to articular cartilage [15].

Several studies have tried to use well-stirred infinite baths of solutes
for experiments aimed at understanding the diffusion behavior of cartilage
[16, 17]. That is because application of the well-stirred finite bath boundary
conditions simplifies the theoretical models that are needed for
interpretation of the obtained data. However, creating infinite baths for the
diffusion experiments involving contrast enhanced micro-computed
tomography (micro-CT) may require large volumes of contrast agent
solution that the x-ray beam has to penetrate through. That adversely
affects the accuracy of the micro-CT readings due to the beam hardening
effect particularly when using concentrated contrast agent solutions.
Therefore, the concept of finite baths of contrast agents have been recently
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introduced and computationally implemented to study the diffusion of
neutral and charged solutes across articular cartilage [7, 12, 13]. The
boundary between finite and infinite bath is, however, not clear and the
errors introduced by assuming infinite bath conditions when the bath is
finite have not been quantified before.

The assumption of a well-stirred bath is also difficult to realize in
actual experiments, because that requires continuous stirring of the
contrast agent solution inside the micro-CT chamber, which is not
performed in the vast majority of the experiments performed to date. It is
therefore important to understand how deviations from this assumption
could influence interpretation of the experimental data. Finally, a stagnant
layer forms at the interface of solid-liquid systems including the bath-
cartilage interface in diffusion experiments. This stagnant layer has been
studied analytically and is shown to change the diffusion characteristics
[15, 18]. Nevertheless, most studies ignore the stagnant layer when
interpreting the results of diffusion experiments.

In this study, we consider the three above-mentioned bath attributes,
namely size of the bath, the stirring condition of the bath, and the
proprieties of the stagnant layer, and quantify their effect on the
computational results of models describing solute transport across articular
cartilage. Towards that end, we use a combination of micro-CT
experimental data and multi-zone computational biphasic-solute models.
Our findings are expected to enhance the understanding of solute
transport across cartilage under various boundary conditions and provide a
platform to more robustly design diffusion experiments.
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6.2. METHODOLOGY
6.2.1. EXPERIMENTS

The experimental setup has been described in our previous study
(chapter 5) [7]. Briefly, cylindrical osteochondral plugs (n=3, diameter=8.5
mm) were extracted from fresh femora’s of 6-10 year-old horses post
euthanasia. Finite volumes (650 uL) of a neutral contrast agent (iodixanol,
MW=1560 g/mol, 420 mM) with osmolalities of 290 mOsm/kg water and
600 mOsm/kg water were injected on top of the cartilage surface, while
iodixanol diffusion from lateral direction was restricted by wrapping the
sample using heat-shrinking plastic sleeve. Temporal diffusion of iodixanol
(up to 48 hours) was then monitored using a micro-CT machine (Quantum
FX, Perkin elmer, USA, 40x40x40 pm’ voxel size, scan time of 2 min,
tube voltage of 90 kV and tube current of 180 pA) in a field of view
consisting of bath, cartilage and subchondral bone. The grey values in the
bath and cartilage were then converted to iodixanol concentration using a
linear function presented previously [7, 13]. Post-injection of iodixanol on
cartilage surface, thickness and concentration of stagnant layer forming at
the cartilage-bath boundary as well as overlying homogeneous layer of the
bath were measured (image] v1.47) and fed to the computational model
(Figure 6.1A).

6.2.2. FINITE ELEMENT MODELING

Biphasic-solute models can accurately describe the transport of
neutral solutes across articular cartilage [19] and can describe complex
boundary conditions such as non-well stirred bath as well as solute
transport across inhomogeneous tissues. The constitutive equations of
biphasic-solute model implemented in FEBio 2.4.1 have been presented

extensively [19].
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6.2.2.1. GEOMETRY AND BOUNDARY CONDITIONS

The entire height of the bath was 14 mm and the thickness of
cartilage was 2.7 mm (Figure 6.1B) where the cartilage layer was, split into
three different homogeneous zones i.e. superficial (20% of cartilage
thickness), middle (50% of cartilage thickness) and deep (30% of cartilage
thickness) [14] zones to account for the inhomogeneity of cartilage across
its thickness [13]. We used a mesh consisting of eight-node trilinear
hexahedral elements, that was further refined near the interfaces.

B)

Superficial zone

Todixanol bath Middle zone

Deep zone
@)

©)

o |
~

Figure 6.1. (A) lodixanol finite bath including the stagnant layer, articular
cartilage and subchondral bone are shown (B) Finite element model consisting of
finite bath, superficial, middle and deep zones of articular cartilage (C) Finite element

model including the stagnant layer.

We applied the no-flux boundary condition at the cartilage-bone
interface and insulated the other faces of cartilage and bath to enable

studying axial solute diffusion.
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6.2.2.2. PHYSICAL AND MECHANICAL PROPERTIES

Both bath and cartilage were modeled as neo-Hookean materials with
a Young’s modulus of 10 MPa, hydraulic permeability of 10” mm®*/Ns and
effective solute solubility of 1 according to our previous studies [12, 13].
The water content of each cartilage zone varied from 80% in the
superficial zone and 70% in the middle zone to 60% in the deep zone [14].
The stagnant layer was tied to the overlying bath while it maintained
contact with the underlying cartilage (Figure 6.1C). A prescribed
displacement of 0.001 mm was used to ensure the stability of contact
between boundaries.

6.2.2.3. PARAMETRIC STUDY

In our previous study, we fitted biphasic-solute model to
experimental concentration versus time data to obtain the diffusivity of
cartilage zones [13]. Based on those results, we performed parametric
studies to investigate the effects of bath size, bath stirring and stagnant
layer on the diffusion behavior. To study the effect of bath size with
identical solute concentrations on diffusion, different length ratios of bath
to cartilage were used which spanned from 1 to 100 while cartilage
thickness was maintained constant at 2.7 mm, reflecting the actual
experiment design. Effect of bath stirring was investigated by step-wise
increase of solute diffusivity in the bath relative to superficial zone of
cartilage (diffusivity ratio varying from 10 to 10000) until fully well-stirred
condition is satisfied. Increase in diffusivity ratio is equivalent to higher
bath stirring while decrease in it could make the bath deviate from the
conventional well-stirred assumption. To assess the effects of thickness
and concentration of possible stagnant layer formed at the cartilage-bath
interface, computational models with different thicknesses and
concentrations of the stagnant layer were built to perform a parametric
study whose parameter ranges were based on the actual initial
concentration and thickness of the stagnant layer observed during our
experiments in six different conditions [7, 13].
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6.3. RESULTS
6.3.1. EFFECT OF BATH SIZE (PARAMETER %)

Based on the previous studies [7, 13] experimental concentration
versus time for one sample is illustrated (Figure 6.2A) to provide a better
understanding of the influence of bath size on diffusion behavior across
articular cartilage. Concentrations versus time curves were plotted in
different length ratios of bath to cartilage (&) ranging from 1 to 100,

which covers a wide spectrum from a small finite bath to an infinite bath.
Increase in bath size showed increase in the predicted concentrations up to
48 hours (Figure 6.2A). Ratios greater than 5.18 (previous experimental
setup) resulted in root mean square error (RMSE) of 2e-6 and R of 1
compared to length ratio of 10, yet, the solutions for length ratios above 10
converged to diffusion behavior corresponding to infinite baths
(RMSE=2¢-7 and R’=1). RMSE values between solution at each length
ratio and length ratio of 10 (infinite bath) indicate that length ratio of 5.18
(previous experimental setup) behaves the same as infinite bath (Table 6.1).
To examine the effect of bath size on diffusion in different cartilage layers,
we plotted the concentration versus time curves at a distance of 0.4 mm,
0.74 mm and 1.46 mm from the cartilage surface in an extended time
period of 96 hours for length ratios 1 and 5.18 (equivalent to infinite bath).
We observed lower concentration values in different cartilage zones
corresponding to length ratio 1 compared to those corresponding to length
ratio 5.18 at different time points including final time point (Figure 6.2B).
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Figure 6.2. (A) Effect of length ratio of bath to cartilage (@) on
concentration vs. time curves (B) Effect of length ratio of bath to cartilage (&) on
zonal concentration vs. time curves at 0.4, 0.74 and 1.46 mm distance from the

cartilage surface.

Table 6.1. RMSE to compare the concentration vs. time curves of different
bath sizes with concentration vs. time curve of an infinite bath (a =10).

Length ratio of bath to

cartilage (a ) RMSE
1.00 0.022192
1.25 0.011623
1.67 0.004247
2.50 0.000592
5.18 0.000002

135



Chapter 6

0.3.2 EFFECT OF STIRRING (PARAMETER’B )

A wide range of diffusivity ratios of bath to cartilage () from 10 to
10000 including the actual experimental setup (f=33.33) were used.
RMSE and R2 between concentration versus time curves of diffusivity
ratio of 1000 and 10000 were 0.00018 and 1. Greater than 1000-fold
diffusivity ratio resulted in fully stirred bath condition (Figure 6.3A) and

the degree of stirring strongly influenced the concentration versus time
curves (Table 6.2).

(98]
S

= —6=10 i
AL ---3=33.33 (actual)
o — =100

— (=200
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—(=1000
---3=10000

¢ Experiment
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)

Norm. Concen. (%bath)
=
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Figure 6.3. (A) Effect of bath stirring (ﬁ) on concentration vs. time curves.
Note that the cutves of ﬁ =1000 and ﬁ =10000 are almost overlapping (B) Effect of

bath stirring (f8) on zonal concentration vs. time curves at 0.4, 0.74 and 1.46 mm

distance from the cartilage surface.
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Concentration versus time curves for different cartilage layers at 0.4,
0.74 and 1.46 mm distance from cartilage surface explicitly demonstrate
that more stirred bath generates higher concentration values in different
time points across cartilage (Figure 6.3B).

Table 6.2. RMSE to compare the concentration vs. time of different degrees
of stirring with curve-fitted concentration vs. time (actual bath diffusivity).

Stirring degree (3) RMSE

10 0.0228
100 0.0078
200 0.0152
500 0.0229
1000 0.0265

10000 0.0304

6.3.3 EFFECT OF STAGNANT LAYER (PARAMETER /)

The micro-CT observations on diffusion of iodixanol within the bath
in six cases (chapter 3 and 5) [7, 13] showed that the thickness of stagnant
layer varied from 1.6 to 2 mm and the concentration ratio of stagnant layer
to overlying bath (y)varied from 1.1 to 1.15 (iodixanol injection). To
perform the parametric study, the maximum thickness of 2 mm and
maximum concentration ratio of 1.15 were used and compared with the
cases where stagnant layer was not considered (curve-fitting situation).
Considering y values of 1.5 and 2 completed the parametric study. As y
increased, the level of the concentration versus time cutrves increased
(Figure 6.4A), while no considerable changes were observed when
comparing curve fitted data without considering stagnant layer and the
concentration versus time data with maximum realistic concentration ratio

of y=1.15 and stagnant layer thickness of 2 mm (Table 6.3).
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Figure 6.4. (A) Effect of concentration ratio of stagnant layer to ovetlying
bath (y) on concentration vs. time curves where y =1.15 corresponds to maximum

realistic concentration ratio of stagnant layer to overlying bath. (B) Effect of stirring

() with or without stagnant layer on concentration vs. time curves.

Table 6.3. RMSE to compare the concentration vs. time of different
concentration ratios of stagnant layer to overlying bath with the concentration vs.

time of the case with no stagnant layer.

Concentration ratio of stagnant layer

to overlying bath (5) RMSE
1.15 0.0018
1.50 0.0250
2.00 0.0300

Given the stagnant layer with a thickness of 2 mm and 7 =1.15,
stirring  strongly affected its stability and diminished the effect of
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formation of the stagnant layer on the diffusion behavior (Figure 6.4B and

Table 6.4). Changing the thickness of stagnant layer from 2 mm to 3 mm
while keeping 8 and yat 5.18 and 1.15 respectively did not affect the total

concentration versus time curves (Figure 6.5A) nor the zonal ones (Figure

6.5B).

Table 6.4. RMSE to compare the concentration vs. time of different degrees

Chapter 6

of stirring (if y =1.15) with the case with no stagnant layer.

Stirring effect on stagnant layer

_ RMSE
(B) (f y=1.15)
10 0.003818
33.33 0.001835
1000 0.000063
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Figure 6.5. (A) Effect of stagnation thickness on concentration vs. time

curves (if y=1.15) (B) Effect of stagnation thickness on zonal concentration vs.

time curves (if y=1.15) at 0.4, 0.74 and 1.46 mm distance from the cartilage

surface.
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6.4. DISCUSSION

The primary objective of this research was to develop a parametric
computational study based on experimental micro-CT observations to
investigate the effects of bath size, bath stirring and stagnant layer
formation on the diffusion of neutral solutes across articular cartilage. Our
results of bath size effect revealed that too low length ratio of bath to
cartilage may lead to insufficient penetration of solutes and thereby
reduced equilibrium concentration. Furthermore, increase of bath size up
to a convergence value seems to be necessary to ensure of sufficient supply
of solute into the cartilage. Comparing the computational fit to the
experimental concentration versus time curves (ratio of 5.18) with the
curves corresponding to higher ratios showed that minimum approximate
ratio of 5 can ensure of infinite diffusion behavior (Figure 6.2A and Table
6.1). This highlights the importance of considering the minimum solute
required to reach equilibrium prior to designing the experiments.
Appropriate selection of bath size, therefore, guarantees optimal required
amount of solute as well as volume of the bath, which in case of micro-CT
experiments can be of paramount significance chiefly due to possible
effects of beam hardening [20] in large baths of contrast agent. The
optimal ratio presented here may vary slightly depending on the
concentration (compactness) of collagen and GAG, orientation of collagen
fibrils and water content, which affect the solute partitioning [21].

The degree of stirring as well as formation of stagnant layer at bath-
cartilage interface play roles in determining the maximum rate at which
solute can be transported to the tissue, thereby became the second and
third factors considered in this research.

In our study, we investigated the stirring effect by changing the
diffusivity ratio of bath to the curve fitted diffusivity of the cartilage
superficial layer. Increasing the diffusivity of the bath relative to cartilage
simulates different degrees of stirring without including the additional
convection effects (vortex generation) commonly generated by mechanical
stirrers. We observed that, as expected, stirring could substantially facilitate
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the transport of neutral solute across cartilage. Above 1000-factor higher
diffusivity in the bath than in cartilage potentially makes the assumption of
well-stirred condition legitimate (Figure 6.3A). The zonal influence of
stirring on diffusion decreased from the surface to the bottom of cartilage
suggesting that solute transfer can be more effectively augmented in the
superficial and middle zones (Figure 6.3B). Increasing the stirring lowers
the mass transfer resistance in the bath, therefore allowing more solutes to
penetrate into the superficial zone, although lower diffusivity of deeper
layers dampens lowered mass transfer resistance in the bath side.
Therefore, one may apply other approaches e.g. using positively charged
solutes to target the deeper cartilage zones rather than inducing stirring
mechanically, although surface of cartilage may be more easily accessible to
the solutes post-stirring.

Based on the experimental observations, the typical concentration
and thickness of stagnant layer on the cartilage-bath interface were
obtained and applied to conduct parametric study. We showed that failure
to consider the exact concentration of stagnant layer only causes small
errors in tracking the concentration versus time curves as compared to the
actual experimental situation (our experimental observations) (Figure
6.4A). However, care should be taken when the stagnant layer
concentration lies highly above that of the overlying bath (Figure 6.4A),
which might be the case in other experiments and may cause large
deviations in e.g. estimation of equilibrium concentration. We also showed
that when realistic concentration ratio of stagnant layer to the overlying
bath is used, at high stirring rates, the role of the stagnant layer becomes
minimal (Figure 6.4B). This can be explained in the way that high stirring
power more easily dissipates the formed boundary layer at the cartilage-
bath interface and therefore homogenizes the bath and minimizes the
effect of stagnant layer. Finally, our findings support that the thickness of
the stagnant layer has little effect on the concentration versus time curves
with lowest effect on the equilibrium concentration (Figure 6.5). This
infers that formation of stagnant layer as long as it does not cause large
concentration gradients within the bath, does not affect the diffusion
attributes of neutral solutes although this may be different for charged
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solutes [12] due to their repulsive-driven diffusion that may even facilitate
the transport into cartilage. Surface chemistry of articular cartilage, as the
substrate changes the solute-substrate interactions which affects the rate of
solute adsorption and possibly the stability and formation of stagnant
layers [22]. Moreover, the size of the solutes and the viscosity of the
solution influence the diffusivity within the bath that can affect the size of
unstirred layer at the interfaces [18].

