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1 Introduction

Osteoarthritis (OA) is a highly prevalent joint disease’. It is the most common form of arthritis
and is a major cause of disability?. The term osteoarthritis is derived from the Greek words
osteo (bone) and arthron (joint). It can be found in any joint, but is particularly prevalent in the
hip, knee(s), hand(s) and spine*. Any articular injury can lead to the onset of OA'. Character-
istic for OA pathophysiology is the degeneration or loss of articular cartilage of the joint®. The
disease is associated with pain and impaired locomotion in late stages. OA may not be a single
disease but rather reflects a common response to joint tissue damage induced by mechanical

or biological factors®’.

1.1 Epidemiology

Osteoarthritis is one of the most frequently occurring diseases of the musculoskeletal system.
It is considered the most common form of arthritis®. In 2017 globally approximately 300 million
people were affected by this disease, which is approximately 4 % of the population. This makes
it one of the most diagnosed diseases in human general practice®. In 2020 it was the fifth
leading cause of disability world-wide®. Especially in elderly people OA is responsible for im-
paired locomotion'®. Due to aging of the population, it is believed that the incidence of OA will
increase further. OA is expected to be the single greatest cause of disability by the year 20302.
Hence, osteoarthritis leads to high socioeconomic costs. It was estimated that the annual eco-

nomic burden exceeds 185 million US dollar world-wide™".

However, OA is not only a prevalent disease of humans but of most mammalian species, in-

cluding domesticated animal species such as horses, sheep, cats and dogs'%3.

1.1.1 Osteoarthritis in horses

In equine patients orthopaedic disorders such as osteoarthritis are very common. At equine
hospitals 54 — 60 % of all presented lameness’s are related to this disease'*°. OA has a high
impact on the equine industry not only because of treatment costs but also as reason for drop-
ping out from athletic use. It is consider one of the major causes of horse retirement®. Mainly
older horses are affected but due to excessive training also young athletes are often affected

by this disease’. In young racehorses (2-3 years) every third was found to have cartilage



lesions and osteoarthritis'®. Reasons for this could be premature training start or excessive

and prolonged mechanical loading?® 3.

1.2 Structure and function of a normal joint

Joints are highly complex structures composed of a number of connective tissues which all
contribute to normal joint function and transmission of mechanical loads. The main compo-
nents of a joint are articular cartilage, the subchondral bone, the synovium which produces the
synovial fluid and the peri-articular soft tissues including ligaments and tendons'’. In diseased

state these connective tissues undergo changes in structure, function and metabolism™.

1.2.1 Synovium

The connective vascular tissue lining the inner surface of a joint is called synovium®. It is a
specialized connective tissue and seals the synovial cavity and fluid from surrounding tissues
in synovial joints'®. The main functions of the synovium include lubrication, immune responses
and phagocytosis'®. All articular surfaces except for the articular cartilage and focal areas of
the bone are covered by this tissue®. The synovial lining has neither a conventional basement
membrane nor a true epithelium for separating the joint cavity from the synovial vasculature?.
The synovium consists of cells from the subsynovial stroma (fibrous, areolar and fatty tissues)
and the synovial intima. The later is lined by synoviocytes, which are classified into three major
cell types: type A, B and C cells®. Type A cells contain vacuoles and are of macrophage
origin'®, type B cells are derived from fibroblasts and type C cells appear to be an intermediate
from type A and B. Most abundant in the synovium are type B cells, which have a secretory
fibroblast-like function and synthesise important macromolecules such as lubricin and hyalu-
ronan®'®. Lubricin are molecules rich in collagen and proteoglycans and are embedded within
the ECM. They act as semi-permeable membrane and mediate transport of solutes'®. Synovi-
ocytes are responsible for the exchange between the blood and the synovial fluid as well as

for the production of its components?.

1.2.2 Subchondral Bone

The subchondral bone is histologically and biochemically very similar to bone in other loca-
tions. However, the organisation of the subchondral bone plate is very specific. Compared to

bones in other anatomical locations, the plate is thinner and its haversian system is oriented



parallel to the joint surface and not parallel to the long axis of the bone®. The subchondral bone
is lying immediately beneath the calcified cartilage and can be separated into the subchondral
bone plate and the trabecular bone?°. The plate is very porose and is invaded by channels,
containing blood vessels and nerves, which directly link it to the cartilage. The number and
diameter of this channels depends on the magnitude of compression within and between the
joints®. Distal to the plate is the subchondral trabecular bone, which is important for shock
absorption and stabilisation of the normal joint®2°. Compared to the plate it is more metabolic
active and it was found that it may be important for the nutrient supply to the cartilage?'. The
subchondral trabecular bone is inhomogeneous in structure and changes with distance to the
cartilage?. The subchondral bone is uniquely adapted to mechanical forces acting on the joint
through different density patterns, mechanical properties, adjustable scale parameters and

bone remodelling upon mechanical stress?.

1.2.3 Articular Cartilage

Articular cartilage (hyaline cartilage) is a specialized type of connective tissue which is ex-
tremely complex. It is aneural, avascular and alymphatic, which means that nutrient supply to
the cells happens by diffusion from the synovial fluid 2°. Cartilage covers the subchondral plate
and is composed of a fluid and solid phase and chondrocytes?*. Moreover, organized collagen
and proteoglycan arrangements, as well as water, are key components. Cartilage has a very
high water content (around 70 %, depending on the age) and it is freely exchanged with the
synovial fluid®. The main functions of articular cartilage are load-bearing, shock absorption and
articulation of joints. It allows for simultaneous motion and weight-bearing with negligible fric-
tion?25, The elastic deformation properties of hyaline cartilage allow for withstanding of com-
pression forces considerably higher than the normal body weight?”. The ability of cartilage to
withstand the high forces acting on articular surfaces depend on its structure, the water content

and the biochemical composition?.

The only cell type found in articular cartilage are chondrocytes. They are highly specialized
and are important for cartilage development and maintanaince?. They originate from mesen-
chymal stem cells (MSCs) and make less than 2 % of the total cartilage volume and their den-
sity varies with the distance from the surface as does the composition of the surrounding mac-

romolecules'’.



Articular cartilage is divided into four histologically and phenotypically distinct zones: the su-
perficial (tangential or gliding) zone, the middle (transitional) zone and the deep (radial) zone
as well as the calcified zone®. The zones are differentiated based on the different cell morphol-
ogy and collagen organisation. Especially the superficial zone is of interest due to its high
density of biologically active cells and the surface-to-surface contact. It provides lubrication
and contains elongated cells which are responsible for the production of lubricin, hyaluronate
and other anti-adhesive molecules®. Cells in this zone are usually smaller and flatter and they
are present in a greater density compared to cells in deeper zones?®. Chondrocytes found in
the middle zone show a round morphology. They produce important extracellular matrix com-
ponents that provide the tissue with its unique biomechanical properties®. In the deep zone,
chondrocytes are usually larger. The deep zone is the tissue boundary to the subchondral
bone'”. Each zone has different structural properties which protect against compression, shear
and tensile forces. The compression capacity of the deep zones is much higher than that of

the superficial zones?*.