This study is associated with some limitations with respect to
experiments and computations. The presented study strived to provide a
realistic approach on diffusion problems. However, minor assumptions
such as considering uniform stagnant layer in the biphasic-solute model
were made. The findings of the study may be extended in the future works
to investigating the effects of bath size, stirring and stagnant layer
formation on charged solutes.

6.5. CONCLUSIONS

The presented study provided an opportunity to study the effects of
bath size, degree of bath stirring and stagnant layer on the diffusion of a
neutral solute with the aid of multi-zone finite element modeling. Degree
of stirring and size of the bath as well as concentration of the stagnant
layer relative to overlying bath concentration were identified as the
dominant factors affecting neutral solute transport across articular
cartilage. The findings of this study may be used in robust design of
diffusion experiments particularly when cartilage as the tissue type is used.
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Chapter 7

ABSTRACT

Cross-talk of subchondral bone and articular cartilage could be
an important aspect in the etiology of osteoarthritis. Previous research
has provided some evidence of transport of small molecules (~370
Da) through the calcified cartilage and subchondral bone plate in
murine osteoarthritis models. The current study, for the first time,
uses a neutral diffusing computed tomography (CT) contrast agent
(iodixanol, ~1550 Da) to study the permeability of the osteochondral
interface in equine and human samples. Sequential CT monitoring of
diffusion after injecting a finite amount of contrast agent solution
onto the cartilage surface using a micro-CT showed penetration of the
contrast molecules across the cartilage-bone interface. Moreover,
diffusion through the cartilage-bone interface was affected by
thickness and porosity of the subchondral bone as well as the cartilage
thickness in both human and equine samples. Our results revealed that
porosity of the subchondral plate contributed more strongly to the
diffusion across osteochondral interface compared to other
morphological parameters in healthy equine samples. However,
thickness of the subchondral plate contributed more strongly to the

diffusion in slightly osteoarthritic human samples.

146



Chapter 7

7.1. INTRODUCTION

Etiology of osteoarthritis (OA) implies deterioration of
subchondral bone plate quality such as early thinning, sclerosis and
porosity alterations beside the damage of articular cartilage [1, 2]. The
severity and type of those changes depend primarily on the OA stage
[3-6]. According to some theories that go against conventional
theories [7, 8], OA initiates from the subchondral bone, over-time
progressing to the overlying articular cartilage [9, 10]. Regardless of
whether one subscribes to the conventional or alternative theories
associated with the etiology of OA, it is clear that morphological
changes in the subchondral bone and articular cartilage create a
driving force for transfer of putative harmful molecules [1]. Enhanced
activity of osteoclasts and subsequent increased subchondral bone
perforations and thinning augment the diffusion of cytokines and
enzymes as well as cross-talk between cartilage and subchondral bone
[2, 5, 11, 12]. These mechanisms highlight the fact that diffusion likely
plays a key role in molecular signaling across the osteochondral
interface. Some ecarlier studies on OA models of rabbits and rats
reported the diffusion at the osteochondral interface [1]. The diffusion
of small molecules (<400 Da) was confirmed between the uncalcified
and calcified cartilage in the metacarpophalangeal joints of healthy
mature horses [13]. Diffusion of small molecules across the
osteochondral interface in a murine model using sodium fluorescein
(376 Da) was correlated with OA progression and diffusion of Gd-
DTPA2- (MRI contrast agent, 547 Da) in the clinic was observed [2,
11, 14]. The presence of non-mineralized patches (~100 nm) within
the calcified cartilage as well as invasion of uncalcified cartilage
through the calcified cartilage might explain the molecular transport
[11, 15]. Unlike articular cartilage, consensus exists regarding the
diffusion of molecules between the intervertebral disk (IVD) and the
vertebral body through the endplate. Diffusion is known to

dramatically influence the health of the spine, because insufficient

147



Chapter 7

nutrition of the IVD is suggested to accelerate its degeneration [16].
However, it was shown that load-dependent convection facilitates the
transport in the IVD as well as across the endplate-IVD interface in
both healthy and degenerated disks [17, 18]. A previous study using
advanced micro-computed tomography (micro-CT) showed increased
perforations in the subchondral endplate when the IVD degenerates
[19]. All the previous evidence therefore supports the theory that
direct diffusion between cartilaginous tissues and underlying bone
plays a key role in the normal physiology of articulating joints as well

as the spine.

In the present study, we aim to investigate solute transport
between articular cartilage and subchondral bone of equine and human
samples using multi-resolution micro-CT by applying a neutral solute.
Using the neutral solute enables to exclude the mechano-electrical
phenomena arising when an external charged solute is transferred
through the highly charged articular cartilage. The effects of the
micro-architecture (i.e. porosity and thickness) of the calcified
cartilage/subchondral bone plate complex and thickness of uncalcified

cartilage on diffusion will be determined.

7.2. METHODOLOGY
7.2.1. EXPERIMENTS
7.2.1.1. BATH AND SAMPLE PREPARATION

The criterion for OA detection was based on visual observations
performed by two surgeons and one engineer: regions where the
cartilage has completely disappeared were considered as advanced OA,
whereas, regions with existing cartilage but having relatively rough
surface were considered as slight OA. Cylindrical osteochondral plugs
from four cadaveric fresh-frozen human medial femoral condyles with
slight OA (approved by university medical center Utrecht, age=67-85,
n=4, cartilage thickness=2.53+0.31, diameter=8.5 mm) and three

healthy cadaveric equine medial femoral condyles (approved by
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Utrecht  university, age=7, nl=6, n2=5, n3=6, cartilage
thickness=1.48£0.53 mm, diameter=8.5 mm) were drilled using
custom-made drill bits (Figure 7.1). For the human samples, care was
taken to extract them from a location that was visually intact. The site
of drilling was constantly sprayed using phosphate buffer serum (PBS)

to ensure minimal dehydration and damage to the cartilage.

We prepared iodixanol solutions (molecular weight (MW)=1.55
kDa, concentration=420 mM, charge=0, osmolality=300
mOsm/kgH20, volume=600 upL, GE Healthcare, Netherlands)
enriched with protease inhibitors (5mM) to study the axial diffusion
through cartilage and the cartilage-bone interface. Since iodixanol is a
neutral contrast agent, the effect of cartilage charge on molecular
transport was eliminated. Immediately post-harvest, the osteochondral
plugs were wrapped using plastic shrinking sleeves to prevent lateral
diffusion (Figure 7.1).
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Medial femoral condyle
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Figure 7.1. Preparing samples for the micro-CT scanning: osteochondral
plugs were extracted from four cadaveric human medial femoral condyles and one
cadaveric equine medial femoral condyle. A shrinking sleeve was used to wrap the
samples before injecting the contrast agent onto the cartilage surface. Then the

samples underwent multi-resolution micro-computed tomography.
7.2.1.2. QUANTITATIVE MICRO-CT

To study the transport of iodixanol across cartilage and the
cartilage-bone interface, we used a micro-CT scanner (Quantum FX|
Perkin Elmer, USA, spatial resolution of 20 pm3 voxel size, scan
time= 2 min, tube voltage= 90 kV and tube current=180 pA, number
of projections=3600) and captured images at t-1 (before injection of
iodixanol solution), t0 (point of injection of iodixanol solution), t= 12,
24, 48 and 72 hours within the field of views consisting of bath,
cartilage, and subchondral bone (Figure 7.2A).
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The projected images were transformed automatically to 3D
reconstructed files using in-built software of the micro-CT machine
(Quantum FX). After rigid image registration based on the t0 images,
the 3D reconstructed files were converted to a series of 2D images for
further analyses (Analyze 11.0). We used Gaussian blurring 3D filter
(radius=3) to minimize the noise and then selected 20 middle slices of
the 2D stack and created rectangular regions of interest (ROI) in FIJI
(free software for image analyses), which comprised the bath, cartilage,
and subchondral plate. The t-1 images were locally thresholded
(Bernsen) using BoneJ (plugin of FIJI) to calculate the thickness and
porosity of the subchondral plate/calcified cartilage as well as the
thickness of uncalcified cartilage (Figure 7.2B and Table 7.1). The
subchondral plate/calcified cartilage zone was defined as the region
lying above the region where the trabecular structure could be easily
pinpointed. The mean of the average grey values of the subchondral
plate/calcified cartilage at tO in 20 selected slices was subtracted from
the mean average grey values at the later time points to measure the
diffusion. The relationship between the diffusion at 72 hours with the
micro-architecture of subchondral plate/calcified cartilage, i.e.

porosity and thickness, was also investigated.
7.2.1.3. QUALITATIVE MICRO-CT

To qualitatively visualize the diffusion at the cartilage-bone
interface we also performed micro-CT scan using the previously
mentioned micro-CT parameters but with higher spatial resolution of
10 um3. To visualize the cartilage-bone interface with ultra-high
resolution phoenix nanotom micro-CT was used (GE, USA, tube
voltage= 70 kV tube current=110 puA, 4 um’ voxel size, scan time= 2

hours, field of view: 4 mm).
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A
(@A) Experimental Setup Micro-CT image
- - Contrast agent -
-- Cartilage -
-- Bone -
B)

- Articular cartilage

Figure 7.2. Micro-computed tomography image with spatial resolution of 20
pum3 (A). Local thresholding was employed before injection of contrast agent to

calculate the thickness and porosity of the subchondral bone plate/calcified cattilage

B).
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Chapter 7

subchondral plate/calcified cartilage

thickness and porosity for human samples and for equine samples.

Samol Cartilage Subchondral plate/calcified Subchondral plate/calcified
ample . . . . .
P thickness (um) cartilage thickness (um) cartilage porosity (%)
1 2500 175 48
2 2700 115 6.4
Human

3 2100 186 4.0

4 2800 147 8.1

1 700 178 12.1

2 1100 468 7.6

3 830 117 17.2
Equine (donor 1) 4 1320 193 5.1

5 1190 175 3.5

6 2100 332 15

1 1800 115 6

2 1300 153 10

3 1108 112 6.1
Equine (donor 2)

4 1228 427 2.8

5 2560 738 3

1 900 235 2

2 1611 350 7.5

3 1800 545 32
Equine (donor 3)

4 1240 525 49

5 2246 850 15

6 2070 900 1
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7.3. RESULTS

The thickness of cartilage for human and equine samples was
2525%310 pm and 1476£537 um, respectively. For human samples the
thickness and porosity of the subchondral plate were 155.7£31.3 pm
and 5.8+1.8 % and for equine samples the thickness and porosity of
the subchondral plate were 377.24260.1 pm and 5.614.3 % (Table
7.1).

Diffusion of iodixanol from uncalcified cartilage to the
subchondral bone via the calcified cartilage layer for both the human
and equine samples was confirmed (Figure 7.3 and 7.4). Low cartilage
thickness, high subchondral plate/calcified cartilage porosity and low
subchondral plate/calcified cartilage thickness are factors contributing
to diffusion (Table 7.1, Figure 7.5A and 7.5B). In the human samples,
we observed the steepest rise in the diffusion within the subchondral
plate/calcified cartilage until t=24 h (Figure 7.5A). After 24 hours, the
diffusion curves tended to reach near-equilibrium, achieving the
highest average grey value at 72 hours. For all time points, the average
grey values were the highest in sample 2 (human), which has the
lowest thickness of the subchondral plate/calcified cartilage (Figure
7.5A and Table 7.1). Samples 1 and 3 (human) showed diffusion
patterns that were very similar to each other (Figure 7.5A), as well as
similar morphological characteristics (Table 7.1). Like the observations
regarding human samples, the diffusion curves in the equine samples

reach near-equilibrium at 72 hours (Figure 7.5B).

Plots of near-equilibrium diffusion values versus morphological
features (porosity and thickness) of the subchondral plate/calcified
cartilage for both equine and human samples suggested a link between
diffusion behavior of the neutral solute and the micro-architecture of
the subchondral plate/calcified cartilage (Figure 7.6). To investigate
the relationship of cartilage thickness and subchondral plate/calcified

thickness and porosity on diffusion we performed multi-regression
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analysis. This analysis was not possible to perform on human samples
due to relatively low sample number. Multi-regression on equine
samples showed strong correlation (multiple R=0.97) with significance
of porosity (p-value<5e-7) and thickness (p-value<0.05) of
subchondral plate/calcified cartilage on diffusion. Diffusion in human
samples did not correlate with porosity as compared to equine samples
(Figure 7.6A, R’= 0.24 vs. R’= 0.90). Nevertheless, diffusion in the
human samples had a stronger correlation with the thickness of
subchondral plate/calcified cartilage compared to equine samples
(Figure 7.6B, R* = 0.92 vs. R*= 0.50).
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)
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(C) t=0h t=12h t=72h
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12937

cartilage

6469

Subchondral bone

Figure 7.3. Ultra-high micro-CT (4 um3 spatial resolution) was used to
highlight the interface of cartilage and subchondral bone plate in three representative
slices in a human osteochondral plug. The diffusion at the interface of uncalcified
cartilage (UC) and subchondral bone plate (SB)/calcified cartilage (CC) is depicted
(A). The protrusion of uncalcified cartilage into the calcified cartilage and
mineralized region (arrows) facilitates the diffusion (10 um? spatial resolution) (B).
The progress of the diffusion front wave is shown at different time points (20 um?

spatial resolution) (C).
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Before injection of contrast agent t=0h t=72h
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Figure 7.4. Ultra-high micro-CT (4 um3 spatial resolution) was used to
highlight the interface of cartilage and subchondral bone plate in three representative
slices in an equine osteochondral plug. The diffusion at the interface of uncalcified
cartilage (UC) and subchondral bone plate (SB)/calcified cartilage (CC) is depicted
(A). The protrusion of uncalcified cartilage into the calcified cartilage and
mineralized region (arrows) facilitates the diffusion (10 pm3 spatial resolution) (B).
The progress of the diffusion front wave is shown at different time points (20 um?3

spatial resolution) (C).
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Figure 7.5. Average grey values (diffusion) in the subchondral

plate/calcified cartilage over time for human (A) and equine samples (B).
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Figure 7.6. Plot of average grey values (diffusion) at 72 hours in the
subchondral plate/calcified cartilage versus subchondral plate/calcified cartilage
porosity (A) and subchondral plate/calcified cartilage thickness (B).
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7.4. DISCUSSION

In this study, we have observed the direct diffusion between
articular cartilage and subchondral bone plate/calcified cartilage in
human as well as equine osteochondral plugs when a finite volume of
bath containing a neutral solute was inserted at the cartilage surface.
Furthermore, we confirmed that the molecular transport to the
subchondral bone plate depends on the morphological parameters of
both uncalcified cartilage and subchondral bone plate. We identified
cartilage thickness and porosity and thickness of subchondral bone
plate as the factors influencing the transport. Porosity and thickness of
the subchondral plate in horse samples were found to have more
effect on the diffusion across osteochondral interface compared to
cartilage thickness. Although in human samples small variation in
subchondral plate porosity was observed, the effect of subchondral

plate on diffusion was more tangible.

The electrically neutral molecules (MW=1.55 kDa) used in our
study allowed excluding the effects of fixed charges entrapped in the
articular cartilage and the resulting electro-mechanically induced
transport. Therefore, in the current study molecular friction between
the diffusing solute and the extracellular matrix of the cartilage, i.e.
water content, collagen fibrils and proteoglycans as well as the
morphology of subchondral plate (porosity and thickness) are the only
limiting factors for neutral molecular transport between cartilage and
underlying bone. This implies that the diffusion mechanism in our
study can be described as a Fickean diffusion process. In human
samples with similar thickness of the articular cartilage, we observed
higher near-equilibrium increase in average grey value (diffusion, 72
hours) (Figure 7.5A), which is likely due to the thinner subchondral
plate/calcified cartilage (28% difference, Table 7.1). Similar diffusion
behavior in human samples before 12 hours (Figure 7.5A) may be

linked to the fact that similar cartilage thicknesses could lead to similar
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frictional loss in driving force eventually causing similar diffusion
behavior in the subchondral plate/calcified cartilage (Table 7.1).

The structural changes such as thinning of the subchondral plate
in early OA [3, 5] and subchondral bone sclerosis observed in
advanced OA may alter the transport rate causing interruptions in
trans-signaling between cartilage and subchondral bone plate. Our
study also emphasizes the importance of structure of the subchondral
bone on the transport across osteochondral interface. Human samples
that represent similar thickness and porosity of the subchondral
plate/calcified cartilage showed very similar diffusion behavior in all
time points (Figure 7.5A and Table 7.1). Enhanced porosity creates
more access for the solutes to diffuse across the subchondral plate
since the pores filled with soft tissue with high water content are more
permeable than the mineralized regions of subchondral plate. A
previous study on murine model of OA also suggested that the
transport between cartilage and subchondral plate increases due to
thinning of cartilage and subchondral plate [2], which is in agreement
with our observations. It should be borne in mind that the inter-
connectivity and tortuosity of the pores has not been investigated in
this study, but could itself play an integral role in solutes distribution
and partitioning. Since both young (equine) and old and perhaps
slightly OA joints (human) were used in this study we can draw the
conclusion that the interface of cartilage and subchondral bone plate is
permeable to at least relatively small solutes (less than 2 kDa) in both
healthy and slightly degenerated joints. To our best of knowledge, we
were the first who investigated the transport of relatively larger solutes
across osteochondral interface compared to other previous studies [13,
14] in both human and horse knees taking the morphology of the

cartilage and bone into account.