1.2.3.1 Chondrocytes

Chondrocytes live in a relatively acidic and hypoxic environment®. In healthy joints they have
a low metabolic activity and possess limited regenerative capacity'®?®. Through the production
of important extracellular matrix components such as aggrecan and collagen type Il, they en-
able resilience of the joints?®*. The balance between catabolic and anabolic processes of chon-
drocytes is one of the most important things that maintain a healthy cartilage®. They rarely form
cell-cell contacts for communication between cells. However, they respond to a variety of ex-
ternal and internal stimuli such as mechanical loading, hydrostatic pressure and growth fac-
tors?®. Phenotypic stability of chondrocytes is important for maintaining the homeostasis of
articular cartilage and is lost during OA. Chondrocytes react to abnormal biomechanical and
biochemical environment by taking part in cartilage matrix destruction and acquire a fibroblast-
like and hypertrophy-like phenotype®. Chondrocyte hypertrophy is a normal development
stage in endochondral ossification during bone formation®'. However, in OA the differentiation
of chondrocytes toward hypertrophy is aberrant and is characterized by an increased expres-
sion of matrix-degrading enzymes®. The shift towards hypertrophy happens in a disorganised
way. It is characterised by epigenetic changes®? and abnormal gene expressions® that lead to
phenotypic instability. In none-diseased state chondrocytes express cartilage specific genes,

like SRY-related high mobility group-box gene 9 (Sox9), aggrecan (ACAN) and collagen type



Il (Col2)a1, at a relatively low level, this enables a low matrix turnover. During early stages of
OA it comes to an increase in anabolic processes with an increased expression of these car-
tilage specific genes and factors that drive the hypertrophic phenotype Runt-related transcrip-
tion factor 2 (Runx2) and hypoxia-inducible factor (Hif)-2a. In later phases of OA the expression
of cartilage specific markers decreases and expression of hypertrophic genes increases, such

as Runx2, collagen Type 10 (Col10)a1 and matrix metalloproteinase (Mmp)13%.

1.2.3.2 Extracellular matrix of cartilage - Collagens and Proteoglycans

The major structural components of the extracellular matrix (ECM) in articular cartilage are
collagen type Il and proteoglycans (PGs)**. They are responsible for the specialized biome-
chanical properties of hyaline cartilage such as load-bearing and shock absorption®. Type Il
collagen is produced by chondrocytes during early development. Resynthesis of fibrils after

degradation only occurs limited in adults®.

Collagens in articular cartilage differ from those found in other anatomical locations. In carti-
lage, collagen type Il is accounting for more than 90 % of the fibral network®. It is more glyco-
sylated than type | collagen and forms fibrils that are not uniform. They are larger in the center
and the deep zones of the matrix where they are radially oriented and anchor the cartilage to
the underlying bone plate. Whereas fibrils in the superficial zone are orientated parallel to the
joint surface and have a protective function. This reflects the diverse biomechanical demands

on different areas of the joint®.

Proteoglycans are important for load distribution upon compression. They consist of proteins
and polysaccharides®. Various types can be found in articular cartilage. The largest is aggrecan
and it is also the most abundant polyglycan in articular cartilage®. It interacts with hyaluronan
to form aggregates. This bond is stabilized by linker proteins which are similar in humans and
horse®. Aggrecan has three globular domains. Glycosaminoglycans (GAGs) and oligosaccha-
ride chains are attached to its core protein?®. The GAGs attract cations and water which leads
to swelling of the tissue and is counteracted by the fibrillar collagen network. This gives the

articular cartilage its high tensile strength and robustness®*.



1.2.3.3 Nutrition

The articular cartilage of adults lacks blood vessels. Nutrients are transported from the synovial
vessels to the synovial fluid and from there they penetrate the cartilage®. It is based on diffusion
and is facilitated by compression-relaxation cycles. Joint movement is important to enable suf-
ficient nutrient supply, since it was shown that diffusion alone is insufficient. This would explain
why cartilage degrades in immobilized joints®. Metabolic waste products are cleared in oppo-
site direction?®. Also subchondral bone vessels may penetrate the calcified cartilage and sup-
ply it with nutrients®. Without the direct nutrient supply through blood vessels or lymph, chon-
drocytes depend mainly on anaerobic metabolism?®. Chondrocytes consume much less oxy-
gen than most other cell types. Chondrocytes mainly depend on the Embden-Meyerhof-Parnas
pathway of glycolysis, which is oxygen independent®. In cartilage hypoxic conditions are
found, which facilitates the differentiation of MSC into chondrocytes rather than osteocytes®.
Oxygen tension falls with distance from articular surfaces. Tension at the deep zones of carti-
lage was determined to be roughly 1 %%. Zhou et al. found that the oxygen consumption rate
in articular cartilage at 21 % oxygen is 10.6 + 1.4 nmoles/10° cells/hour and that it is relative
independent from oxygen tension3®. The diffusivity of small molecules in cartilage is round 40

to 50 % of their diffusivity in aqueous solutions®.

1.3 Osteoarthritis

1.3.1 Etiopathogenesis

OA is a multifactorial disorder with numerous causes, include aging, obesity, genetic predis-
position, accumulation of microtrauma or one major trauma'®. Genetic alterations causing OA
are for example abnormal TGF-beta/Smad, Wnt/beta-catenin or Ihh (Indian hedgehog) signal-
ing pathways, which lead to an imbalance between anabolic and catabolic activity of chondro-
cytes and results in irreversible degradation of the ECM'2. Genetic studies have identified mul-
tiple genetic risk factors for OA. However, the odds ratios for most identified single nucleotide
polymorphism (SNP) associations are low, and mainly apply only to one form of this disease.
Moreover, the mechanisms underlying these genetic risks are often unidentified'?. In horses,

repeated microtrauma is the most common factor to cause OA®.



1.3.2 Pathophysiology and progression

Osteoarthritis is defined as a chronic degenerative joint disease with intermittent inflammatory
episodes induced by normal wear and tear or through injury or abnormal mechanical loading?.
Characteristic for OA is the degeneration or complete loss of articular cartilage, subchondral
bone sclerosis and the formation of new bone on the joint surfaces and margins*. However,

all joint tissues undergo morphological changes depending on the diseased state (Figure 1)'2.
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Figure 1: Depiction of a healthy and a diseased synovial joint. Showing the changes in the
entire organ upon diseased state: bone weakening and wearing, synovial thickening and swell-
ing, subchondral bone thickening, osteophyte formation and cartilage degeneration. Addition-
ally, weakening and inflammation of tendons and laxation of ligaments can be observed (John-
son et al., 2016).

First, the ECM undergoes remodeling through changes of the molecular composition as well
as organisation. Water molecules are attracted by negatively charged glycosaminoglycan
chains which get exposed through the disruption of the extracellular matrix. Consequently,
water content increase and thus swelling of the cartilage is observed. Followed by fibrillation

of the cartilage surface. With that, the resistance against external forces is decreased and



deep clefts within the cartilage are formed'. Resulting from the loss of cartilage, friction be-
tween joint surfaces increases, which causes pain, limited motion and other OA associated
symptoms. As the damage progresses, cartilage as well as subchondral bone fragments, are
released into the joint space where they induce an inflammatory response®. OA is character-
ised as a disease of the whole joint. It has long been seen as primary disease of the articular
cartilage, but recently it has been shown that synovial inflammation and subchondral bone

damage can initiate OA and have an impact on disease progression3¢°,

1.3.2.1 The role of the subchondral bone in OA

The subchondral bone plays a considerable role in the progression of osteoarthritis, because
it dampens the mechanical force acting on the joint and acts as a source of inflammatory me-
diators, which are responsible for degeneration of the deep cartilage layer*®4!. Upon disease
state biochemical, biomechanical and structural changes are observed at the osteochondral
junction in joints. This includes loss of integrity, meaning that the barrier between the synovial
cavity and the subchondral bone gets compromised, and osteochondral plasticity, where ad-
jacent structures create new tissues with aberrant functions and morphologies*?. Fissures in
the articular cartilage, which arose during OA often extend into the subchondral plate. Follow-
ing fragmentation subchondral and synovial compartments become floated with tissue debris,
cells and fluids*®. Through osteochondral junctions’ osteoblasts, osteoclasts, osteocytes and
the bone-lining cells can communicate with the cartilage*?. During OA disease progression this
communication is enhanced. Through tissue disruption subchondral tissue becomes exposed
to molecules produced by chondrocytes, e.g. vascular endothelial growth factor*. Other ex-
amples are cytokines and growth factors to enhance nerve growth and sensitivity, osteoclast
activity and formation of new bone structures. On the other hand chondrocytes become ex-
posed to differentiation factors through the invasion of vascular channels into the articular car-
tilage from the subchondral tissue*?. Moreover, chondrocyte hypertrophy has been connected

to endochondral ossification**.

1.3.2.2 The role of the synovium in OA

Synovial tissue inflammation is present in all stages of OA* and plays an important role in
cartilage degradation (Figure 2). During OA it comes to a loss of the lubrication function of the
synovium, this has increased wearing and heating of the joint as consequence. Hyper phys-

iological mechanical stress leads to primary synovitis*®. Synoviocytes release high amounts of



degradative enzymes and inflammatory mediators involved in matrix depletion. Examples of
these are cytokines, prostaglandins and metalloproteinases*’. However, synoviocytes syn-
thesize also soluble mediators important in OA progression such as cytokines like IL-1, eico-
sanoids and proteinases*®. These mediators in turn attract immune cells, induce an phenotypic
shift in in chondrocytes and enhance angiogenesis?. Immune cells are present in the synovium
that contribute to the inflammation process, such as synovial CD4*T cells, which secrete TNF-
a and IL-6*. The predominant immune cells in OA synovium are T-cell lymphocytes and mast
cells. To a lesser extent also B cells, plasma cells and mast cells are found*®. In response to
cytokines it comes to an influx of leucocytes from the vascular compartments into the syno-
vium. Macrophages start to infiltrate the synovium and form multinucleated giant cells, which
enhance phagocytosis. Mainly synovial macrophages are responsible for the innate immune
activation and cytokine production during OA, but also chondro- and synoviocytes play a role*°.
Moreover, alterations in the normal function of type B synoviocytes are observed during dis-
ease. They start to release pro-inflammatory cytokines which leads to a shift in chondrocyte
activity to produce degrading enzymes. Type B synoviocytes can transform into fibrocytes

upon inflammation’®.
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Figure 2: Involvement of the synovium in osteoarthritis. Phagocytosis of cartilage break-
down products by synovial cells leads to an amplification of synovial inflammation. Activated
synovial cells produce pro-inflammatory cytokines and catabolic mediators responsible for car-
tilage breakdown. Activation of synovial T-, B-cells and macrophages further enhance inflam-
matory responses. To counteract this anti-inflammatory cytokines get produced (Mathiessen
etal., 2017)
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1.3.2.3 The role of cartilage in OA

Articular cartilage shows the greatest morphological changes of all tissues involved in OA. In
healthy joints, chondrocytes maintain the balance between matrix degradation and repair, in-
duced by mechanical stimuli and cytokines. Physiological loading increases the anabolic ac-
tivity of chondrocytes. This leads to increased proteoglycan synthesis, cell proliferation, aggre-
can expression and collagen type Il expression and that prevents cartilage destruction®'. It was
found that in rats moderate exercise can protected against the development of OA compared
to normal cage activity®?. It was also reported that mechanical stimulation influences the differ-
entiation of mesenchymal stem cells into chondrocytes and modulates cartilage homeosta-

sis®0.

Mechanical stimulation has a regulatory impact on development and long-term maintenance
of articular cartilage®, including matrix biosynthesis and transcriptional networks in chondro-
cytes?®. Metabolic changes in chondrocytes play a major role in cartilage degradation. In OA
catabolic processes predominate, hence the balance is shifted towards degradation®'. In figure
3 the effects of mechanical loading on chondrocytes are shown. Abnormal loading leads to
upregulation of MMPs and ADAMTs through various pathways, which induces cartilage dam-
age. Moreover, long-term exposure to inflammatory stimuli and stress through extensive me-
chanical loading induce a phenotypic change in chondrocytes towards a fibroblast-like and
hypertrophy-like phenotype. This shift is characterised by an aberrant gene expression®. Ab-
normal mechanical stress on the joint triggers intracellular signalling by mechanoreceptors.
These receptors are found at the surface of cells in joint tissue, especially chondrocytes and
cells of the subchondral bone®. Following activation of mechanoreceptors, inflammatory me-
diators (prostaglandins, chemo- and cytokines) are synthesised and released. Proinflamma-
tory pathways such as nuclear factor-kappa B (NK-«kB) and mitogen-activated protein kinase
(MAPK) are activated through mechanical stress (Figure 3)*. During early disease states, the
proteoglycan synthesis is upregulated but matrix destruction is massive resulting in a loss of
matrix. Non-physiological loading promotes the degradation of EMC through the production of
MMP-13 and other enzymes?*3. With increased cartilage loss the viscoelastic properties be-
come insufficient to withstand normal loading forces. This leads to cartilage fissures and re-
modelling of the bone and articular soft tissue®. Altered joint biomechanics, which lead to me-
chanically induced tissue destruction, can be responsible for chronic inflammation. Mechano-

transduction stress signalling can lead to cytokine production and cell-derived DAMPs®3,
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Chondrocytes react to pro-inflammatory cytokines released by synoviocytes and osteochon-
dral cells. Upon stimulation they shift their metabolism towards production of cartilage degrad-
ing enzymes and inhibition of tissue repair and regeneration'®. Chondrocytes exhibit a momen-
tary proliferative response and increased matrix synthesis in an attempt to repair the damage
caused by pathological stimuli. Characteristic for this stage is chondrocyte cloning and for-
mation of clusters as well as hypertrophic cloning'. Chondrocytes are further stimulated to
secret catabolic factors. This is a key factor in cartilage depletion'. Collagen and proteoglycan
networks break down, which disturbs cartilage integrity. Consequently, chondrocytes undergo

apoptosis and complete loss of articular cartilage is initiated®.
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Figure 3: Effects of mechanical loading on chondrocytes. Non-physiological loading in-
cludes over as well as underuse. The abnormal loading leads to upregulation of MMPs and
ADAMTs through various pathways and that induces cartilage damage. On the other hand,
physiological loading blocks these pathways and protects cartilage from destruction (Sun,
2010).