Whereas the current study strived to be as thorough as possible,
it is inevitably associated with some limitations. First, the calcified

cartilage and subchondral plate could not be differentiated clearly
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from each other using micro-CT images, especially when the contrast
agent (iodixanol) diffused through it which limited the capability of
studying the diffusion separately in these two zones. Second, although
our study used largest solute among the similar studies and applied in
large animal model and human, the diffusion of vital signaling
macromolecules may be studied by labeling them with contrast agent.
Furthermore, the effect of solute charge on diffusion in the
subchondral plate/calcified cartilage could be investigated in future
studies to enable studying charged signaling molecule transfer across

the osteochondral interface.

The present study sheds light on the transport of a neutral solute
across the interface of articular cartilage and subchondral plate. Our
findings confirm the direct cross-talk between cartilage and
subchondral bone/calcified cartilage in both human samples (slightly
osteoarthritic) and equine samples (healthy) when applying a neutral
contrast agent to nullify the mechano-electrical-affected diffusion in
the articular cartilage. Besides, we highlighted that diffusion in the
subchondral plate/calcified cartilage could be estimated when micro-
architecture data concerning porosity and thickness of the
subchondral plate/calcified cartilage and cartilage thickness are

available.
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ABSTRACT

Investigation of the solute transfer across articular cartilage and
subchondral bone plate could nurture the understanding of the mechanisms of
osteoarthritis (OA) progression. In the current study, we approached the
transport of neutral solutes in human (slight OA) and equine (healthy) samples
using both computed tomography and biphasic-solute finite element modeling.
We developed a multi-zone biphasic-solute finite element model (FEM)
accounting for the inhomogeneity of articular cartilage (superficial, middle and
deep zones) and subchondral bone plate. Fitting the FEM model to the
concentration-time curves of the cartilage and the equilibrium concentration of
the subchondral plate/calcified cartilage enabled determination of the diffusion
coefficients in the superficial, middle and deep zones of cartilage and
subchondral plate. We found slightly higher diffusion coefficients for all zones
in the human samples as compared to the equine samples. Generally, the
diffusion coefficient in the superficial zone of human samples was about 3-fold
higher than the middle zone, the diffusion coefficient of the middle zone was
1.5-fold higher than that of the deep zone, and the diffusion coefficient of the
deep zone was 1.5-fold higher than that of the subchondral plate/calcified
cartilage. Those ratios for equine samples were 9, 2 and 1.5, respectively.
Regardless of the species considered, there is a gradual decrease of the
diffusion coefficient as one approaches the subchondral plate, whereas the rate

of decrease is dependent on the type of species.
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8.1. INTRODUCTION

Molecular exchange (diffusion) between articular cartilage and the
underlying bone has been identified as one of the parameters that changes
during osteoarthritis (OA) progression [1, 2]. The pathways for the molecular
transport in diarthrodial joints span from direct cross-talk between articular
cartilage and underlying subchondral bone plate to transport via synovial fluid
[3, 4]. Few studies addressed the direct cross-talk between uncalcified cartilage
and calcified cartilage [5] and between calcified cartilage and subchondral plate
[3, 4], whereas vast majority of the studies dealing with molecular transport
were mostly centered upon morphology-driven transport between
intervertebral disk (IVD) and endplates [6, 7]. Two consecutive studies have
shown the direct diffusion between calcified and non-calcified cartilage and
subchondral plate in a murine model and have highlighted how remarkable
reduction in subchondral plate and cartilage thickness post-OA enhanced the
transport rate [3, 4]. Assessment of the Fickean molecular transport in OA and
healthy joints of mice [3, 4] and uncalcified cartilage and calcified cartilage of
horses [5] was achieved by fitting a simplified analytical formula to the
fluorescent intensity versus time curves based on fluorescence loss induced by
photobleaching (FLIP) technique and fluorescent intensity tracing technique to
obtain the diffusion coefficient of sodium fluorescein (376 Da, charge=0).
Molecular transport at osteochondral interface (OI) depends not only on the
concentration and distribution of the exctracellular matrix (ECM) components
but also on the morphological features, e.g. porosity and thickness of the
calcified cartilage and subchondral plate, which determine the mass transfer

resistance at the cartilage-bone interface [1, 3, 8, 9].

Previously, we developed biphasic-solute and multiphasic finite element
models to study the diffusion of neutral and charged solutes across different
zones of articular cartilage (chapters 3 and 9) [10, 11]. Those models allowed
obtaining the diffusion coefficients and fixed charge density in various cartilage
layers, i.e. superficial, middle and deep zones, and also shed light on the effect

of inhomogeneity of articular cartilage across its thickness on the solute
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diffusion behavior. Besides, the application of the models capable of predicting
the diffusive properties of cartilage in different zones, the models could

potentially be extended to the cartilage-bone interface.

The current wortk, for the first time, introduces a combination of
experimental set-up and computational models to enable studying the diffusion
of neutral solutes across cartilage and osteochondral interface. The
experimental setup includes monitoring the diffusion of a neutral solute from a
finite bath inserted on the cartilage surface of cadaveric human and equine
osteochondral plugs using serial micro-computed tomography (micro-CT)
images. The computational models were established using a multi-zone
biphasic-solute mixture approach. Determination of diffusion coefficients in
various cartilage layers and subchondral bone was performed by

simultaneously fitting the computational model to the experimental findings.

8.2. METHODOLOGY
8.2.1. EXPERIMENTS

The descriptive details of the experiments consisting of sample
preparation, image acquisition, and image processing are presented elsewhere
(chapter 6) [8]. Osteochondral plugs were obtained (diameter = 8.5 mm) from
four cadaveric human (68-90 years old) femoral condyles (one sample from
each) and one equine femoral condyle (six samples) (Figure 8.1A). Upon
harvest, the osteochondral plugs were wrapped with shrinking plastic sleeve to

enable axial diffusion
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Figure 8.1. Schematics of A) femoral condyle and osteochondral sample location
B) sample consisting of finite bath of iodixanol, articular cartilage and subchondral plate

C) multi-zone biphasic-solute model.

of a neutral computed tomography (CT) contrast agent (iodixanol, 1551
Da, 290 mOsm/kg H20, charge=0, 420 mM). Finite volumes of the iodixanol
solution was placed on the cartilage surface and its diffusion across the
cartilage and subchondral bone was monitored up to 72 hours using micro-CT
(Qauntum FX; USA) (Figure 8.1B).

The 3D reconstructed images (until 72 hours) were registered and after
applying Gaussian filter (radius=2) 20 stacks of TIFF images in the middle
were selected. Average grey values within the cartilage and subchondral bone
were converted to the actual iodixanol concentration using a linear calibration
function. The morphological parameters, i.e. porosity and thickness of the
subchondral plate/calcified cartilage, were calculated by locally thresholding
the micro-CT image before injecting the contrast agent (Table 8.1).
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Table 8.1. Morphological specifications i.e. of cartilage and subchondral

plate/calcified cattilage in A) human samples and B) equine samples [8].

)
Cartilage Subchondral plate Subchondral plate
Sample  thickness /calcified cartilage /calcified cartilage
(mm) thickness (mm) porosity (%o)
1 2.5 0.175 4.8
2 2.7 0.115 6.4
3 2.1 0.186 4.0
4 2.8 0.147 8.1
®)
Cartilage Subchondral plate Subchondral plate
Sample thickness /calcified cartilage /calcified cartilage
(mm) thickness (mm) porosity (%o)
1 0.7 0.178 12.1
2 1.1 0.468 7.6
3 0.83 0.117 17.2
4 1.32 0.193 5.1
5 1.19 0.175 3.5
6 2.1 0.332 1.5

8.2.2. COMPUTATIONAL MODEL

Finite element models based on biphasic-solute mixture models can

describe the transport of neutral solutes across biphasic tissues [12, 13].

Considering T as the Cauchy stress tensor for the mixture, v’ as the velocity
of the solid matrix and w as the volume flux of the solvent (water) relative to
the solid (tissue matrix), the conservation of linear momentum and mass for

the mixture (tissue) can be described as:

divT=0 (7.1)

170



Chapter 8

div(v'+w)=0 (7.2)
and the balance of mass for the solute can be given as:

1D . .
7E(J @"kc)+divj=0 (7.3)

where J=detF, F is the deformation gradient of the solid matrix,
DS(-)/ Dt is the material time derivative in the spatial frame, jis the molar flux
of solute relative to the solid, ¢" is volume fraction of the solvent, K is the

effective solubility, ¢ is the solute concentration and (&= ¢/ ) is the effective
solute concentration, which is continuous across boundaries and contact

surfaces [13, 14]. The relative molar solute flux, j, is given as:
i= l?d.(—(pwgradé + diw) (7.4)

while

(7.5)

where p is the fluid pressure, k is the hydraulic permeability tensor for

the flow of the solution, i.e. solvent plus solute through the solid matrix, Kis

the hydraulic permeability tensor for the flow of pure solvent through the solid
matrix, d is the diffusion coefficient tensor of the solute in the mixture, do is
the diffusion coefficient tensor in absence of the solid phase, R is the universal
gas constant, 6 is the absolute temperature, and (pj is the volume fraction of

the solid phase in the reference configuration [13, 15, 106].
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Using the principle of virtual work, the above-mentioned equations
could be solved simultaneously in an open-source finite element modeling
platform FEBio 2.2.6 to describe the transport of a neutral solute through a

mixture.
8.2.2.1. GEOMETRY

Osteochondral plugs contain two distinct phases namely uncalcified
cartilage and subchondral plate/calcified cattilage. Previously, we have shown
that a multi-zone biphasic-solute model could track the axial diffusion behavior
of a neutral solute across articular cartilage (chapter 3) [10]. Therefore, we
introduced a multi-zone model consisting of four different zones of superficial
(20% of the cartilage thickness), middle (50% of the cartilage thickness), deep
(30% of the cartilage thickness) [17] and subchondral plate/calcified cartilage
(thickness obtained based on micro-CT [8]) to account for the inhomogeneity
of osteochondral plugs (Figure 8.1C and Table 8.1). The overlaying iodixnol
bath was 12 mm in height for all samples corresponding to the actual
experiments. We used an 8-node trilinear hexahedral element, which was
refined in the vicinity of the interfaces. For each cartilage zone and
subchondral plate/calcified cartilage, individual diffusion coefficients were

calculated.

8.2.2.2. MECHANICAL AND PHYSICAL PROPERTIES

Cartilage and subchondral plate/calcified cartilage were modeled as neo-
Hookean materials with effective solubility (K) of 1 while the Young’s
modulus was chosen to be high enough to correspond to the realistic
experimental deformations resulting from the osmotic pressure of the external
bath. The diffusion coefficient tensor for bath, cartilage and bone was
considered isotropic. The actual diffusion coefficient of iodixanol within the
bath was 250 um*/s according to the previous studies [10, 18]. Four different
values of water content for each cartilage zone as well as for subchondral

plate/calcified cartilage were used: 0.8 for the supetficial zone, 0.7 for the
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middle zone, 0.6 for the deep zone [17] and 0.2 for the subchondral
plate/calcified cartilage [19] .

8.2.2.3. INITIAL AND BOUNDARY CONDITIONS

Actual experimental solute concentration in the bath (420 mM) was
prescribed as the initial condition. Effective pressure (Peffective) 1S continuous
across boundaries [13, 20] and is expressed as:

pej]éctive =P- RO Dc (76)
where R=8.314Xx10-6 mJ/nmol'K and @ is the osmotic coefficient

that was set to 1. The ambient fluid pressure and absolute temperature were p

=101 kPa and 6 =298 K.

8.2.2.4. FITTING METHOD

To obtain the diffusion coefficients of different zones of uncalcified
cartilage and subchondral plate/calcified cartilage regarded as two distinct
phases, we fitted the computational data to the experimental concentration-
time curves for the cartilage and to the equilibrium concentration point at 72
hours for subchondral plate/calcified cartilage. The latter is done since
distinguishing the calcified cartilage from subchondral plate is infeasible using
micro-CT (two mineralized materials) and that they are different materials in
terms of diffusive properties [4]. Direct scanning of the parameter space was
used to minimize the root mean square error (RMSE) values between
computational and experimental concentration-time data (uncalcified cartilage)
and between computational and experimental equilibrium concentration
(subchondral plate/calcified cartilage) to obtain the diffusion coefficients of all
uncalcifed cartilage zones as well as subchondral plate/calcified cartilage. This
guarantees that all possible solutions can be found within the scanning

resolution.
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8.3. RESULTS

The near-equilibrium concentration (72 hours) in the cartilage and
subchondral plate/calcified cartilage was 32.73+7.36 % (mean £ SD) and
5.16%1.84 % (mean T SD) for the human samples and 41.4 £7.05% (mean *
SD) and 8.08+4.50 % (mean * SD) for the equine samples (Figure 8.2 and
8.3).

The computational model for the human and equine samples provided
satisfactory fits over the experimental data (Figure 8.4 and 8.5). In general, our
multi-zone biphasic model provided more robust fits in human samples as
compared to equine samples (Table 8.2A-B). The average diffusion coefficients
for the supetficial, middle, deep zones and subchondral plate/calcified cartilage
of the human samples were 5.63%2.05, 2.07£0.78, 1.53+0.30 and 1.22+0.35
um’/s (Table 8.3A). The average diffusion coefficients for the superficial,
middle, deep zones and subchondral plate/calcified cartilage of the equine
samples were 4.47%1.4, 0.60+0.34, 0.44+0.29 and 0.36+0.30 pum’/s (Table
8.3B). The ratio of the diffusion coefficients in human samples were as
follows: superficial to middle (Dgyeca/ Daiaad): 2.7320.54, middle to deep
(Dytiaaie/ Dpee): 1.3510.47 and deep to subchondral plate/calcified cartilage
(Dpeer/ Dgpec):1.2810.15 (Table 8.4A). The ratio of the diffusion coefficients in
equine samples were as follows: superficial to middle (Dg,pescia/ Dagiaan):
8.70£2.42, middle to deep (Dyjae/ Dpee):1.61£0.60 and deep to subchondral
plate/calcified cartilage (Dp..,/ Dgpe):1.50£0.33 (Table 8.4B).

Deep
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Table 8.2. A) RMSE and R? to compare the experimental and simulation solute

concentration versus time in cartilage and RMSE to compare the experimental and

simulation normalized equilibrium concentration

samples and B) equine samples.

in subchondral plate for A) human

( A) Human samples
Sample Sample Sample Sample
1 2 3 4
L R2? 0.86 0.98 0.85 0.95
Cartilage
RMSE  0.0599  0.0281  0.0694 0.0377
Subchondral plate

RMSE  0.0002
/calcified cartilage

0.0005  0.0007  0.0003

®) .
Equine samples
Sample  Sample Sample Sample Sample Sample
1 2 3 4 5 6
L. R? 0.73 0.80 0.83 0.96 0.97 0.95
Cartilage
RMSE  0.1114  0.0906  0.1061  0.0680  0.0398  0.0574
Subchondral

plate

. RMSE  0.0003 0.0005 0.0004 0.0001 0.0003 0.0001
/calcified

cartilage
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Table 8.3. Diffusion coefficients obtained from the multi-zone computational
model for superficial, middle, deep and subchondral plate/calcified cartilage zones A)

human samples B) equine samples.

Diffusion coefficient (um?/s ), human samples

Sample Sample Sample Sample
1 2 3 4

Dsuperficial 6.00 8.00 3.00 5.54

Dviddie 1.70 3.10 1.30 2.20

Dpecp 1.50 1.50 1.20 1.94

Dspec 1.20 1.00 0.95 1.72

Diffusion coefficient (um?2/s ), equine samples
Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6

Dsupericia 4.35 4.25 4.80 3.40 3.00 7.00
Dasiadie 0.4 0.50 0.44 0.60 0.40 1.30
Dpecp 0.18 0.43 0.18 0.55 0.35 0.95
Dspec 0.12 0.30 0.09 0.48 0.25 0.90

Table 8.4. The ratio of diffusion coefficients of superficial zone to middle zone
(Dsuperficial/ Dmiddie), middle zone to deep zone (Dumigdie/Dpeep) and deep zone to
subchondral plate/ calcified cartilage (Dpeep/Dspcc) for A) human samples and B) equine

samples.