During daily activities, articular cartilage is subjected to complex dynamic mechanical loading,
including shear, tensile stress and compression. A study by Mosher et al. showed that a 20

minutes run leads to transient cartilage strains of about 20 % in the weight bearing regions of
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the femur and strains of about 30 % in regions of the tibia. During walking peak strains of 7
to 23 % are found in the tibiofemoral contact area®. Hence, cartilage strains depend on ana-
tomical locations and specific activity undertaken. These biomechanical forces lead to matrix
deformation, volume changes, shear stresses, intra-tissue fluid flow, streaming potential and
hydrostatic pressure gradients and other physical phenomena?®. Nonetheless, the body man-
ages to prevent destruction of cartilage, as long as the forces are not too excessive®. During
physical activity load on articular cartilage in humans can vary between seven to ten MPa®®
reaching up to 20 MPa at intense activity?®. It is unknown at which range the physiological load
intensity ends and where the non-physiological starts. In bovine cartilage explants, it was found
that the critical point was reached for a single impact at a force of 15-20 MPa where apoptosis
of chondrocytes and collagen damage was induced. Other studies found chondrocyte apopto-
sis already happened at a peak stress of 4.5 MPa and degradation of collagen was observed
at 7-12 MPa®’. The last study indicates that chondrocyte apoptosis may precede cartilage ma-
trix damage. A study which used repetitive loading of 5 MPa at 0.3 Hz elucidated that impact
damage is also cumulative in joints®. However, also immobility can have a destructive impact
on cartilage homeostasis because it also induces catabolic processes in the chondrocytes®'.
Immobility leads to cartilage thinning, tissue softening and reduced proteoglycan content over
time®®. Various mechanisms such as the transmission of forces to surrounding tissues and fluid

distribution, axial strains on the cartilage are minimized?*.

1.3.2.4 Osteoarthritis and Inflammation

OA related symptoms and the progression of the disease are associated with the degree of
inflammation®. The term osteoarthritis implies that this disease involves inflammation. How-
ever, for a long time, it was believed that OA is a non-inflammatory arthropathy. This was due
to the fact that in OA patients compared to ‘inflammatory joint diseases’ such as rheumatoid
arthritis, the levels of pro-inflammatory cytokines is rather low®. Only since recent years, it is
recognized that a persistent low-grade inflammation and activation of innate inflammatory

pathways are central mediators of OA pathogenesis®?.

Roughly 12 % of all OA cases are secondary to prior joint injury. This includes disruption of
anterior cruciate ligaments, meniscus injuries and intra-articular fractures®’. Joint trauma leads
to cellular and molecular alterations, which can lead to cartilage destruction over time. One

example of these alterations is the release of inflammatory mediators immediately post injury®®.
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Furthermore, an aberrant wound-healing is found. This accounts to the chronic low-grade in-
flammation in OA. Under normal conditions, wound healing is initiated by danger-associated
molecular patterns (DAMPs), which induce blood clotting, inflammation, cellular proliferation
and tissue remodelling®®. They interact with pattern recognition receptors and stimulate the
innate immune system response. The activated signalling cascade leads to production of
chemo- and cytokines, growth factors and matrix proteases, which stimulate cell proliferation

and tissue remodelling®.

1.3.2.5 The role of Cytokines

Pro-inflammatory cytokines such as interleukin (IL) -1, tumor necrosis factor-a (TNF-a), IL-6
and leukemia inhibitory factor (LIF) play an important role in the pathogenesis of osteoarthri-
tis®®. They are responsible for functional changes in cartilage, synovium and subchondral
bone®. Anti-inflammatory cytokines, like IL-4, IL-10 and interferon (INF) -y may block the ac-
tions of the pro-inflammatory cytokines. To a low-level cytokines are needed to maintain nor-
mal homeostasis. However, in OA the balance is disrupted’. Cytokines and growth factors
play a central role in OA induction and development. IL-13 and TNF-a are first produced by
synoviocytes and diffuse via the synovial membrane into the articular cartilage®®. They are
responsible for cartilage destruction and drive further inflammatory responses. Cytokine re-
ceptors are expressed on chondrocytes, synoviocytes and other cell types of the joint and are
significantly elevated in number in OA®®7!, Cytokines pass across the subchondral bone and
create an important cross-talk between bone cells and chondrocytes’. Activation of cytokine
receptors has deleterious effects on the chondrocyte metabolism®. In response chondrocytes
and synoviocytes start to produce other cytokines, such as LIF, IL-6 and IL-8. Moreover, cata-
bolic factors such as proteases and proinflammatory cytokines get produced®. Especially IL-
1 was identified to play a major role in cartilage matrix destruction. Elevated levels were found
in patient (human and horse) synovial fluids®. Moreover, IL-1 is involved in the formation of
inadequate repair tissue in cartilage and decreases the synthesis of type Il collagen as well as
proteoglycans. Additionally, the synthesis of metalloproteinases is inhibited which further pro-

motes catabolic metabolism”3.
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1.4 Clinical manifestation

Clinically OA is characterized in horses through varying levels of lameness, which often is
bilateral®'3. In human as well as in veterinary patients major symptom of OA include joint in-
stability, pain, stiffness, swelling, reduced range of motion, inflammation and radiographic joint
space narrowing*'®5'. Only a weak correlation between the magnitude of pain and the severity
of cartilage degradation is present in osteoarthritis®. Osteoarthritis can be found in any joint in
the body and can lead to a reduced mobility. The joint pain is typically aggravated by activity

and relived by rest. However, in advanced disease states, OA can also induce pain at rest’.

1.4.1 Diagnosis and Biomarkers

Physical examination (degree of pain and remaining mobility) and radiology are currently the
only available diagnostic modalities for OA. However, they fail to detect early disease
states'"’>, Biomarkers are defined as any substance, structure, or process that allows for the
prediction of an incidence or disease’®. Due to the high prevalence of OA finding suitable bi-
omarker became very important. Biomarkers for OA include metabolic markers found in blood,
urine and synovial fluid, miRNA and special proteins such as collagen’”. Since the synovial
fluid is one of the first joint components that gets altered upon disease, it is an interesting
source for biomarkers. Examples are upregulation of cytokines like interleukin 6 (IL-6), IL-1B
and tumor necrosis factor alpha (TNF-a). Interesting serum biomarkers are Collagen Type X
(ColX) or COMP7"-78, Both are important for cartilage stabilisation and become upregulated
during OA™.

1.4.2 Treatment

Currently, no treatment is available to stop the progressive loss of articular cartilage and fully
restore joint functionality®®. Thus, there is a large unmet need for novel treatment approaches

and disease-modifying regenerative therapies for OA™.

At the moment disease management focuses on the treatment of symptoms, mainly the relief
of pain and stiffness. Systemic treatments include nonsteroidal anti-inflammatory drugs
(NSAIDs) and nutraceuticals. NSAIDs are used for pain management. They are considered
effective and easy to administer. However, they can cause side effects such as gastrointestinal
ulceration and kidney disease®’. Moreover, intra-articular therapies can be performed. An ex-

ample would be the application of corticosteroids, which are considered potent, effective and
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inexpensive®!. Other examples for intra-articular therapies are biological therapies, where e.g.
[I-1 receptor antagonist or mesenchymal stem cells are administered. Biological therapies rely
on immune-modulatory and regenerative properties®. Alternatively, shockwave therapy or

physical therapy can be a treatment option8384.

1.5 Models for osteoarthritis

Many aspects of osteoarthritis are still unclear. Model organisms such as mice, rats, guinea
pigs, rabbits, sheep, goats and horses are commonly used to study OA®®. Throughout the years
various models were established to study the complexity of the joint and the interplay between
biochemical, mechanical and inflammatory factors, which regulate cartilage matrix homeosta-
sis®®. The higher the functional alignment of the model to the native tissue and observed path-

ogenesis, the higher the translation value of the model®®.

1.5.1 The horse as a model for OA

The horse is an ideal model for OA, since the pathogenesis, clinical presentation and articular
biology is equivalent to humans'8. As it is also observed in humans OA incidences increase
with age in equines'®. Furthermore, the similar cartilage thickness, cellular structure, biochem-
ical composition and mechanical properties are of advantage compared to small-sized ani-
mals'8®. The average articular cartilage thickness is 1.5 to 2 mm in horses and 2.2 to 2.5 mm
in humans. In small sized animals the mean thickness is much lower, eg in rabbits it is only
0.3 mm¥. In addition, the loading forces acting on equine joints are of a similar or even greater
magnitude than in humans®. An advantage of using the horse as a model is the availability of
naturally occurring, early-stage diseased tissue following a veterinary surgical intervention.
Whereas from humans only tissue of advanced disease progression state is a source of sam-
ples for in vitro models'. All these facts make the horse a suitable model for studying OA. By

studying this disease in horses not only veterinary but also human patients will benefit.

1.5.2 In vivo models

In vivo models provide a good insight into osteoarthritis. However, none of the currently avail-
able in vivo OA models is able to mimic all features of OA. They are often designed to investi-

gate a specific feature of osteoarthritis®.
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1.5.2.1 Knock-in and knock-out models

OA models that involve genetic manipulation are mainly conducted in mice, due to various
benefits such as their short life cycles, breeding efficiency and biological similarities to human
OA pathogenesis®. Knock-in and knock-out models are mainly used to investigate the specific
role of a certain molecule®®. The group of Neuhold et al. found that the degeneration of articular
cartilage in transgenic mice is enhanced, similar to what is observed during OA, after consti-

tutively activation of MMP-13 expression in a gain of function model®°,

1.5.2.2 Cytokine-induced models

In vivo models are mainly used to study the onset of OA. These models are typically generated
by the injection of chemicals such as collagenase, quinolone, or monosodium iodoacetate
(MIA)®. The intraarticular injection often leads to rapid induction of osteoarthritis. However,
chemically induced in vivo models often fail to mimic natural observed OA pathogenesis.

Therefore, their translation value is rather low®®.

1.5.2.3 Load-based models

Load-based models are used to determine the physiological pressure acting on cartilage dur-
ing motion. It was found that depending on the joint and the species the mean contact pressure
lies between 3 and 9 MPa'2®'. Obesity-induced OA models have been developed, since in-
creased body weight is one of the major risk factors for OA development®®. These experiments
are mainly conducted in mice fed with a high-fat diet. It was found that these mice had a higher

susceptibility for OA compared to mice with a normal diet®.

1.5.2.4 Surgical models

In this type of model a trauma is introduced to the joint to trigger the OA pathogenesis. The
trauma is achieved through an injury which is typically caused by impaired joint mechanics.
The trauma can be induced noninvasively or invasively®®. A widely used surgical model is
based on destabilisation of the medial meniscus, which leads to abnormal stress on the carti-
lage surface. The group of Blanchet et al. observed chondrogenesis of the joint capsule and
subchondral bone erosions following joint trauma. Moderate to severe OA was observed eight

weeks post-surgery®.
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1.5.3 In vitro models

In vivo models have the main disadvantage that they are costly, time-consuming and ethnically
questionable. Guided by the 3R principle, to replace, reduce and refine animal work - in vitro
models are more and more used and developed®. Moreover, in vitro models have the ad-

vantage that they are highly reproducible, compared to in vivo models®.

1.5.3.1 Monolayer cultures

Current models for osteoarthritis also include 2D cultures of chondrocytes to investigate e.g.
cytokine stimulation. Chondrocyte monolayers are very easy to use and therefore belong to
the most widely used models®. It has been shown that the addition of cytokines to the culture
medium leads to osteoarthritic changes in gene expression, such as a decrease of collagen
type 2 and aggrecan and an increase of MMP-13 expression®. Pearson et al. treated synovi-
alfibroblasts with chondrocyte-conditioned medium to investigate the crosstalk between syno-
vium and cartilage. They found that a modest chondrocyte-derived IL-6 concentration leads to
increased IL-6 secretion by synoviocytes upon treatment®. However, the drawbacks of these
types of models are that the plastic surface does not represent the in vivo situation. It has been
observed that especially chondrocytes undergo dedifferentiation if they are cultured in mono-

layers. Therefore, 2D models are nowadays only used as a supplement to 3D models®.

1.5.3.2 Explant models

Explant models are ex vivo models. They are directly derived from in vivo tissue during surgery.
Therefore, they maintain cells in their natural 3D environment and allow for interactions be-
tween tissues, which makes them advantageable over monoclutures®. Currently, different cul-
ture methods are used, e.g. the submerging method, where the tissue is completely sub-
merged in medium, or the sponge method were the tissue is cultured on a collagen or gelatine
sponge that is soaked with medium®. In OA research they are often used to investigate com-
pressive load on articular cartilage. With them the cell response can be examined in the natural
ECM environment and matrix depletion can be observed®. Single impact, static or dynamic
loads with varying frequency and amplitude can be investigated. For load-based analysis this
is the simplest type of model'?'%°. The great advantage of these models is that they are simple

and easy to produce. However, a major drawback is the limited availability of samples that can
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be obtained from one donor®®. Moreover, there is always the risk that the cells die when the

tissue is removed from the specimens®’.

1.5.3.3 3D models

3D models are most widely used since they mimic the native environment of chondrocytes
much better than 2D models and do not have the limitations of explant models concerning the
finite biological source®”. Typically for 3D cartilage engineered tissues, chondrocytes or stem
cells are seeded into biomaterial scaffolds®®. Hydrogels used in in vitro cell culture experiments
have different properties and depending on cell type and study set up different scaffolds need
to be chosen. Modelling of cartilaginous tissues is often performed by seeding chondrocytes
into 3D matrices and scaffolds like alginate, agarose, poly-glycolic acid, or poly-lactic acid®.
For biomechanical studies, agarose hydrogels are the most frequently used materials'™'. How-
ever, it was reported that agarose gels lack adhesive motifs and necessary cell-matrix interac-
tions for optimal mechano-transduction®?. Chondrocytes in agarose gels exhibit lower cell pro-
liferation rates and GAG secretion compared to other hydrogels such as collagen or alginate.
Itis assumed that this is because agarose lacks native ligands which would allow for interaction
with mammalian cells. Also, the metabolic behaviour of the cells is greatly influenced by the
hydrogel. Chondrocytes seeded in agarose have a two-fold higher oxygen consumption com-
pared to cells seeded in collagen. Collagen gels provide a more native surface for the cells.
This is due to the fact that collagen is a major component of cartilage EMC and processes
ligands that enhance cellular attachment'. Hunter et al. showed that bovine chondrocytes
seeded in fibrin-based hydrogels responded differently with respect to GAG production, total
collagen production and dynamic stiffness in comparison to dynamically compressed agarose-
chondrocyte constructs'®. There are different types of 3D OA models, e.g. inflammatory mod-
els or models to test potential OA therapies. For example Chen et al. investigated the thera-

peutic effects of hyaluronic acid and platelet-rich plasma in a 3D OA model™®.