Human samples

(A) Sample Sample Sample Sample
1 2 3 4
Dsuperficial/ Daidate 3.53 2.58 231 2.52
Dasiddie/ Dpeep 1.13 2.07 1.08 1.13
Dbpeep/Dspec 1.25 1.50 1.27 1.13
(B) Equine samples
Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6
Dsuperficial/ Dmiddic 10.75 8.5 10.90 5.66 7.50 5.38
Dasiddie/ Dpeep 2.22 1.16 2.44 1.09 1.14 1.37
Dpeep/Dspec 1.50 1.43 2.00 1.14 1.40 1.05
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8.4. DISCUSSION

In the present study, we provided a quantitative approach to study
neutral solute transport across cartilage and the subchondral bone plate based
on a multi-zone biphasic-solute finite element model. We have previously
shown the capability of the multi-zone biphasic-solute models in obtaining the
diffusion coefficients in different equine cartilage zones when a finite bath of
neutral solute is placed on the cartilage surface (chapter 3) [10]. In this study,
we showed that for human samples (maximum thickness of 2.8 mm) and
equine samples (maximum thickness of 2.1 mm) 72 hours of the diffusion
experiments not only enabled determining the diffusion coefficient of the deep
zone as well as that of the subchondral plate/calcified cartilage. The diffusion
coefficients obtained in this study were the first reported for both human and
equine osteochondral plugs using finite-bath multi-zone biphasic-solute
models. Since the thickness of the cartilage used in the previous study was
relatively high (~2.8 mm), the diffusion coefficient of the deep zone of
cartilage could not be exclusively calculated using concentration-time curves
(up to 48 hours). The rationale behind it is likely due to the insufficient time of
the contrast to penetrate through the entire cartilage and bon layer (48 hours),
which caused the diffusive resistance of the deep zone to overcome the

required driving force.

In this study, diffusion coefficients found in different zones of
uncalcified cartilage and subchondral plate/calcified cartilage in human
samples were generally higher than those in equine samples (Table 8.3).
and DDcep/ Dspec)
between human and equine samples were highly comparable (Table 8.4). The

However, the ratios of diffusion coefficients (Dygge/ Dpeep
diffusion coefficients obtained for equine calcified cattilage/subchondral plate
(femoral condyle) in the current study were in the same order of magnitude
compared to diffusion coefficient of equine calcified cartilage
(metacarpophalangeal joint) in another study (using fluorescent trace
distribution), although the molecular size of the molecule in our study (1550
Da) was four times larger (~ 400 Da) [5]. It should be noted that micro-CT
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experiments in our study did not allow differentiation between calcified
cartilage and subchondral plate. Therefore, the values that we reported as the
diffusion coefficients of the subchondral plate/calcified cattilage are in fact
representative for the entire unit of calcified cartilage and subchondral bone
plate. In spite of this mismatch, the values we obtained for the subchondral
plate/calcified cartilage and the previously reported values fall within the same
order of magnitude although the applied methods and the sample sources were
different [4, 5]. The diffusion coefficient of the calcified cartilage is expected to
be lower than that of subchondral plate in healthy joints since porosity of the
calcified cartilage is lower (according to our high resolution micro-CT data
(chapter 6) [8]) and therefore restricts the solute transport more considerably.
However, upon transport across calcified cartilage, the thickness of the
subchondral plate could also affect the transport due to mass transfer
resistance imposed by the materials in the subchondral plate. In our previous
study (chapter 3) [10] where equine cartilage (2.8 mm in thickness) was split
into three distinct zones with their recommended water content similar to the
current study we obtained extremely accurate fits (nine tests, average R*=0.98)
over the experimental data using multi-zone biphasic-solute model. In the
current study, we observed a correlation between accuracy of the fit and
cartilage thickness (Table 8.1 and 8.2). This indicates that thin samples may
represent different zonal features i.e. water content and zonal percentages
which contributed to larger errors associated with the computational fits (Table
8.2 and Figure 8.4 and 8.5). As a result, determination of exact properties of
cartilage zones particularly for thin samples is recommended for future
diffusion-related wotks. Furthermore, we believe that accurate determination
of diffusion coefficients of the cartilage zones requires knowledge of flux at the
cartilage-subchondral bone interface as considered in this study. Therefore,
failure in consideration of the flux boundary condition at the cartilage-
subchondral plate/calcified cartilage might cause the obtained diffusion
coefficients of cartilage to be error-prone. Although the loaded volume of the
finite-bath was slightly less in the current study compared to the previous study
(chapter 3) [10], the diffusion coefficients for the equine cartilage fell under a

similar range as expected. The design of the current study implies that two
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different samples were used: human samples (slightly osteoarthritic) and equine
samples (healthy), thereby the obtained diffusion coefficients for the healthy
human samples may be slightly different, and perhaps higher than healthy
human samples likely due to elevated permeability and disorientation and
damage of collagen fibrils and proteoglycans. The solute used in this study
although larger in size than in the previously used studies, still does not lie
within the range of most signaling molecules, therefore, more research needs
to emerge to account for the effect of size on the transport across articular
cartilage and subchondral bone. The effect of solute’s charge, particular
positive, may be addressed in the future work to amplify agent delivery through
the cartilage down to the subchondral plate.

In conclusion, the developed multi-zone biphasic-solute computational
model enabled determining the diffusion coefficients of neutral solutes across
cartilage and osteochondral interface. The findings of the current work deepen
our understanding of how each layer within the cartilage and subchondral bone
plate communicates when a neutral solute is administered on the articulating

surface of cartilage.
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ABSTRACT

Recent insights suggest that the osteochondral interface plays a
pivotal role in maintaining the metabolic health state of articulating joints
by enabling the transport of solutes. Uncovering the underlying transport
mechanisms is therefore important for understanding the cross-talk
between articular cartilage and subchondral bone. Here we describe
previously unknown mechanisms that derive molecular transport at the
osteochondral interface. In particular, Using scanning electron microscopy
(SEM), we found a continuous transition of mineralization architecture
from the non-calcified cartilage region towards the calcified cartilage,
revoking the textbook picture of the so-called tidemark; a well-defined
discontinuity at the osteochondral interface zone. Moreover, applying
focused-ion-beam SEM (FIB-SEM) tomography on samples of human
cadaveric knee tissue, we clarified the pore structure varying gradually
while traversing from calcified cartilage towards the subchondral bone
plate. Using FIB-SEM tomographic data, we here show how the presence
of an interconnected network of nano-pores determines the solute
diffusivity as well as hydraulic permeability using solute and fluid flow
modeling platforms. Using this proposed approach, one can appreciate
that the connectivity of nano-pores in calcified cartilage is to a large extent
compromised compared to that of subchondral bone plate, affecting both
the permeability and diffusivity. Furthermore, four times larger connected
pores found in bone compared to calcified cartilage elevates the
permeability and diffusivity by a factor of 2000 and 1.5 in the bone. Taken
together, the inter-connected network of nano-pores and complex
mineralization pattern draw a new mechanistic picture of how molecules
transport between cartilage and bone, crucial to our understanding of the
etiology of joint diseases as well as the transport of potential therapeutic

molecules.
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The osteochondral interface bridges the articular cartilage to the
subchondral bone plate and balances the un-matching mechanical
properties of non-calcified soft cartilage and stiff subchondral bone plate.
Our previous experimental observations in conjunction with other studies
confirmed possibility for solute transport across the osteochondral
interface [1-4]; a crucial property that explains homeostasis, the viability of
chondrocytes and osteocytes and mutual signal transduction in articulating
joints, all involved in development and recovery processes of cartilage and
related diseases such as osteoarthritis [3, 5]. Means for the solute and fluid
transport in the cortical bone have been attributed to an interconnected
network within the lacunar-canalicular region [0, 7]. The existence and the
exact role of porosity inside the deep cartilage layers, the extracellular
matrix of calcified cartilage and subchondral bone plate have not been

clarified.

Therefore, in this study, we evaluated the topographic features of
nano-pores within the osteochondral interface both in relatively healthy
and more degenerated tissue. For this, we selected two samples, after
micro-computed tomography (micro-CT)-based inspection of human
osteochondral plugs from three donors, with different cartilage and bone
health status. Ultramicrotome-cut sections of 10 um thick were used either
for histology or FIB-SEM. The FIB-SEM observations of the sections
were correlated to the histology staining to verify the location of the

calcified cartilage and the subchondral bone.

A FIB cross-section was milled over a length of 500 pm,

perpendicular to the osteochondral interface and imaged by the SEM
(Figure 9.1A).
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Figure 9.1. (A) Nano-topographic features of cartilage-bone interface
(relatively healthy): UC: non-calcified cartilage, CC: Calcified cartilage and SB:
Subchondral bone plate, highlighting the continuous transition from non-calcified
cartilage to the subchondral bone plate while traversing the calcified cartilage region.
B) Continuous increase in mineralization while proceeding from non-calcified

cartilage to the calcified cartilage.
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The cross section revealed presence of nano-porosity across the
entire interface. Directly noticeable is the gradual transition in the extent
of mineralization between the non-calcified cartilage (~11% mineral) and
the deeper zones of calcified cartilage close to the subchondral bone
(~97% mineral) (Figure 9.1B). This observation denies the classical

cartilage model [8], which describes a sharp finite-size interface. The fact

)
that mineralization increases rapidly in once transiting from non-calcified
cartilage to calcified cartilage has been reflected using Fourier transform
infrared imaging [9], however, the maximum resolution of few microns did
not allow nano-sized objects to be detected at the interfaces which were
found successfully in our current study using FIB-SEM. The calcified
cartilage contains segregated non-mineralized regions near the non-
calcified cartilage which enhances transport of solutes due to presence of
gel-like material comprising of water, collagen and glycosaminoglycans
(Figure 9.1B) [8]. Solute arriving at the calcified cartilage could reach to the
bone more conveniently in the regions where non-calcified cartilage meets
the subchondral bone plate [10]. Moreover, the transition between calcified

cartilage and subchondral bone is gradual (Figure 9.1B).

The cross-section of calcified cartilage reveals numerous fishbone
patterns, showing collagen-apatite create the pore spaces (Figure 9.1A, first
magnified image at the right-hand-side). The calcified cartilage in the less
degenerate sample (more normal cartilage surface and glycosaminoglycans
distribution) and develops larger and more dispersed pores in comparison

to the degenerate sample (Compare Figure 9.1 and 9.2).
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Figure 9.2. Nano-topographic features of calcified cartilage (CC)-subchondral
bone plate interface (SB) of the more degenerated human sample, highlighting the

transition from calcified cartilage to the subchondral bone plate.

This observation is confirmed by the obtained grey values from the
micro-CT showing a thicker calcified cartilage in the degenerate sample
(Figure 9.3). Close to the subchondral bone plate region, the pores are
larger (200% larger near the subchondral bone plate), reaching a maximum

pore size within the bone region (Figure 9.1 and Figure 9.2).
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Figure 9.3. micro-CT image of the samples used in the current study (left
image depicting healthier sample) showing higher density of the calcified cartilage as

compared to the subchondral bone plate.

To capture the sub-micrometer porous network in the calcified
cartilage and subchondral bone plate, we employed a focused ion beam-
scanning electron microscope (FIB-SEM tomography). Doing so, site-
specific cross sections can be directly imaged with nanometer resolution by
the SEM. Moreover, the successive FIB cross sectioning and SEM imaging
during the FIB-SEM tomography provides three-dimensional volumetric
representations with nanometer resolution across the micrometer lengths
[11-13].

The FIB-SEM tomography-based 3D reconstruction of the pore
space in the healthier sample led to the characterization of the pore

structures within the calcified cartilage and subchondral bone plate. The
analyzed volumes were 10 pm x 4 um x 2.5 um for calcified cartilage and 4

um x 4 pum x 3 pm for subchondral bone plate. The porosity of the

calcified cartilage and subchondral bone plate were found to be 1.6 % and
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9.7 %, respectively. The average pore diameter of the extracellular matrix
of calcified cartilage (i.e. non-mineralized collagen fibrils) and subchondral
bone plate (canalicular space and non-mineralized collagen fibrils) were
10.71 £ 6.45 nm and 39.1 * 26.17 nm, respectively (see Figure 9.4).
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Figure 9.4. pore size distribution for subchondral bone plate and calcified

cartilage.

The calcified cartilage in fact blocks all solutes larger than 10 nm in
diameter. However, our findings confirm presence of pore spaces in the
calcified cartilage, even in the almost completely calcified region near the
subchondral bone plate. The probability of finding an interconnected
network of pores decreases as a function of length in the calcified cartilage
(Figure 9.5). As a result, diffusion across the osteochondral interface

naturally vanishes at the larger thicknesses of calcified cartilage.

Numerical flow and solute transport simulations are performed
employing the 3D-reconstructed FIB-SEM pore spaces in the healthy
region to obtain the diffusivity and permeability values. A transport
hindrance coefficient, t [-], is defined as the ratio of calculated diffusivity
(Dcacuaea)  through the pore network over the diffusivity (Dyapingered)

through a straight tube across the same length and with the same porosity:
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T= DCalculated / DUnhindered

The breakthrough curves were obtained at several locations across
the subchondral bone plate to investigate the length effect (Figure 9.5A).
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Figure 9.5. Right image: Pore structure in the subchondral bone plate. Left
image: Normalized concentration vs. time in different length scales perpendicular to
the osteochondral interface (free diffusivity = 2.5E-10). (B) Right image: Pore
structure in the calcified cartilage. Left image: Normalized concentration vs. time in
different length scales parallel to the osteochondral interface (free diffusivity = 2.5E-
10).
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In calcified cartilage, t for the half of the 3D FIB-SEM volume (d =
1 pm) was 0.16 which decreased to 0.13 for the entire 3D FIB-SEM
volume (d = 2 pum). Perpendicular to osteochondral interface direction
(with d = 0.7 pm), © was found to be 0.05, showing that the calcified
cartilage is more conductive parallel to osteochondral interface than

perpendicular to it.

It can then be inferred that calcified cartilage mainly acts as a solute
distributor in its entire volume rather than a cross passage for solutes
towards the subchondral bone plate. Previous research found local
pathways across the interface where non-calcified cartilage meets the
subchondral bone plate [10], suggesting that the solutes preserved in the
matrix of (calcified) cartilage can be made available at the subchondral
bone plate. Previously reported diffusivities in the calcified cartilage of
mice between the chondrocytes were much lower than our diffusivity
values [3]. Our observations indicate and the insight from our pore-scale
model suggests the length dependent diffusivity in the calcified cartilage.
The previously reported values have been obtained merely in the region of
calcified cartilage close to non-calcified cartilage where non-mineralized
patches may facilitate the transport. The justification for the variations
between the values reported earlier and here majorly originates from the
length-scale differences; our results have been obtained within the pore
domain, whereas the previously obtained results are driven using the larger
continuum scale formulations (the so-called tissue level) [2, 3, 14]. Using
the numerical fluid flow modeling (see Materials and Methods), we found a
permeability value of 1.9xX10* m* perpendicular to osteochondral interface
within the connected region (d = 0.7 um). The fraction of the domain
occupied by the disconnected pores hinders the fluid motion to potentially
reduce the calculated value, indicative of anisotropic matrix permeability.
The anisotropic permeability found using here is attributed to the non-
uniform orientation of collagen fibrils in the calcified cartilage region [9].

Therefore, permeability predominantly facilitates convective solute and
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fluid transport in short ranges to the passages where non-calcified cartilage

directly touches the subchondral bone plate.

In the subchondral bone plate, parallel to osteochondral interface, t
was found to be 0.21. Perpendicular to osteochondral interface, T showed a

decreasing trend by distance from 1 to 4 um (Figure 9.0).
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Figure 9.6. Length dependency of ratio of the transport hindrance (1) in the

subchondral bone plate perpendicular to the osteochondral interface.