1.5.4 Mechanical stimulation of models

The field of mechanobiology is widely expanding since mechanical loading is responsible for
many degenerative and regenerative processes. The main focus lies in understanding how
mechanical loading influences cell behaviour'>'%2, In many studies, mechanical stimulation is
applied to cartilage tissue to mimic in vivo conditions with the aim to gain an understanding of

the physiological and pathological effects of biomechanical stimulation®1%-1%, These studies



19

showed that the response of chondrocytes to mechanical loading in vitro is indeed very similar
to native cartilage?®. However, results of in vitro studies must be interpreted with caution be-
cause mechanical stimulation in such experiments often causes large stress amplitudes and

gradients and often fails to mimic the load distribution in vivo3*°'.

Various types of mechanical stimuli can be applied to models, but it has been shown that only
dynamic deformation stimulates a biological response in chondrocytes?*. Most commonly uni-
axial compression is applied?®. Other examples of mechanical stimulation used in previous
studies are hydrodynamic shear, hydrostatic pressure, tension and compression?'%. The ef-
fect of dynamical compression on cartilage depends on the frequency and the amplitude of the

load stimuli applied%1",

1.5.5 Microfluidics and organ-on-a-chip

Organs-on-a-chip are a relatively new technology. Microfluidic chips allow for the simulation of
microenvironments at tissue, cellular or molecular level®"''2. They consist of culture reservoirs
and connected channels with an in- and outlet for continuous nutrient supply and waste re-
moval''®. Key features of these models are that they provide a microenvironment that specifi-
cally offers a structure and response that defines a tissue or even an organ®. The devices are
often only a few square centimeters in size and allow for exact control of micro- to picoliter
amounts. In these systems biomechanical and biochemical cues can be highly controlled. Mi-
crofluidic chips allow for easy integration of optical imaging systems due to the usage of trans-

parent materials such as polydimethylsiloxane (PDMS) and glass slides? 4,

At the moment the development for OA microfluidic devices is still in the early stages®. Rosser
et al. developed a nutrient gradient-based 3D chondrocyte culture-on-a-chip. The chondro-
cytes remained metabolically active over a time span of three weeks. Moreover, a high expres-
sion of collagen type Il, aggrecan and Sox9 was measured which is also naturally found in
chondrocytes. With that, the model proved to mimic some basic characteristic of native carti-
lage. Through challenging the cell construct with inflammatory cytokines the authors were able
to simulate a response similar to OA™°. Microfluidic chips have also been used to study the
influence of mechanical loading on chondrocyte-laden hydrogels. Occhetta et al. applied hyper
physiological compression to a 3D human cartilage-on-a-chip model (Figure 4). The compres-
sion led to an increased expression of inflammatory mediators and catabolic enzymes, as well

as chondrocyte hypertrophy, which represents an osteoarthritic phenotype®. Another approach
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in modelling OA was conducted by the group of Lin et al. They used pluripotent stem cells and
a dual-flow bioreactor to create an osteochondral tissue chip. After 28 days of differentiation
real-time PCR, as well as histological examination, confirmed that the osteochondral tissue
was successfully mimicked. To induce OA, they challenged the cartilage component with IL-
1B. The results indicated that functional crosstalk between the two tissues could be established
under normal as well as under pathological conditions. Moreover, they showed that this system
was suitable for drug screening®®. The big advantage of microfluidic chips is that they enable
the crosstalk among different tissue types as well as mechanical loading and thereby a whole
joint can be mimicked. The development of a dynamic joint-on-a-chip could offer a promising
alternative to animal testing enabling the investigation of dynamic compression on cartilage

development, maintenance and the onset of OA.
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Figure 4: Schematic representation of the cartilage-on-a-chip device A) the chip consists
out of a top and a bottom layer which are separated by a PDMS membrane; B) the top layer
of the chip consists of a tissue channel (blue) and flanking it two medium channels (red); C)
the bottom compartment can be pressurized and by that compressive stress is exerted onto
the microtissue (Occetta et al., 2019).

1.5.6 FLUIGENT System — pressure controller for mechanical stimulation

The FLUIGENT MFCS PRESSURE CONTROLLER system is a pressure-based flow control
system. The system can be combined with a LINK module, the so-called Flow EZ™, which
provides automation, live monitoring and recording of data. It allows for mechanical stimulation
patterns on 3D cell cultures on a microfluidic platform. This system is suitable for the creation
of a cartilage-on-a-chip model because it allows for controlled investigation of chondrocyte
response to external stimuli. This involves measurement of chondrocyte deformation under

compression compared to no pressure''®!"’.
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2 Material and Methods

2.1.1 Culture medium
For the preparation of 500 mL culture medium following ingredients were mixed (Table 1):

Table 1: Ingredients of cell culture medium

Volume [mL]  Item Company

435 Dulbecco’s Modified Eagle Me- = Life Technologies Europe B.V., Nether-
dium (DMEM) lands

50 Heat-inactivated Fetal calf se- Sigma Aldrich, USA
rum (FCS)

5 Penicillin-Streptomycin Sigma Aldrich, USA
Amphotericin B Biochrom, England

Prepared culture medium was stored at 4 °C and preheated in a water bath (37 °C) before

usage.

2.1.1.1 Inflammation medium

For the preparation of the inflammation medium, 10 ng of TNFa (rh TNF-alpha 10 pg, LOT
354650, ImmunoTools, Germany) and 10 ng of IL-beta (IL-1beta/IL1F2, 10 pg, LOT 354600,

ImmunoTools, Germany) was added per mL of normal culture medium.

2.2 Cell Bank — sample preparations

Cells were isolated of 3 euthanised horses (biological replicates) with written owner consent.
The horses were not diagnosed with osteoarthritis and were euthanized due to reasons not
related to this project. After extraction tissues (cartilage and synovial membrane) were imme-
diately transferred into falcon tubes (15mL tube, 120x17mm, PP, Sarstedt, Germany) contain-
ing sterile phosphate-buffered saline (PBS) (Dublecco’s Phosphate Buffered Saline, Sigma
Aldrich, USA) to prevent drying out. Further processing of the tissues was performed under a
laminar airflow hood (Safety Cabinet Herasafe KS18, Thermo Fisher Scientific, USA).
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2.2.1 Chondrocytes

Chondrocytes were extracted from cartilage tissue of euthanised horses. Cartilage was ob-
tained from the knee joint. The cartilage fragments were placed into a small petri-dish (Cell-
star® Cell Culture Dishes, PS, 100x20mm, with vents, sterile, Greiner Bio-One GmbH, Ger-
many). Using a scalpel, the cartilage was minced into small pieces (1 mm?3) and transferred
into a 1 mg/mL collagenase solution (Collagenase from Clostridium histolyticum, Sigma Al-
drich, USA) in a beaker. The beaker was placed into an incubator at 37 °C (HERAcell 240i,
Thermo Scientific©, USA) for digestion under constant stirring. After 6 hours the mixture was
filtered through a cell strainer (EASYstrainer, 100 um, Greiner Bio-one, Austria). The digestion
reaction was stopped by addition of the same amount of FCS containing medium as colla-
genase solution. Obtained chondrocytes were washed twice in PBS(+) and centrifuged at 400g
for 5 minutes. The cell pellet was resuspended in cell culture medium and seeded into T175
flasks (TC Flask T175, Stand., Vent. Cap, Sarstedt, Germany) and cultured in a humidified
atmosphere at 37 °C and 5 % CO.. The next day cells were washed to remove any non-ad-

herend cells and remaining debris.