The pore-scale diffusivity in the subchondral bone plate can be 106-
fold higher than that in the tissue level (homogenized), which is consistent
with the earlier study [15]. Higher diffusivities in the pore-scale are
attributed to the higher freedom of solutes to distribute, as they do not
encounter the highly impermeable solid mineralized phase. Furthermore,
pore-scale analysis allows exact determination of diffusivity in subchondral
bone plate and calcified cartilage separately, as opposed to contrast
enhanced micro-CT which cannot discriminate between these two
mineralized compartments. It is important to note that the computed
values here were obtained at the extracellular matrix region, as the added
cellular space would potentially affect those. In the course of
osteoarthritis, an initial drop in density of calcified tissue is followed by its
increase [16, 17], which potentially affects solute transport and thereby
cartilage-bone cross-talk due to structural alterations. The breakthrough

curves (concentration versus time) were obtained at several locations
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across the subchondral bone plate to investigate the length effect
(Figure 9.5B). Permeability showed an anisotropic behavior with values of
3.9x10" m* and 3.2x10?" m?, parallel and perpendicular to osteochondral
interface, respectively. This provides the first pore-scale reported
permeability based on the real subchondral bone plate pericellular
architecture at the nano-scale. Our obtained values lie in the range of
previously reported values. Perpendicular to osteochondral interface, the
permeability in the subchondral bone plate was 1000-fold higher compared
to the overlaying calcified cartilage. The range of permeability’s of a region
involving the bone canalicular region in the present study agrees with that
of the previous study based on an analytical approach [18]. Obviously, we
expected larger permeability’s when incorporating the contribution of

lacunae and vessels.

The essential microscopic pore sizes manifest themselves at the
macroscopic level though bulk parameters of diffusivity and permeability.
To explore the pore size effects, we have performed simulations using the
obtained real pore sizes as well as using a uniform pore size equal to the
average value of the real pore sizes. Solute showed slower penetration into
the subchondral bone plate with the real pore size distribution compared
to the bone with uniform pore sizes (Figure 9.7). This analysis showed the
contribution of insulated, or dead-end, pore clusters (shown by the dotted
circle in Figure 9.7) located along the flux of solutes which act as a sink for
solute to delay its penetration and therefor its arrival at the longer
distances. A later arrival, in turn, provides smaller effective diffusion

values for bone.
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Figure 9.7. Left plot: Time arrival of solute concentration for two pore

structures. Right image: pore structure with real pore size distribution, and the pore
structure with pores having the average size.

The domain with the intrinsic pore distribution showed 89% higher
permeability value compared to its corresponding uniform media.
Analyzing the pore sizes and their connectivity, this is because in the real
pore network pores with different sizes are distributed non-uniformly and
are spatially correlated where a main branch with a larger pore size
dominates the flow (as shown in Figure 9.8).

_ Full pore size Avg. pore size

normalized flux
10”

Figure 9.8: Flux of fluid for real pore size distribution (left plot), and the pore
structure with pores having the average size (right plot). The flux values are
normalized using the maximum flux value. The pore network with the uniform pore
size also shows a domain flow pathway, although being weaker compared the
dominant flow path within network with the real pore size distribution.
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This analysis reveals that the occurrence of flow pathway in the
subchondral bone plate is not only due to the presence of the larger pore
sizes (i.e., geometrical properties of the bone) but is also controlled by the
connectivity pattern between the pores (i.e., a topological property of the
bone) and the pore size correlation. Another major conclusion using
Figures 9.7 and 9.8 is that a bone with higher permeability values does not
necessarily have a larger diffusivity — as is the case here. This is because
pathways of conductive pores with their larger sizes control bone
permeability, while presence of isolated pore clusters branching out from
such a pathway regulates the effective diffusivity. The larger pores in the
subchondral bone plate are believed to be the osteocyte processes as
opposed to the smaller pores that form due to partial mineralization of the

collagen fibrils.

In short, the results of the present study shed light on the
topographic features at the primary interface between articular cartilage
and subchondral bone plate. As opposed to the conventional and strict
separation between non-calcified and calcified cartilage as well as calcified
cartilage and subchondral bone plate, we found a nano-scale continuous
and transitional architectural pattern across the boundaries. Applying
advanced FIB-SEM tomography and pore-network modeling allowed
accurate prediction of the solute and fluid transport properties in both
calcified cartilage and subchondral bone plate. These techniques applied at
pore-scale within the extracellular matrix are believed to successfully
quantify mass and momentum transport at the interface of cartilage and

bone.
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MATERIALS AND METHODS

Sample harvest

Osteochondral plugs (diameter=8.5 mm) were harvested from
human cadaveric femoral condyles using a custom-made drill bit [19] The
drilling was performed while continuously spraying the drilling site using
phosphate buffer solution (PBS) enriched with protease inhibitor
(cOmplete, Germany). The osteochondral plugs were put in a plastic vial.
The vials were placed in a container which was sealed in a bag and stored
at -20 °C.

Micro-computed tomography (micro-CT)

The entire osteochondral plugs were scanned at a resolution of 10
um (Tube voltage = 60 kV and Tube current = 200 pA, MILabs, The
Netherlands) using a micro-CT (MILabs, The Netherlands). The scans
were then reconstructed to quantify the grey values at the osteochondral

interface.
Cryo-sectioning

Post-micro-CT, the osteochondral plugs were embedded in an resin
(Cryo-Gel, Leica) within the chamber of cryo-microtome (Leica CM3600
XP, Germany, -25 °C) and serial sectioning (alternating sections for FIB-
SEM and histology) was performed perpendicular to the interface of
cartilage and bone. The sections (10 um) were collected on coated glass
slides (SuperfrostTM Plus, ThermoFisher). After immersion in ethanol
series (100%, 90%, 70%) for five minutes, the sections were incubated for
45 minutes in the oven at 60 °C to ensure stable attachment of the sections

to the glass slide surface.
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Histology

To locate the calcified cartilage and subchondral bone plate within
the slides and to assess the healthiness of the osteochondral plugs,
Safranin-O/Fast green staining was performed to a number of sections
that would not undergo FIB/SEM.

Focused-ion-beam scanning electron microscopy (FIB/SEM)

After freeze-drying (Christ alpha 1-2 LD plus) the sections for 24
hours, Glass slides containing one or more sections were attached to a
standard SEM aluminum stubs with adhesive carbon tape. A small strip of
the tape was stuck to the edge of the section and led to the SEM stub to
improve electrical conductivity. Subsequently, the glass slide was sputter
coated with 5 nm Pt/Pd (Cressington 208HR). FIB-SEM operations wete
performed on a Helios Nanolab UC-G3 (FEI). A small strip of Pt
deposition was deposited from the bone region to the uncalcified cartilage
region (thickness approximately 1 pm). Subsequent FIB milling (30 kV,
stepwise reducing the ion current from 21 nA — 24 pA) resulted in a wide
cross section. Backscatter Electron (BSE) imaging (2 kV, 0.2 nA) with the

through the lens detector in immersion mode revealed the pore structure.

FIB-SEM tomography [12] was performed with Slice & ViewTM G3
v1.7.3 (FEI). Slices of 20 nm were milled with 30 kV, 24 pA and imaged in
BSE mode (2 kV, 0.2 nA) with the through the lens detector in immersion

mode.
Pore-scale modelling

The FIB-SEM tomography data was further treated with Avizo
(FEI). The pore space was segmented, resulting in binary data (pore space
versus solid). Subsequently, the pore space was converted into a pore
network model consisting of pore junctions connected by pore segments
(Figure 15).
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Figure 1S. An example of interconnected pores, ij, and pore junctions, i and j,

obtained from the bone sample.

The fluid flow and the overall permeability can be determined by
simulations [20]. Each pore segment obtains a conductance depending on

its size. The resulting flow through a particular pore segment is calculated

by:

R’ 0

where qij is volumetric flow through a given pore segment ij, Rij and
lij are the radius and length of pore throat, respectively. u is dynamic
viscosity, Pi and Pj are pressures at pore junctions i and j, respectively.

Equation (1) can be defined for each and every pore segment together.

The solute transport across the pore segment can be calculated by
solving mass balance equation (2) which describes change of concentration
for a given pore, cij, as a result of advection and diffusion transport

processes.
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—t+At —t+AL —t+At  —t+Ar (2)
o ci  —Ci
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advection process

diffusion process

where Vij, Aij are volume and pore cross-sectional area respectively,
cij and ci are concentrations belonging to the upstream pore junction i and
pore ij itself and D is molecular diffusion.

Another mass balance equation is written for each pore junction, ci,

where solutes from connected pores to it may exchange mass:

Jj=z 7 —t+At  —t+At J=z.. a

dC, —t+At —t+At L c  —=Ci i,inflow

-= - e = =

V—= E q.c; Qc + DAU. ; , Where E q; 0. = total flux

J=1 J=1 J

advection process diffusion process

©)

where Vi is the pore junction volume and zi is the pore connectivity,
showing the number of pores connected at the junction 1.

Finally, the overall solute transport can be determined for a given
concentration gradient across the pore space by iteratively solving equation
(2) and equation (3) for all pore segments and pore volumes (Jacobi’s
method), which converges to a stable concentration distribution across the

pore space. The time step for each iteration is determined by:
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ABSTRACT

Objective: An important aspect in cartilage ageing is accumulation of
advanced glycation end products (AGEs) after exposure to sugars. Advanced
glycation results in crosslinks formation between the collagen fibrils in
articular cartilage, hampering their flexibility and making cartilage more brittle.
In the current study, we investigate whether collagen crosslinking after

exposure to sugars depends on the stretching condition of the collagen fibrils.

Design: Healthy equine cartilage specimens were exposed to L-threose
sugar and placed in hypo-, iso- or hyper-osmolal conditions that expanded or
shrank the tissue and changed the 3D conformation of collagen fibrils. We
applied micro-indentation tests, contrast enhanced micro-computed
tomography, biochemical measurement of pentosidine cross-links, and
cartilage surface color analysis to assess the effects of advanced glycation

cross-linking under these different conditions.

Results: Swelling of ECM due to hypo-osmolality made cartilage less
susceptible to advanced glycation, namely, the increase in effective Young’s
modulus was approximately 80% lower in hypo-osmolality compared to

hyper-osmolality and pentosidine content per collagen was 47% lower.

Conclusions:  These results indicate that healthy levels of
glycosaminoglycans not only keep cartilage stiffness at appropriate levels by
swelling and pre-stressed collagen fibrils, but also protect collagen fibrils from
adverse effects of advanced glycation. These findings highlight the fact that
collagen fibrils and therefore cartilage can be protected from further advanced
glycation (‘ageing’) by maintaining the joint environment at sufficiently low
osmolality. Understanding of mechanochemistry of collagen fibrils provided
here might evoke potential ageing prohibiting strategies against cartilage

deterioration.
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10.1. INTRODUCTION

In normal articular cartilage, the extracellular matrix (ECM) includes
structured collagen type II fibrils, depth-wise distributed glycosaminoglycan
macromolecules (GAGs), and interstitial water [1]. In osteoarthritis (OA),
proteolytic activity initiates marked changes in the ECM of cartilage [2]. The
depletion of GAGs is often considered as early signs of OA, whereas
irreversible degradation of collagen fibrils can be observed in the developing
stages of OA followed by macroscopic degeneration of ECM in the late stage
OA [3, 4]. Contrary to OA, normal ageing does often not affect the major
constituents, nor the organization of ECM, but rather contributes to
formation and accumulation of so-called advanced glycation end-products
(AGEs) including pentosidine cross-links, which chemically affect the collagen
molecules [5]. The AGEs are formed by a chain of irreversible reactions
between two adjacent amino acids of Arginin and Lysin found as the repeating
units in the triple-helix tropocollagen molecules [6]. Not only is their
production augmented due to increased systemic sugar levels, e.g. in diabetes,
but is also observed in the turnover processes of the ECM [5]. Apart from
obvious biomechanical effects of AGEs due to the impaired function of the
collagen fibrils and increased brittleness [5], at the cellular level they interact
with the surface receptors of chondrocytes [5]. In short, AGEs stimulate
catabolic pathways leading to upregulation of matrix metalloproteinases
(MMPs) that are responsible for degrading the ECM components.

The three-dimensional (3D) spatial orientation of collagen either in single
molecular state or fibrillar state has been shown to affect enzymatic degradation of
collagen [7-9]. There is some evidence that stretching of collagen fibrils decelerates
MMPs enzymatic activity [7, 9-11]. This could be due to the 3D orientation of the
amino acids that form the cleavage sites in the backbone of collagen fibrils, which
might only interact with enzymes in a specific (low stretched) conformation.
Similarly, the essential amino acids involved in advanced glycation, namely
arginine and lysin [12], may need a specific 3D conformation to interact with
sugars and create crosslinks.

Here, we investigate the effects of osmotically-driven mechanical

conditioning of collagen fibrils within equine articular cartilage samples on their
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chemical response to the non-enzymatic cross-linking, in other words “artificial
ageing”. This “artificial ageing” is induced by using L-threose as the glycating
agent under various osmotic conditions of hypo-, normal and hyper-osmoality,
thereby creating water outflow or inflow [13] and consequent shrinkage or
stretching of the collagen fibers. The micro-scale effective elastic modulus,
pentosidine level, surface color, and fixed charge density were then characterized
to determine whether or not osmotic stretching of collagen fibrils protects them

against non-enzymatic glycation.
10.2. METHODOLOGY

Sample

Equine osteochondral plugs (n = 5, ¢ = 8.5 mm) were extracted from
visually-intact femoral condyle (~ 7 years old) using a custom-made drill bit while
care was taken to avoid overheating of the drilling site by constantly spraying
phosphate buffer solution (PBS, Gibco, UK). Post-extraction, the samples were
stored at -20 °C until further use. The full cartilage layer (~ 2 mm) was then
carefully cut from the osteochondral plug followed by splitting it into four quarter
disks. Each quarter disk was then equilibrated in a separate solution containing the
required amount of NaCl and protease inhibitors (cOmplete, Roche, Mannheim,
Germany) at an osmolality of 400 mOsm/kg water (0.2 M NaCl) at room

temperature before performing micro-indentation tests (Figure 10.1).
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I ! (100 mOsm/kg water)
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(4000 mOsm/kg water) (400 mOsm/kg water)
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(8.5 mm in diameter)

Quarter disks of cartilage
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400 mOsm/kg water
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4 days at 37 °C
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for 1 hour at 4 C

<

Results

Figure 10.1. Schematic of the osmotic deformation, L-threose incubation and micro-
indentation experiments. Osteochondral plugs are extracted from Equine femoral condyle of
7-year old horse using custom-made drill bits. Full thickness of cartilage is then removed from
the subchondral bone using razor blade and split into four quarter disks. Three disks undergo
their corresponding osmotic deformations, whereas one serves as control negative (no
incubation with L-threose). The cartilage specimens are equilibrated at 4 °C in a 400
mOsm/kg water bath and therefore are prepared for the micro-indentation tests. Matrix
micro-indentation is performed on each specimen in an area of 1.5 mmXx1.5 mm containing
81 equally-spaced indentation points. Thereafter, samples are treated osmotically
corresponding to our desired conditions and then L-threose (50 mM) is added to each
solution. Following the L-threose incubation at 37 °C, specimens are equilibrated in 400
mOsm/kg water for an hour before matrix micro-indentation. The change of the effective

Young’s modulus is reported as the result.

Mechanical conditioning

External osmotic pressure of the solution to which cartilage is exposed
controls its swelling state due to the in-/out-flux of water [13-15]. Articular
cartilage loses water when exposed to hyper-osmolar solution, gains water when
exposed to hypo-osmolar solution, while exposure to iso-osmolar solution is not
expected to alter its shape. Four-quarter disks were obtained from each
osteochondral plug, where each underwent different mechanical conditioning by

adjusting the osmotic pressure of the external bath to hypo- (100 mOsm/kg water
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or 0.05 M), iso- (400 mOsm/kg water or 0.2 M) and hyper- (4000 mOsm/kg
water or 2 M) osmolalities using NaCl. Prior to incubation with L-threose (50
mM, Sigma-Aldrich, Slovakia), each quarter disk was placed in its respective
solution (2 mL), i.e. hypo-, iso- or hyper-osmolal, for one hour (pre-conditioning
of collagen fibrils). Then, each quarter disk was transferred to 50 mM L-threose
solution having the same osmolality as in the pre-conditioning step, except one
quarter disk which functions as a non-L-threose control sample (400 mOsm/kg).
Two quarter disks under hypo-osmolality and two quarter disks under hyper-
osmolality (from a cartilage disk) served as the controls to check for possible
effects of osmolality on cross-linking process. The vials containing the samples
were then placed in an incubator at 37 °C for 96 hours to induce cross-linking of
the collagen fibrils (Figure 10.1).

Micro-indentation

Before and after incubation with L-threose, cartilage quarter disks were
allowed to reach equilibrium at 400 mOsm/kg water entiched with protease
inhibitor for 1 hour at 4 °C, while glued to the bottom of a petri-dish with the
cartilage surface facing upward. Using a permanent marker with fine tip, a
reference point was specified on the cartilage surface as the starting point of the
micro-indentation process. Micro-indentation was performed following the
protocol determined in a previous study [14] within a 1.5X1.5 mm2 area on the
cartilage surface using an array of 81 equally spaced (9%9) contact points (Figure
10.1). For this purpose, a displacement-controlled indenter (Piuma, The
Netherlands) was used which consisted of a controller, optical fiber, and spherical
probes with diameters of ~ 100 um and stiffness values of ~ 50 N/m (Optics,
The Netherlands). The force-displacement curves were obtained after indenting
each contact point with the applied indentation depth (Piezo movement) of 18
um. The actual indentation depth in the cartilage tissue varied based on the
stiffness of each contact point, which can be calculated by subtracting the
cantilever deflection from the Piezo movement. Indentation protocol at each
contact point consisted of three consecutive steps of loading with Piezo
movement of 18 um for the second, holding time of 7 seconds, and unloading for
20 seconds. The effective Young’s modulus at each contact point was calculated

based on the Oliver-Pharr theory, i.e. calculating the slope of the initial portion of
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the unloading curve. See Moshtagh et al. [14] for a more detailed description of
this optimized indentation protocol.

For each sample, the average of the Young’s modulus in 81 contact points
was calculated before and after incubation in I-threose. The difference between
the moduli measured before and after the cross-linking process was used as a

measure of the cross-linking efficiency:

Change in effective Young’s modulus (%) = EaﬂeEr_w x100 (1)

before

where Eaprer and Epefore are respectively the effective Young’s moduli after

and before incubation in L-threose.

Contrast enbanced micro-C T

To check the enhanced fixed charge density (FCD) of the samples, the
samples were scanned with micro-computed tomography (Quantum FX, Perkin
Elmer, USA) at 90 kV tube voltage and 180 pA tube current and voxel size of 20
um3 after 24-hour incubation in Hexabrix solution (40 v/v% GE Healthcare, The
Netherlands, 320 mgl/ml, MW=1269 g/mol, charge= -1) entiched with Protease
inhibitor (complete, Roche, Mannheim, Germany) before and after incubation
with L-threose. To eliminate the possible effects of Hexabrix on the cross-linking
process, samples wetre washed out in a saline bath (400 mOsm/kg watet, protease
inhibitor) according to a previous study [15]. The average of the grey scale values

was calculated in 10 mid-slices using image] (public domain, NIH, version 1.47).

Colorimetry of cartilage surface

Depending on the intensity of the cross-linking i.e. ageing, the color of
cartilage undergoes alterations from white (normal cartilage) to brown (cross-
linked cartilage) [16]. To quantify possible color changes as an indication of the
cross-linking following incubation with L-threose, samples were placed side-by-
side and digital images from the cartilage surface were captured (vertical, Samsung
Galaxy S6, 12 Megapixels) in absence of ambient light. The resulting RGB images
were then converted to 32-bit images and the average pixel intensity was

calculated with image].
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Collagen and pentosidine content

Each quarter disk was first weighed before freeze-drying (Christ alpha 1-2
LD plus) for 48 hours. The dry weight of the samples was measured after freeze-
drying. 800 pL. HCL (Sigma-Aldrich) was added to the dried samples before
placement in screw cap vials and subsequently in an oven at 95 °C. After 20
hours, the liquid phase of the digested samples was allowed to completely
evaporate at 60 °C under a fume hood. After adding 500 uL. mQ water to the
vials, they were vortexed, centrifuged, and prepared for hydroxyproline
measurement. Measuring the hydroxyproline allowed for calculating the collagen
content of each quarter disk. The complete procedure for the hydroxyproline
assay can be found elsewhere [17].

Pentosidine cross-linking level within the digested samples was determined
based on high performance liquid chromatography (HPLC) [18]. The peak
representative of the pentosidine cross-links was found for all samples, while care

was taken to exclude the interference of other peaks as much as possible.

Statistical analysis

Statistical analysis was performed using one-way ANOVA followed by post
hoc analysis using MATLAB and p-values less than 0.05 were taken as indicators

of statistical significance.
10.3. RESULTS

Micro-indentation

The effective Young’s modulus increased after cross-linking, as captured
using micro-indentation before and after cross-linking with L-threose (Figure
10.1). The change in the effective Young’s modulus (Eq. 1) was -21.5+32.6% for
non-treated specimens, 10.0£33.2% for hypo-osmolal specimens, 10.1+47.9% for
iso-osmolal specimens, and 92.5£62.1% for hyper-osmolal samples. Our results
showed that, within each group, the effective Young’s modulus was substantially
higher for cartilage specimens that were exposed to high osmolality (shrunk

samples) during the L-threose treatment as compared to those exposed to either
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low or iso-osmolality conditions (Figure 10.2A). Moreover, a decrease in the
effective Young’s modulus of non-treated samples was observed. The effective
Young’s modulus of the non-treated samples decreased from 1.1+0.3 MPa to
0.8+0.3 MPa for hyper-osmotic group and from 1.1£0.3 MPa to 0.6£0.2 MPa for
hypo-osmotic group suggesting only little chemical effect of osmolality itself on
the cross-linking (Figure 10.2B).
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Figure 10.2. (A) Alterations in the effective Young’s modulus following the incubation
with L-threose compared to sample’s intrinsic effective Young’s modulus before incubation
with L-threose. The change of effective Young’s modulus of hyper-osmolal vs. control
negative as well as hypo-osmolal vs. hyper-osmolal was statistically significant (p-
value<0.005). (B) Effective Young’s modulus change before and after incubation in Hypo-
and Hyper-osmolality solutions without L-threose.
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Contrast enhanced micro-C T

Previous studies showed that cross-linking is associated with the formation
of free negative groups on the collagen molecules, which leads to increased
density of net negative charges within the extracellular matrix [19]. Determination
of possible increase in the negative charge within the extracellular matrix was
achieved using contrast-enhanced micro-CT. However, increase in negative charge
density due to cross-linking is counteracted by possible leakage of negatively
charged GAGs due to enzymatic activity within the matrix particularly during
prolonged incubation with L-threose. Our experiments on the negative control
samples (iso-osmolality and no L-threose) confirmed tangible GAG loss in those
samples (Figure 10.3). Therefore, average grey values obtained before and after
incubation with L-threose indicate the effects of both aforementioned
phenomena. The increased penetration of Hexabrix followed a rising trend toward
decreasing the osmolality within each group of samples (Figure 10.3, p-
value=0.12).
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Figure 10.3. Increase in average grey value indicating the Hexabrix penetration
depending on the net negative charges in the ECM. The equilibrium penetration of Hexabrix

is inversely related to the amount of matrix fixed charge density.
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Cartilage surface color analysis

Non-enzymatic cross-linking causes the white surface of normal articular
cartilage to turn brown. Our cartilage surface color analysis allowed us to clearly
identify differences in the intensity of the brown color between treated and non-
treated normal specimens. The intensity of the color is an indicator of efficacy of
the cross-linking process as the trend suggests (Figure 10.4).
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Figure 10.4. (A) Changes in the color of horse cartilage for negative control, iso-
osmolal, hypo-osmolal and hyper-osmolal specimens after 4 days incubation. (B) Cartilage
surface color analysis: Brighter color represents higher average pixel intensity, while dark

yellow/brown represents lower average pixel intensity.
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Pentosidine level

In general, the pentosidine level per collagen (pmol/pmol) increases with
the level of osmolality during the L-threose treatment (Figure 10.5A). The amount
of pentosidine per collagen (mol/mol) increased 47% from hypo-osmolality
toward hyper-osmolality (average difference over the 5 samples). Plotting the
amounts of pentosidine per collagen molecules versus surface color reveals a
decreasing trend as expected (Figure 10.5B).
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Figure 10.5. (A) Amount of pentosidine per collagen (mol/mol) is reported for
different osmolality conditions. In average, the hyper-osmolality led to higher accumulation of
pentosidine per collagen molecule (mol/mol) (p-value>0.05). The difference was higher
between hyper-osmolality and control negative (p-value=0.067). (B) Average pixel value of the

cartilage surface vs. pentosidine per collagen molecules (+t=-0.63 and p-value=0.0027).
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10.4. DISCUSSION

We investigated the effects of the mechanical strain experienced by collagen
fibrils on their chemical response to non-enzymatic glycation, leading to
pentosidine cross-linking. Due to the fixed charges of the glycosaminoglycan
molecules enmeshed within fibrillary network of collagen molecules, articular
cartilage allows for the exchange of water from/to the external bath. To maintain
osmotic balance, normal articular cartilage swells when exposed to hypo-
osmolality, while it shrinks under hyper-osmolality. Different joint diseases have
been shown to cause a decrease in the osmolality of the synovial fluid, particularly
in osteoarthritic and rheumatoid arthritis [20, 21]. In this study, osmolality was
adopted as a means to induce expansion and shrinkage of the articular cartilage
and its collagen fibers. Measurements of the effective Young’s modulus of
cartilage (stiffness) at several locations within a prescribed indentation matrix
before and after L-threose incubation were performed. Our data indicated that
incubation with L-threose as the reducing sugar results in stiffened cartilage
matrix, which agrees with the findings of a previous study [22]. Our micro-
indentation data illustrated that L-threose treatment under hyper-osmolality
enhances the formation of advanced glycation end-products (Figure 10.2). In
contrast to hyper-osmolality, hypo-osmolality showed restrictive effects on the
non-enzymatic glycation cross-linking, indicating that expanded collagen fibrils are
less susceptible to react with L-threose. Our observations are in line with findings
of previous research that underscored the importance of stretching the collagen
molecules in various forms of molecular, fibrillary and tissue level, to protect them
against enzymatic activity [7-10]. Sufficient compressive strain of the extracellular
matrix, i.e. 25% strain, has been shown to buckle the collagen fibrils [23] and
consequently affect the conformation of collagen building blocks, i.e. amino acids,
which is believed to affect the susceptibility to enzymatic degradation. Our micro-
indentation data suggest that expansion protects the ECM against glycation or the
so-called ‘artificial ageing’, whereas shrinkage makes it prone to glycation,
although in our study the induced shrinkage and expansion were below 25% of
the original cartilage thickness. Using a bath containing a neutral contrast agent
(iodixanol), we determined the swelling behavior of equine cartilage at the
osmolalities applied in this study when articular cartilage was kept attached to the

subchondral bone. Those experiments showed; post free swelling, less than 4% at
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hypo-osmolality (100 mOsm/kg water) which is consistent with a previous study
[23], whereas hyper-osmolality (4000 mOsm/kg watet) resulted in less than 3%
shrinkage (data not shown). This infers that relatively mild matrix deformations
are enough to affect the cross-linking efficiency. Moreover, it is well established
[23, 24] that high salt concentration in the bath modulates up ions flux through
the cartilage matrix, shielding the negatively charged proteoglycans from further
ionic interactions, which results in more relaxing state of the collagen fibrils (less
pre-stress).In addition, higher ionic concentration in the extrafibrillar region than
the intrafibrillar region expels the intrafibrillar water [23], causing denser collagen
fibril network (crushed collagen fibrils), which obviously alters the spatial
conformation of the lysin and arginine, mainly responsible for non-enzymatic
cross-linking. Moreover, the intrafibrillar water normally follows an exponential
decay function of the applied external osmotic pressure [23], which has likely
influenced our cross-linking efficiency the most.

Previous studies have shown that the osmolality of the synovial fluid
decreases in the patients with osteoarthritis and rheumatoid arthritis [20, 21]. As
this will create increased swelling of the cartilage (in an early phase of the disease)
it might be a protective strategy from advanced glycation in the diseased joint.
Moreover, exercise has been shown to be associated with decreased osmolality of
the synovial fluid [25]. Our data, although not exactly in-line with the physiologic
osmolalities, suggest that by maintaining the osmolality of the environment
surrounding the cartilage sufficiently yet wisely low, the chance of cross-linking of
the collagen fibrils can be minimized.

It is well-known that non-enzymatic glycation results in accumulation of net
negative charge generated by the additional group on the collagen molecules [19].
To identify increased net negative charge post L-threose treatment, negatively
charged contrast agent (Hexabrix) was used, which its equilibrium concentration
inversely correlates with the amount of formed negatively charged groups. The
penetration of Hexabrix was shown to follow an osmolality-dependent trend
(Figure 10.3) which means higher osmolality results in less penetration of
Hexabrix, likely due to direct electrostatic interaction between glycation-driven
negatively charged groups and Hexabrix. Furthermore, in highly cross-linked
collagens, steric hindrance, which slows the diffusion rate down, also plays a role

as a barrier against Hexabrix transport [15, 19].
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The color of the cartilage surface undergoes a shift from white toward
yellow/brown in non-enzymatic cross-linking [26]. Therefore, the pixel intensity
of cartilage surface could provide potential indication of the intensity of the cross-
linking process. The pixel intensity was significantly different between the control
and other samples indicating the efficacy of the cross-linking process. Similar to
the above-mentioned analyses, pixel intensity varied according to the osmolality of
the external bath with the highest difference observed between the hypo- and
hyper-osmolality conditions among all L-threose treated samples (26.6% based on
hyper-osmolality). Similar to the observations regarding the surface color,
pentosidine per collagen molecule values also confirm that increasing the
osmolality leads to increased non-enzymatic cross-linking (Figure 10.5A).

We have found that hypo-osmolality and the related stretching of collagen
molecules, lowers the glycation (ageing) efficiency in collagen fibrils. We believe
that this is due to the micro-unfolding of the triple helix [27]. Another study
suggested that cross-linked collagen fibrils are more susceptible to enzymatic
degradation when stretched in tendon tissue [28], which again sheds light on the
importance of underlying forces that regulate chemical processes in connective
tissues.

It is widely believed that the superficial layer of articular cartilage represents
a highly inhomogeneous distribution of collagen fibrils and glycosaminoglycans,
which creates heterogeneous mechanical behavior [1]. Due to this fact, slight
differences between iso-osmolality (400 mOsm/kg water or 0.2 M NaCl) and
hypo-osmolality (100 mOsm/kg water or 0.05 M NaCl), which are relatively
similar conditions as compared to the hyper-osmolality condition (4000 mOsm/kg
water or 2 M NaCl), may not be fully captured. The elastic properties calculated
here indicate the pre-stress in the collagen fibrils [13], but as articular cartilage is
intrinsically a poroelastic material its hydraulic permeability could provide
additional information about the possible restrictions against fluid flow due to
cross-linking. As cartilage properties changes across its thickness, one could apply
deep indentations to obtain details regarding depth-wise mechanical and physical
properties. Solute features such as permeability through extracelluar matrix could
also affect the cross-linking efficacy as accumulation of small ions in the
extrafibrillar region causes exudation of the intrafibrillar water, which potentially
restricts the accessibility of L-threose to the collagen molecules and is therefore

worth investigating.
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In conclusion, we have shown that non-enzymatic cross-linking of collagen
fibrils of articular cartilage can be controlled through shrinking or stretching of the
cartilage tissue, which we applied through adjustment of the bath osmolality. Our
micro-indentation data, colorimetry of the cartilage surface, pentosidine level
measurement, and contrast-enhanced computed tomography data all show that
increased osmolality accelerates advanced glycation and the ‘ageing’ of articular
cartilage.

Our findings contribute towards understanding how the mechanical
environment of the articular cartilage influences the chemical reactions between
sugars and collagen building blocks at micro-scale, which undergo micro-
unfolding of the triple helix in the hyper-osmolal and glycation sensitive
conditions. We believe that more advanced understanding of collagen fibrils
mechanochemistry provided here, evokes potential ageing prohibiting strategies

against cartilage deterioration.

222



Chapter 10

10.5. REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

Sophia Fox, AJ., A. Bedi, and S.A. Rodeo, The Basic Science of Articular
Cartilage: Structure, Composition, and Function. Sports Health, 2009. 1(6): p.
461-8.

Grushko, G., R. Schneiderman, and A. Maroudas, Some biochemical and
biophysical parameters for the study of the pathogenesis of osteoarthritis: a comparison
between the processes of ageing and degeneration in buman bip cartilage. Connect
Tissue Res, 1989. 19(2-4): p. 149-76.

Weinans, H., et al., Pathophysiology of peri-articular bone changes in osteoarthritis.
Bone, 2012. 51(2): p. 190-6.

Woachtel, E., A. Maroudas, and R. Schneiderman, Age-related changes in
collagen packing of human articular cartilage. Biochim Biophys Acta, 1995.
1243(2): p. 239-43.

Lotz, M. and R.F. Loeser, Effects of aging on articular cartilage homeostasis. Bone,
2012. 51(2): p. 241-8.

Sell, D.R. and V.M. Monniert, Structure elucidation of a senescence cross-link from
buman extracellular matrix. Implication of pentoses in the aging process. ] Biol Chem,
1989. 264(36): p. 21597-602.