2.2.2 Synoviocytes

Extracted synovial membrane tissue were placed with the inner lining faceing down into a petri-
dish filled with trypsin (0.05 Trypsin-EDTA, Life Technologies Limited, UK). After 20 minutes,
cells were carved from the synovial membrane using a cell scraper (Cell Scraper, 28 cm length,
Greiner Bio-One GmbH, Germany) and were resuspended in medium before seeding them on
T175 flasks.

2.2.3 Mesenchymal stem cells (MSCs)

MSCs were extracted from the bone marrow of the sternum. The marrow was filtered using a
sterile cell strainer and mixed 1:1 with PBS. 30 mL of this mixture were carefully layered on 15
mL FICOLL and centrifuged (Rotanta 460 R, Andreas Hettich, Germany) for 30 minutes at 330
g without breaking. Afterward the buffy coade was aspirated and resuspended in 1:10 PBS
and centrifuge at 450 g for 5 minutes at 20 °C. The washing step was repeated and after that

the obtained mononuclear cell fraction was seeded an a T175 flask in culture medium.
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2.3 Cell culture routine

2.3.1 Medium change

Culture medium was exchanged twice a week, if not otherwise stated. First, the old medium
was removed using a sterile serological pipette (serological pipette, 5ml/10ml/25ml, Sarstedt,
Germany). Then the flask was washed by carefully adding PBS(+), gentaly swaying and re-
moval of PBS. Then 20 mL of fresh medium was added and the flask was placed back into an

incubator.

2.3.2 Cell harvest (trypsinization)

Cells were harvested after confluency of around 80 to 90% was reached. First, all medium was
removed from the T175 Flasks. Two washing steps with PBS(-) followed. Afterward 6 mL of
trypsin were added and the flask was placed for 5 minutes in an incubator. After the incubation
detachment of the cells was checked under a light microscope (OLYMPUS CKX41, Olympus
Optical CO., LTD., Japan). Tapping on the bottom of the flask facilitated cell detachment. When
the detachment was successful, 6 mL of medium was added to stop the trypsinization process.
The cell suspension was transferred into a 15 mL falcon tube (Screw cap tube 15 mL, Sarstedt,
Germany) and centrifuged at 450 g and 20 °C for 5 minutes. In the next step, the supernatant
was removed and the pellet was resuspended in 10 mL PBS(+) and centrifuged at the same
settings as above. After the centrifugation steps, the supernatant was carefully removed and

the cell pellet was resuspended in 5 mL fresh medium.

2.3.3 Cell count

Cell concentration and viability were determined by transferring 10 pL of the cell suspension
into a 1.5 Eppendorf tube. 10 pL of Trypan blue (Trypan Blue Stain 0.4%, Gibco, USA) were
added. From this mixture 10 yL were pipetted into one side of a countess counting chamber
(Countess cell counting chamber slides, Invitrogen, USA) and 10 pL into the other side. The
slide was then placed into the corresponding slot of the Countess counter (Countess Il Auto-
mated Cell Counter, Thermo Fischer Scientific, USA). Using the function “count cells” the cell
number was determined per milliliter. The same step was repeated for the other side of the
counting chamber slide and then the mean of the two cell counts was calculated to determine

the concentration of the cell suspension.
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2.3.4 Freezing and thawing of cells

2.3.4.1 Freezing

After the cells reached a confluency of 80 percent they were frozen. This was done by first
harvesting of the cells from the flasks as described above. Depending on the approximate cell
number the pellet was resuspended in 2 to 5 mL freezing medium. 1 mL of the suspension
was transferred into a fresh cryotube (CryoPure tube 2.0 mL with QuickSeal screw cap, Sar-
stedt, Germany). The freezing medium consisted out of 90% FCS and 10 % DMSO (Dimethyl
sulfoxide, Sigma Aldrich, USA) was used. As soon as the freezing medium was added the
cryotubes were placed into pre-cooled freezing containers (Nalgene® Mr. Frosty® Cryo 1 °C
Freezing Containers, Cat. No. 5100-0001, Thermo Fisher Scientific, USA) which were then
stored at -80 °C for 24h before transferring them to -150 °C.

2.3.4.2 Thawing

For the thawing process cell were quickly warmed to room temperature by either placing them
into a water bath or by warming them with the hands. 1 mL of medium was added and through
pipetting mixed with the cell suspension. As soon as all ice completely thawed the cells were
transferred into a flask containing the appropriate amount of medium. The flask was then

placed into an incubator at 37 °C.

2.4 Microfluidic chip design and manufacturing

For the design of the microfluidic chips AutoCAD (computer-aided design) software, 2020 (au-
todesk.com/products/autocad/, 11.02.2021) was used. Which allowed for the creation of 2D
drawings. The design was adapted from previous studies of Dr.nat.techn. Mario Rothbauer
(Figure 5).

The microfluidic chip consists of several PDMS (SuperClear Silicone Sheet 5HT6240GK
0.5 mm, MVQ Silicones GmBH, Germany) layers. Using a cutter machine (Microfab Roland
Plotter CAMM-1 GS-24, Roland DG Corporation, Germany) the 0.5 mm thick PDMS foil was
cut according to the chip design. Excess foil was removed using a forceps. For the bonding of
the individual layers, plasma oxidation reaction was performed. The bottom layer and a glass
slide (Microscope Slides, Marienfeld, Germany) were placed into a plasma cleaner (Plasma

Cleaner PDC-002-CE, Harrick Plasma Inc, USA). Through a pump, a vacuum was established


https://www.autodesk.com/products/autocad/overview?term=1-YEAR&support=null
https://www.autodesk.com/products/autocad/overview?term=1-YEAR&support=null
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within the cleaner chamber and the layers were plasma treated for 2 minutes. After that the
PDMS layer was placed on top of the glass slide with the treated surfaces facing each other.
This needed to happen rather fast for better bonding results. Through gentle pressure on the
system, the bonding was enhanced further. Afterwards the chip was fixed with clamps and
placed into an 80 °C incubator for 10 minutes. The same steps were repeated with the next
layers until the microfluidic chip had the desired size. Care was taken to align the individual
layers as exactly as possible on top of each other to keep the systems optimal function. After
the last layer was placed the microfluidic chip remained for at least 30 min or overnight in the

incubator to increase bonding stability.

Top layer

1 addition of inlet
for loading

|| medium reservoir

and organoid
chamber

| bottom layer with
hydrogel stopper

Figure 5: Microfluidic chip design. The microfluidic chips consisted out of 5 PDMS layers.
The organoid chamber had a diameter of 5 mm with a chamber volume of 40 uL and the me-
dium reservoirs had a diameter of 8 mm. One chip hosted four of these culture complexes.
Design adapted from Dr. Mario Rothbauer.