Bhole, A.P., et al., Mechanical strain enhances survivability of collagen micronetworks
in the presence of collagenase: implications for load-bearing matrix growth and stability.
Philos Trans A Math Phys Eng Sci, 2009. 367(1902): p. 3339-62.

Chang, S.-W., et al., Molecular mechanism of force induced stabilization of collagen
against engymatic breakdown. Biomaterials, 2012. 33(15): p. 3852-3859.

Camp, R.J., et al., Molecular mechanochemistry: low force switch slows engymatic
cleavage of human type I collagen monomer. ] Am Chem Soc, 2011. 133(11): p.
4073-8.

Tonge, T.K., ].W. Ruberti, and T.D. Nguyen, Micromechanical Modeling Study
of Mechanical Inhibition of Engymatic Degradation of Collagen Tissues. Biophys ],
2015.109(12): p. 2689-700.

Dittmore, A., et al., Infernal strain drives spontaneous periodic buckling in collagen
and regulates remodeling. Proc Natl Acad Sci U S A, 2016. 113(30): p. 8436-41.
Hardin, J.A., N. Cobelli, and I.. Santambrogio, Consequences of metabolic and
oxidative modifications of cartilage tissue. Nat Rev Rheumatol, 2015. 11(9): p.
521-9.

Moshtagh, P.R., et al., Micro- and nano-mechanics of osteoarthritic cartilage: The
effects of tonicity and disease severity. | Mech Behav Biomed Mater, 2016. 59: p.
561-71.

Maroudas, A. and C. Bannon, Measurement of swelling pressure in cartilage and
comparison with the osmotic pressure of constituent proteoglycans. Biorheology, 1981.
18(3-6): p. 619-32.

Pouran, B., et al., Isolated effects of external bath osmolality, solute concentration, and
electrical charge on solute transport across articular carfilage. Med Eng Phys, 2016.
38(12): p. 1399-1407.

Bae, W.C., et al., Indentation testing of human cartilage: sensitivity to articular surface
degeneration. Arthritis Rheum, 2003. 48(12): p. 3382-94.

Sondergaard, B.C., et al., Relative contribution of matrix metalloprotease and
¢ysteine  protease activities to  cytokine-stimulated —articular cartilage degradation.
Osteoarthritis Cartilage, 2006. 14(8): p. 738-48.

223



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Chapter 10

Bank, R.A., et al., Awino Acid Analysis by Reverse-Phase High-Performance Liquid
Chromatography:  Improved Derivatization and Detection  Conditions with 9-
Fluorenylmethy! Chloroformate. Analytical Biochemistry, 1996. 240(2): p. 167-
176.

Kokkonen, H.T., et al., Computed tomography detects changes in contrast agent
diffusion after collagen cross-linking typical to natural aging of articular cartilage.
Osteoarthritis Cartilage, 2011. 19(10): p. 1190-8.

Bertram, K.L. and R.J. Krawetz, Osmolarity regulates chondrogenic differentiation
potential of synovial fluid derived mesenchymal progenitor cells. Biochem Biophys Res
Commun, 2012. 422(3): p. 455-61.

Shanfield, S., et al., Synovial fluid osmolality in osteoarthritis and rheumatoid
arthritis. Clin Orthop Relat Res, 1988(235): p. 289-95.

Verzijl, N., et al., Crosslinking by advanced glycation end products increases the
stiffuess of the collagen network in human articular cartilage: a possible mechanism
throngh which age is a risk factor for osteoarthritis. Arthritis Rheum, 2002. 46(1):
p. 114-23.

Basser, P.J., et al., Mechanical properties of the collagen network in bhuman articular
cartilage as measured by osmotic stress technigue. Arch Biochem Biophys, 1998.
351(2): p. 207-19.

Setton, L.A., H. Tohyama, and V.C. Mow, Swelling and curling bebaviors of
articular cartilage. ] Biomech Eng, 1998. 120(3): p. 355-61.

Baumgarten, M., et al., Nomual human synovial fluid: osmolality and exercise-
induced changes. The Journal of Bone &amp; Joint Surgery, 1985. 67(9): p.
1336-1339.

Chen, A.C., et al., Induction of advanced glycation end products and alterations of the
tensile properties of articular cartilage. Arthritis Rheum, 2002. 46(12): p. 3212-7.
Bourne, J.W. and P.A. Torzilli, Molecular simmulations predict novel collagen
conformations during cross-link  loading. Matrix biology : journal of the
International Society for Matrix Biology, 2011. 30(5-6): p. 356-360.

Bourne, J.W., ].M. Lippell, and P.A. Torzilli, Glycation Cross-Linking Induced
Mechanical-Enzgymatic Cleavage of Microscale Tendon Fibers. Matrix biology :
journal of the International Society for Matrix Biology, 2014. 34: p. 179-
184.

224



CHAPTER 11

CONCLUDING REMARKS AND FUTURE
DIRECTIONS



Physico-chemical phenomena, namely molecular and convective transport
as well as chemical reactions play a crucial role in proper metabolic, anabolic and
physiological functioning of articular cartilage and the subchondral bone plate. In
the current thesis, novel experimental and finite element platforms assisted to
enhance the understanding of the solute transport across articular cartilage and the
osteochondral interface using a multi-scale approach. Moreover, the effects of
chemical reactions that generate advanced glycated cross-links which prevail
during ageing were investigated under different osmotic conditions. The
multiphysics phenomena behind those processes are highly complicated due to the
interplay of a multitude of parameters such as the non-uniform distribution of
negatively charged proteoglycans, varying thickness of collagen fibrils, the water
content gradient in cartilage and the complex pore structure of calcified cartilage
and the subchondral bone plate. To accurately address the effect of each
parameter, specific experimental setups, i.e. contrast-enhanced micro-computed
tomography, micro-indentation, histology, biochemical tests and advanced
microscopy, have been designed to form the basis for the development of
sophisticated computational methods i.e. finite element models and pore-network
modeling. The key conclusions extracted from the individual chapters in this
thesis will enhance our insight in this complex matter.

Chapter 2: Choosing the appropriate imaging tool to study the diffusion
process in cartilage is not trivial. The selection criteria include, but are not limited
to, achievable resolution, acquisition time, bath attributes and cartilage thickness.
Computed Tomography (CT) techniques feature high resolution and low
acquisition time and are therefore suitable to study the diffusion of radiopaque
molecules in various zones of the tissue. Magnetic Resonance Imaging (MRI)
techniques are often capable of capturing diffusion of water and some small
molecules, but the long acquisition time, low out-of-plane resolution and high
costs limit their wide application. Fluorescent microscopy allows high in-plane
resolution when used to image the extracellular matrix of the excised explants and
is ideal to study the diffusion in the pericellular matrix.

Chapter 3: Three types of intertwined physical phenomena, mechanical,
electrical and chemical, complicate the transport processes in articular cartilage.
The separate effects of external bath osmolality, bath concentration and solute’s

charge were investigated in this chapter using a combination of experimental and
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biphasic-solute computational techniques. Bath concentration and osmolality had
little effect on the diffusion in different zones of cartilage, suggesting that the
diffusion of neutral contrast agent follows Fickian behavior. On the other hand,
diffusion of negatively charged solute, strongly deviated from idealized Fickian
behavior, revealing much lower flux compared to that of the neutral solutes.

Chapter 4: A novel biphasic-solute finite element model was developed to
calculate the diffusion coefficient of neutral solutes diffusing axially in different
zones of articular cartilage, based on contrast-enhanced micro-computed
tomographic experiments. The diffusion coefficient of the superficial zone was
one order of magnitude larger than in the middle zone. The higher compactness
of proteoglycans and the lower water content in the middle zone are likely the
primary reasons of lower diffusion coefficient in this zone.

Chapter 5: A multi-zone multiphasic finite element model was developed
based on the contrast-enhanced micro-computed tomographic experiments to
describe the transport of charged solutes. The model not only allowed calculation
of the diffusion coefficient in different cartilage zones, but also estimation of the
fixed charge density (FCD) in different zones. The diffusion coefficient of the
superficial zone was ten times higher than in the middle zone while the FCD of
the middle zone was about two times higher in the middle zone.

Chapter 6: The overlying solute-containing bath in contact with the cartilage
surface continuously interacts with the tissue and might therefore alter the
diffusion characteristics. The size of the bath, stirring of the bath and the possible
formation of a stagnant layer are among the most likely influential factors affecting
the transport across cartilage. Using advanced biphasic-solute finite element
models, the well-stirred condition could be attained when the ratio of diffusivity
of bath to cartilage was at least 1000. Unlike the thickness of the stagnant layer at
the cartilage-bath interface, its concentration substantially affects the diffusion
characteristics. Stirring showed promise in attenuating the stability of the stagnant
layer, hence mitigating its effect. This multiphysics platform could be employed to
design efficient diffusion experiments when using soft hydrated tissues.

Chapter 7: Diffusion at the interface of cartilage and subchondral bone has
long been debated. Contrast-enhanced micro-computed tomographic experiments
on human and equine samples not only confirmed the existence of such diffusion

at the osteochondral interface, but also showed the importance of thickness and
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porosity of the subchondral bone plate and of cartilage thickness on solute
transpott.

Chapter 8: A multi-zone biphasic-solute platform was developed to capture
the diffusion of neutral solutes in cartilage and subchondral bone plate
simultaneously. The findings confirmed the decrease in diffusion coefficient when
traveling from the superficial zone to the deep zone of cartilage and that the
diffusion coefficient of the deep cartilage zone is 1.5-fold higher than of the
subchondral bone plate.

Chapter 9: The pathways by which solutes transfer across the osteochondral
interface were investigated in this chapter. Nano-structural observations revealed a
continuous and gradual transition of mineralization architecture from the non-
calcified cartilage region towards the calcified cartilage, revoking the textbook
picture of the so-called tidemark; a well-defined discontinuity at the osteochondral
interface zone. The 3D structure of the pores was obtained using the FIB-SEM
technique that showed that pores were larger and more connected in the
subchondral bone plate than in the calcified cartilage. A pore-network model was
created from this data and applied to determine the diffusion coefficient and
hydraulic permeability of calcified cartilage and of the subchondral bone plate.
Perpendicular to the osteochondral interface, the diffusion coefficient and
hydraulic permeability were respectively 1.5 and 1000 times higher in the
subchondral bone plate.

Chapter 10: Non-enzymatic (advanced) glycation in the collagen fibrils
within articular cartilage (i.e. a form of artificial ageing) was induced under external
hypo-, iso- and hyper-osmolality conditions. Tuning the extent of collagen pre-
stress and inter-fibrillar spacing via osmolality-switch altered the efficiency of
collagen fibril cross-linking. The hypo-osmolality condition (swelling) made
cartilage less susceptible to advanced glycation. These findings indicate that timely
adjusted joint osmolality may decelerate the efficiency of the ageing process and
thus possibly prolong the functionality of the tissue.

This thesis provides an in-depth understanding of various physical
phenomena involved in solute transport in cartilage and underlying bone, as well
as of the effect of the advanced glycation (ageing) process in articular cartilage
using a combination of experiments and numerical techniques. Practical
extensions to the solute transport part are suggested through designing efficacious

diffusion platforms to enhance diffusion of therapeutic compounds or promote
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contrast agent delivery to cartilage. Simultaneous transport of multiple contrast
agents with various charges to acquire more detailed information regarding the
health state of cartilage could be a future step as an extension to the findings of
the current thesis. Furthermore, it is proposed that on-line investigation of
diffusion of biologically relevant solutes such as cytokines across the
osteochondral interface in healthy and degenerate tissues may lead to a better
understanding of the cross-talk between cartilage and bone during disease, e.g. in
osteoarthritis progression. Study of transport of charged solutes across the
osteochondral interface and development of pore-scale models to describe their
interactions with the pore wall is suggested.

Regarding the degeneration of cartilage, future experiments could be set up
to investigate the enzymatic degradation (e.g. Matrix metalloprotease-driven) of
collagen fibrils within the aged tissue to understand the degeneration of cartilage
when aging and osteoarthritis act together. Efficient delivery tools based on
enhanced transport of anti-aging compounds can then be designed to treat the

susceptible aged cartilage.
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SUMMARY

Articular cartilage and its connecting subchondral bone plate are main
compartments that play an important role in proper mechanical functioning of
diarthrodial joints. However, in ageing and osteoarthritis structural changes
propagate in these tissues, which impairs them for proper functioning. One way to
characterize the structural alterations during different stages of degeneration and
disease is to perform solute transport tests in an experimental set-up and quantify
the parameters such as diffusivity (diffusion rate) and permeability (fluid ability to
pass through a porous solid) that represent the quality of the tissue. Therefore,
common imaging techniques to investigate diffusion across cartilage have been
reviewed and suggestions to select appropriate tools to determine diffusion
parameters were made.

The primary aim of this thesis is to setup a set of experiments that can
capture the transport (diffusion) properties of cartilage and its underlying bone.
To this end we designed experiments that used contrast-enhanced micro-
computed tomography to measure diffusion through cartilage and subchondral
bone and applied computational models of these experiments to quantify the
physical parameters such as diffusivity and permeability of the tissues concerned.
The individual role of the bath osmolality, concentration and solute’s charge on
the diffusion in articular cartilage was successfully studied and solute’s charge was
identified as the dominant factor. Biphasic-solute and multiphasic finite element
models were subsequently developed to precisely simulate the transport of neutral
and charged solutes in various cartilage zones, respectively. As the cartilage-bone
interface experiences morphological alterations after joint degeneration and during
progression of osteoarthritis, characterization of the transport properties of the
interface becomes of paramount importance. Therefore, experiments based on
contrast-enhanced micro-computed tomography were first conducted and a
correlation was found between the extent of diffusion and the micro-architecture
of the subchondral bone plate and articular cartilage. Multi-zone biphasic-solute
finite element models then assisted in determination of diffusion coefficients in
different cartilage layers and the subchondral bone plate. To identify the pathways
between cartilage and bone responsible for transport, focused-ion-beam scanning

electron microscopy (FIB-SEM) imaging was employed. Using the 3D data of the

231



Summary

pore structure at the osteochondral interface and with the aid of advanced pore-
network modeling, the diffusive and permeability attributes of the extracellular
matrices were successfully determined.

The next theme of this thesis was to assess the effects of collagen fibril
conformation under different environmental osmotic pressure on advanced non-
enzymatic glycation, a process, responsible for cartilage deterioration during
ageing. Sugars were added under different external bath osmotic pressures to
study the glycation process when collagen fibrils are either stretched or shrunk.
Using micro-indentation, biochemical assays, contrast-enhanced micro-computed
tomography and cartilage surface colorimetry, the stretching of the collagen fibrils
was found to minimize the degenerative effects of sugar-induced glycation.

The author believes that the current findings contribute to solve the yet-
challenging physico-chemical problems involved in the cartilage and its related
joint disease. The current work will lead to new techniques that aim to not only
understand the fundamental physico-chemical aspects of cartilage, but also might
suggest methods for efficient delivery of drugs into the cartilage tissue and

visualizing agents that could better follow and diagnose joint disease.
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SAMENVATTING

Articulair kraakbeen en het verbindende subchondrale bot zijn de
hoofdbestanddelen die een rol spelen bij het mechanisch goed functioneren van
synoviale gewrichten. Echter, bij veroudering en artrose ontstaan structurele
veranderingen in deze weefsels, die hen belemmeren in het functioneren. Een
manier om de structurele veranderingen tijdens de verschillende fasen van
weefseldegeneratie en ziekte te bestuderen is het uitvoeren van experimenten die
de transport van vloeistof door het kraakbeen en bot testen in een experimentele
opstelling, om daarmee fysische parameters zoals diffusie en permeabiliteit te
kwantificeren die ons iets vertellen over de kwaliteit van het weefsel. Allereerst is
er een review gemaakt van algemene beeldvormingstechnieken voor diffusie in
kraakbeen. Hieruit komen suggesties voor de beste gereedschappen voor het
bepalen van diffusie gerelateerde parameters in kraakbeen.

Het belangrijkste doel van dit proefschrift is het opzetten van een reeks
experimenten die de transporteigenschappen door het kraakbeen en het
onderliggende bot kunnen vastleggen. Daartoe hebben we experimenten
ontwikkeld die gebruik maken van een contrastvloeistof in combinatie met micro-
computertomografie om diffusie door kraakbeen en subchondraal bot te meten.
Daarnaast hebben we gebruik gemaakt van computermodellen die deze
experimenten simuleren, zodat fysische parameters zoals diffusie en permeabiliteit
van de betrokken weefsels gekwantificeerd konden worden.

De individuele rol van osmolaliteit, concentratie en elektrische lading in de
vloeistof werd nader bestudeerd. Hierbij werd de elektrische lading geidentificeerd
als de belangrijkste factor voor het transport. Deze elektrische lading zorgt ervoor
dat vloeistoffen zich in kraakbeen niet standaard gedragen volgens de reguliere
diffusiewetten. Vervolgens werden twee-fase en multi-fase eindige elementen
modellen ontwikkeld om het transport van ongeladen en elektrisch geladen
vloeistoffen in verschillende kraakbeenzones nauwkeurig te simuleren. Aangezien
de kraakbeen-bot interface morfologische veranderingen ondervindt tijdens de
gewrichtsdegeneratie is dit een belangrijke structuur die gevolgen heeft voor de
transport van moleculen en vloeistoffen en derhalve is karakterisering van deze
transporteigenschappen door de kraakbeen-bot interface van groot belang.

Daarom werden experimenten uitgevoerd met contrast-houdende vloeistoffen

233



Samenvatting

zodat m.b.v. micro-computertomografie het transport van vloeistof nauwkeurig
gemeten kon worden. Hierbij werd er een correlatie gevonden tussen de mate van
diffusie en de micro-architectuur van de subchondrale botplaat. Met behulp van
de bifasische eindige element modellen (vaste en vloeistof fase) konden vervolgens
de diffusiecoéfficiénten in verschillende kraakbeenlagen en de subchondrale
botplaat worden bepaald. Om meer details van de morfologie en de
microarchitectuur op het overgangsgebied tussen kraakbeen en bot te
identificeren, werd gebruik gemaakt van beeldvorming m.b.v. gefocusseerde-ion-
beam-scanning-elektronenmicroscopie (FIB-SEM). Met deze methode wordt een
deel van het weefsel met een laserstraal verwijderd en kunnen zeer nauwkeurige
3D-gegevens van de poriestructuur worden verkregen. Aldus werden bij enkele
osteochondrale preparaten nauwkeurig de bot-kraakbeen interface in kaart
gebracht en vervolgens met behulp van geavanceerde computermodellen, die de
potie-structuur exact weergeven, de diffusie en permeabiliteit van het weefsel
bepaald.

Het volgende thema van dit proefschrift was het bepalen van de effecten
van de conformatie van de collageenfibrillen op ‘versuikering’ (niet-enzymatische
glycatie) van het kraakbeen. Deze glycatie verzwakt het kraakbeen en wordt gezien
als een belangrijke component bij het verouderingsproces van kraakbeen. Om dit
glycatieproces te induceren, werden suikers toegevoegd onder hypo-osmotische
druk van de vloeistof, waardoor het kraakbeen vocht aanzuigt en het collageen
derhalve verder uitrekt. Met behulp van micro-indentatie proeven, biochemische
analysen, micro-computertomografie van contraststoffen en het meten van de
verkleuring van het kraakbeenoppervlak, bleek het oprekken van de
collageenfibrillen de mate van suiker-geinduceerde glycatie te minimaliseren.

De auteur is van mening dat de bevindingen in dit proefschrift kunnen
bijdragen tot het verkrijgen van meer inzicht in de fysisch-chemische aspecten van
kraakbeen en de daarmee samenhangende ziektebeelden. Op basis van het huidige
werk kunnen nieuwe technieken geinduceerd worden die niet alleen de
fundamentele fysisch-chemische aspecten van kraakbeen onderbouwen, maar ook
methoden kunnen genereren voor een efficiéntere afgifte van geneesmiddelen in
het moeilijk doordringbare kraakbeen of voor het beter visualiseren van

kraakbeenweefsel ~ ten  behoeve van de  diagnostick van  artrose
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APPENDIX A

AN EXPERIMENTAL AND FINITE ELEMENT
PROTOCOL TO INVESTIGATE TRANSPORT OF
NEUTRAL AND CHARGED SOLUTES ACROSS
ARTICULAR CARTILAGE

This appendix is submitted as a scientific video journal (Invited):

V. Arbabi*, B. Pouran*, A.A. Zadpoor, H. Weinans. Experimental and finite element
protocol to investigate transport of charged and nentral solutes across articular cartilage. Journal of
Visualized Experiments, 23, 2017, 122.

*These authors contributed equally.
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ABSTRACT

Osteoarthritis (OA) is a debilitating disease that is associated with
degeneration of articular cartilage and subchondral bone. Degeneration of
articular cartilage impairs its load-bearing function substantially as it
experiences tremendous chemical degradation, i.e. proteoglycan loss and
collagen fibril disruption. One promising way to investigate chemical damage
mechanisms during OA is to expose the cartilage specimens to an external
solute and monitor the diffusion of the molecules. The degree of cartilage
damage (i.e. concentration and configuration of essential macromolecules) is
associated with collisional energy loss of external solutes while moving across
articular cartilage creates different diffusion characteristics compared to
healthy cartilage. In this study, we introduce a protocol, which consists of
several steps and is based on previously developed experimental micro-
computed tomography and finite element modeling. The transport of charged
and uncharged iodinated molecules is first recorded using micro-computed
tomography, which is followed by applying biphasic-solute and multiphasic
finite element models to obtain diffusion coefficients and fixed charge

densities across cartilage zones.
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INTRODUCTION

Molecular transport plays a vital role in the homeostasis of articulating
joints, delivery of therapeutics to articular cartilage and contrast-enhanced cartilage
imaging [1-3]. Factors such as cartilage integration and intactness, solute charge
and size as well as osmolality and concentration of bath in contact with cartilage
may influence the transport rate [4-6]. The transport of solutes, either neutral or
charged, can be different between articular cartilage zones, because each zone
consists of different concentrations and orientations of major extracellular matrix
molecules, namely proteoglycans (PGs) and collagen type II [1, 7-11]. More
importantly, the transport of charged solutes can be highly dependent on the
concentration of proteoglycans comprising negative fixed charges within the
extracellular matrix which increases across articular cartilage [8, 9]. Those
parameters particularly fixed charge density (FCD), orientation of collagen fibrils
and water content variation across cartilage may undergo alterations as
osteoarthritis (OA) progresses, thereby signifying the importance of studying
diffusion across cartilage.

In the current study, a protocol based on previously established
experimental and computational studies [0, 8, 9] is proposed to accurately
investigate diffusion under various boundary conditions using neutral and charged
solutes in a finite-bath model of diffusion. The proposed methods are composed
of micro-computed tomography imaging (micro-CT) of a system including
cartilage and a finite-bath supported by advanced biphasic-solute and multiphasic
finite element models. These models enable obtaining the diffusion coefficients of
neutral and charged molecules as well as FCDs across various zones of articular
cartilage. Using these models, one can gain better understanding of the behavior
of the diffusing neutral and charged molecules that could be used to investigate

the interactions between cartilage and overlaying finite-bath.
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ProTOCOL

Note: The protocol presented here is adopted from the experimental and
computational procedures of recent research papers [8, 9, 12]. The protocol is
illustrated in Figure 1.

The cadaveric materials were collected with permission from veterinary faculty of

Utrecht University.
1. SAMPLE AND BATH PREPARATION
1.1. Drill out cylindrical osteochondral plugs (diameter of 8.5 mm) from

cadaveric equine femoral condyles using custom-made drill bit (Figure 1) while
spraying cool phosphate buffer serum (PBS) to prevent overheating and subsequent

cartilage damage.

1.2 Heat-shrink the osteochondral plugs with a plastic shrinking sleeve to

minimize the lateral diffusion of the ovetlaying bath.

1.2.1.  Mount the osteochondral plug with cartilage at the top initially inside
the plastic shrinking sleeve and follow by blowing hot air to it. Add
wet cotton pieces on the surface of cartilage to prevent heat-related

damage
1.3. Prepare finite-baths of charged (650 uL, 420 mM, ioxaglate, molecular

weight (MW) = 1269 Da, charge=-1) and neutral (650 uL, 420 mM, iodixanol, MW=
1550 Da) solutes separately.
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Drill bit Osteochondral plug

Micro-CT

Figure 1. A) Sample extraction procedure using a custom-made drill bit, B)

Micro-CT imaging procedure to monitor diffusion process.

1.4. Load the prepared finite-baths on the surface of cartilage using a syringe
and place a cork plug on the wrapped sample to prevent evaporation during
experiments at room temperature (Figure 2A). To study the neutral solute transport,
place the iodixanol bath and to study the negatively charged solute transport place

ioxaglate bath onto the cartilage surface.
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Finite bath

/

: _I_ Superficial zone

Middle zone
- Deep zone

Articular cartilage

@) ®)

Figure 2. A) Schematic of experimental sample design B) multi-zone
computational model consisting of the finite bath, superficial, middle and deep

zones of cartilage and associated mesh.

2. IMAGING AND IMAGE PROCESSING

2.1. Place the wrapped samples isolated with cork plug on a custom-made
holder attached to the motorized stage of a micro-CT. Place the sample so that

cartilage surface covered with contrast agent solution is facing upward.

2.2. Scan using the micro-CT (voxel size of 40X40X40 um3, scan time of 2
minutes, tube voltage of 90 kV and tube current of 180 pA) a field of view
consisting of cartilage, subchondral plate, and finite-bath in several time points until
equilibrium state (48 hours) is reached (Figure 2A). The equilibrium state is achieved

when concentration values do not change over time.
2.3. Register the 3D images in different time points based on the initial image
to facilitate positioning of the region of interest (ROI) using manufacturer’s software

(e.g., Analyze).

2.4. Convert the 3D reconstructed micro-CT images into 2D tagged image file

format (TIFF) stack before processing them using manufacturer’s software.

2.5. Globally segment (Image]>Adjust>Threshold) the cartilage from the
subchondral bone and overlying bath in the software.
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2.0. Obtain the average grey value of cartilage at different time points

(Image]>Analyze>Measure) using the generated cartilage mask in the previous step.

2.7. Given the initial bath concentration and initial contrast agent concentration
in the cartilage, use a linear calibration curve to convert the average grey values to
the actual concentration of solutes. Previous data support the fact that grey values

maintain a linear relationship with the concentration of contrast agents.

2.8. Plot the solute concentrations versus experimental time points.

3. COMPUTATIONAL MODELING
Note: The diffusion in this problem is assumed to take place in 1D (along the z-
axis), which complies with the experimental boundary condition. Therefore, the

geometry could be arbitrarily created.

3.1. Build finite-bath based cartilage multi-zone models: 1) cartilage consisting
of superficial zone (20% of the total cartilage thickness), middle zone (50% of the
total cartilage thickness) and deep zone (30% of the total cartilage thickness) [13]
and 2) finite-bath in FEBio[14, 15] (Figure 2B).

3.2. Assign the mechanical and physical properties of different zones of
cartilage and bath in FEBio. Young’s modulus (10 MPa) was assumed to be high
enough to resist the osmotic pressure exerted by the overlying bath and therefore

protect the cartilage from excessive deformations.

3.2.1.  Use a hydraulic permeability of 103 mm*/Ns and Poisson’s ratio of 0.
Use actual solute diffusion coefficient of the bath in the simulations][8,

9.

3.3. Generate mesh (8-node trilinear hexahedral elements) and refine it near the
boundaries (Figure 2B)[8, 9].

3.4. Biphasic-solute model

3.4.1.  Apply initial solute concentration in the bath and effective pressure
corresponding to it. Look at the description of effective pressure in [9, 16].

3.42. Run the model in transient mode to obtain solute concentration versus
time curves according to the prescribed diffusion coefficients in different cartilage

zones.

3.5. Multiphasic model
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Note: The electric fluctuation between bath and tissue can be circumvented by

adding two monovalent counter-ions to both the bath and tissue.

3.5.1.  For steady-state models: use the same effective fluid pressures and
concentrations in cartilage and overlying bath while increasing FCD to its desired

value.

3.5.2.  For transient models: create a well-stirred finite-bath by keeping the
diffusion coefficient in the bath sufficiently high. Inject the solute from the bath-air

interface into the bath to reach its desired concentration value.

3.5.3.  Transient: remove the prescribed solute concentration boundary condition
in the previous step and revert the diffusion coefficient of the finite-bath to its actual

diffusion coefficient.

3.5.4.  Run the model to obtain solute concentration-time curves based on applied

FCDs and diffusion coefficients in different cartilage zones.

3.0. FEBio-MATLAB interface
3.06.1.  Develop a MATLAB code to automatically perform simulation in FEBio
and plot concentration-time curves (FEBio-MATLAB interface)(8, 9].

3.6.2.  Change diffusion coefficients and FCDs in cartilage zones using FEBio-
MATLAB interface. Run models in FEBio and extract solute concentration-time

curves|8, 9].

3.0.3.  Compare the obtained solute concentration-time curves with the
experimental data and obtain sets of diffusion coefficients and FCDs in different

cartilage zones based on minimum root mean square error (RMSE)[8, 9].

REPRESENTATIVE RESULTS

The representative results provided here are adopted from previous research
papers [6, 8,9, 17].

In OA, articular cartilage undergoes significant changes most importantly
GAG loss, and collagen fibril damage [18-20]. Those changes may affect the
diffusive behavior of solutes through articular cartilage [21, 22]. We studied axial
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diffusion of two iodinated contrast agents, i.e. iodixanol (charge=0) and ioxaglate
(charge=-1), in cadaveric equine osteochondral plugs using micro-computed
tomography. To quantify the diffusion process of a neutral solute (iodixanol), a
biphasic-solute model and a charged solute (ioxaglate) multiphasic model were
developed in FEBio that considered the zonal structure of cartilage. The biphasic-
solute and multiphasic models could predict the diffusion of iodixanol and
ioxaglate across articular cartilage (Figure 3). These models enabled obtaining

diffusion coefficient of iodixanol (biphasic-solute) and diffusion coefficient as well
as FCD (ioxaglate) in different cartilage zones [8, 9].
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Figure 3. Computationally curve-fitted data A) Multi-zone biphasic-solute (dashed)

versus experimental data and B) multiphasic models fits (dashed) versus experimental

data (symbol) [8, 9].
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DiscussioN

We presented an experimental protocol combined with a finite element
modeling procedure to study the diffusion of neutral and charged solutes across
articular cartilage. According to our recent studies, the proposed models could
accurately describe the transport of both neutral (biphasic-solute) and negatively
charged (multiphasic) solutes across different zones of articular cartilage [8, 9]. It
is widely believed that articular cartilage becomes functionally limited through loss
of its vital components such as negatively charged GAG macromolecules as well
as collagen fibrils during OA progression [22-25]. Using the technique proposed
in this study, one can potentially examine the healthiness of articular cartilage. The
transport of neutral solute may be augmented in OA primarily because of lower
interactions between the solute as well as GAGs and collagens. On the other
hand, the transport of negatively charged solutes could help acquire information
with respect to the concentration of fixed charges of proteoglycans, thereby giving
some indication of the level of OA progression.

The biphasic-solute and multiphasic models that were developed based on
the emergence of finite-bath concept according to the previous studies could serve
as platforms by which accurate estimation of zonal properties of articular cartilage
could be provided. Limitations associated with large baths of contrast agents,
namely possible beam-hardening artifacts, and assigning a single diffusion
coefficient to articular cartilage[7, 21, 26-31] drove the motivation to develop the
current study. In the future OA research, our developed models might potentially
find applications for early OA diagnosis.

There are some critical steps required both in experiments and
computational simulations. To preserve cartilage integrity during experiments, one
would require adding sufficient amounts of protease inhibitors to prevent
subsequent enzymatic activities. In case of using one sample for more than one
experiment, wash-out time for the penetrated solutes after equilibration was
approximately 48 hours. The wash-out efficiency needs to be checked using
micro-CT. When using our set up employing equine cartilage, the minimum
volume of the overlying bath equivalent to an infinite bath was calculated to be
five times higher than cartilage volume. Moreover, to perform finite element
modeling of diffusion, it is critical to apply actual solute diffusion coefficient in

the bath since deviation from that could affect the outcomes.
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In the underlying finite element models, solute size effect was not
implemented and therefore could not be studied. Our proposed finite-bath model
offers some advantages, namely understanding diffusion process in the articulating
joints more appropriately, and reducing beam hardening artefacts. Our proposed
technique combining experiments and computational models enables scrutinizing
the diffusion attributes of cartilage when positively charged contrast agents are
applied. The knowledge of actual solute diffusion coefficient in the bath seems to
be crucial as that might significantly affect the accuracy of the obtained diffusion
coefficients across articular cartilage. This would require either obtaining the
diffusion coefficient of bath experimentally or readily using literature values.

In conclusion, we proposed a general protocol consisting of experiments
and computations to investigate the transport of charged and uncharged solutes
across articular cartilage. Using the protocol, one can successfully obtain diffusion

coefficients and fixed charged densities in different cartilage layers.
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