In order to investigate the effects of mechanical stimulation on chondrocytes, a novel microflu-
idic joint-on-a-chip was designed. A pneumatic chamber was added which could be dilated by
applying air pressure was installed. Through this, a compressive force acts on the chondrocyte
laden hydrogel which simulates a mechanical stimulus comparable to movement. In figure 6

the AutoCAD design of the two mechanical microfluidic chips is shown.
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Figure 6: Design of the mechanical stimulation microfluidic chips. A) first design B) sec-
ond design C) magnification of the organoid chamber with connected medium reservoirs and
the pneumatic chamber. Dimensions are given in millimeter

Pneumatic chamber Inlet for loading

|

Pneumatic
channel

Medium
supply channel

organoid

Hydrogel stopper

Figure 7: Cross-section of a microfluidic chip: showing design version 2. Not indicated is
the glass slide on the bottom and the removable glass slide on top of the chip. Dimensions in
mm.
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The microfluidic chip was built out of eleven PDMS layers in the first draft and twelve in the
second. The additional layer was added to make sure that the pneumatic chamber only dilated
downwards to the organoid chamber. The bottom layer, which is bonded to a glass slide has
a hydrogel stopper (Figure 7). This little step prevents the hydrogel from spilling into the me-

dium channel during loading.

The following three layers contain the cut outs for the organoid chamber and the connected
medium reservoirs and channels. The layer covered the organoid. In the first draft, this layer
was 0.5 mm thick. The same height as the other layers. In the second draft this was changed
to a 0.25 mm. This should further help directing all the applied pressure to the bottom. This
separating layer harboured the inlets for loading the hydrogel and the medium reservoirs. The
layer comprised the pneumatic chamber. To optimize pressure application the pneumatic layer
was changed so that two systems could be simultaneously stimulated and to give a better
interface through the inlet on the side of the chip instead of on top. The size of the pneumatic-
chamber was not changed between the first and the second draft. To cover the system, five to

six top layers were used.

2.5 Loading of microfluidic chips and Hydrogels

Microfluidic chips were UV treated for 1h before usage. To avoid migration of the cells from
the hydrogels the organoid chambers were coated with filtered lipidure (Lipidure, CM5206,
Lot# 180223, NOF Corporation, USA). After approximately 2 minutes the lipidure was removed
and the chip was left at room temperature to allow evaporation of any remaining coating rea-

gent. The microfluidic devices were placed into sterile petri-dishes for protection.

For the cultivation equine cells in passage, two or three were used. Cells were loaded into
hydrogels at a concentration of 3 *10° cells per mL if not otherwise stated. This cell concentra-
tion was chosen according to a previous chondrocyte study conducted by Julie Rosser in
2019"°. After polymerisation of the hydrogel, the cell culture medium was filled into the me-
dium wells on the microfluidic device, before placing them into an incubator. Medium was

changed every day. The cell constructs were harvested for further analysis after 14 days.
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2.6 MTT assay — access cell metabolic activity

For one MTT assay reaction, 200 pL of culture medium were mixed with 40 uL of MTT reagent
(CellTiter 96° Aqueous One Solution Reagent, LOT# 0000282592, Promega GmbH, Ger-
many). The total volume was added to the cell construct and incubated for 1 hour. Afterward,
the color was checked visually. A purple color change of the construct indicated that the cells

were still alive.

2.7 Livel/dead staining with FDA and PI

In order to evaluate the viability of the seeded cells in the hydrogel, live/dead staining was
performed using fluorescein diacetate (FDA), staining with a green fluorescent dye (494-517
nm) and propidium iodide (PI), staining with red fluorescent dye (528-617 nm). This fluores-
cence-based assay allows for two-color discrimination of living-cell populations from those that
are dead. First a FDA stock solution was prepared by dissolving 5 mg of FDA (Fluorescein
diacetate, Lot#MKBR3002V, Sigma Aldrich, USA) in 1 mL acetone. For the PI stock solution 2
mg of Pl (Propidium iodide, Lot#MKCBO0899V, Sigma Aldrich, USA) were dissolved in 1 mL
PBS. The staining solution was freshly prepared before usage by mixing 5 mL PBS with 8 pL
FDA stock solution and 50 pL PI stock solution. The hydrogels to be tested were placed on a
24 well plate (TC-Plate 24 well, standard, F, Sarstedt, Germany), covered with 1 mL of staining
solution and incubated in the dark for 5 minutes. For the analysis an inverted fluorescence
microscope (EVOS FL Auto, life technologies, USA) with Texas Red and GFP filters was used.

Analysis of the FDA/PI assay was performed via the software Image J.

Table 2: Working solution of the FDA/PI assay

Volume [pL] Reagent
1000 PBS
1.6 FDA

20 Pl
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2.8 Gene expression analysis

For the gene expression analysis cell constructs were released from the microfluidic chips by
cutting the PDMS top layers with a scalpel and using tweezers to remove the layers. The con-
struct was transferred into a fresh Eppendorf tube and shock frozen in liquid nitrogen for 1

minute. Samples were stored at -80 °C until RNA extraction was performed.

2.8.1 RNA extraction

For the RNA extraction first, a lysis buffer was prepared by mixing 500 pL of Trizol (TRIzol LS
Reagent, Invitrogen, USA) and 5 uL of B-mercaptoethanol (2-Mercaptoethanol, Sigma Aldrich,
USA) to each sample. Chloroform (Chloroform, Sigma Aldrich, USA) was added in a ratio of
1:5 to the samples and mixed via vortexing (RS-VA 10, Phoenix Instruments, Germany). The
samples were incubated at room temperature for 5 minutes and occasionally vortexed. After
the incubation, the samples were centrifuged at 4 °C and 13,000 g for 15 minutes. After the
centrifugation three phases were visible: a clear upper phase, a whitish interphase and a pink
bottom phase. The upper phase was transferred into a new tube (1.5 ml SafeSeal tube, Sar-
stedt, Germany) without disturbing the interphase. The upper phase contains the RNA. To
precipitate the RNA the same volume of DEPC water (DEPC-Treated Water, Thermo Fischer
Scientific, USA) was added to the tube. To lose less RNA working on ice was recommended.
Isopropanol (Isopropanol 99.5 %, Acros Organics, USA) was added to the mixture according
to the formula: total volume * 0.8. In addition 1 pL of dye (GlycoBlue, Thermo Fischer Scientific,
USA) were added and mixed by vortexing before incubation on ice for 20 minutes. Following
the incubation another centrifugation step was performed with the following settings: 13,000 g,
4°C, 30 minutes. If a low amount of RNA was to be expected the centrifugation time was in-
creased to 1 hour. After the centrifugation a blue RNA pellet was visible at the bottom of the
tube. The supernatant was carefully removed and the pellet was resuspended in 75 % EtOH
(Ethanol , Scharlau, Germany) same amount as the trizol the sample has been been lysed in.
Afterward, the samples were again centrifuged at 4°C and 14,000 g for 5 minutes. The super-
natant was removed and the remaining liquid was allowed to evaporate at room temperature
by opening the tube for 5 to 10 minutes. After the EtOH completely evaporated 20 uL of Nu-
clease free water (Nuclease-Free Water, Thermo Fischer Scientific, USA) was added to the

pellet. The samples were either directly processed further or stored at — 80 °C.
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2.8.2 DNase Treatment and determination of RNA yield

For the DNase digestion, a Master Mix was prepared containing the reagents given in table 3.
To each sample, 10 uL of the Master Mix were added before incubating them at 37 °C for 30
minutes on a heating block (Thermocell cooling and heating block, Bioer, China). Afterward, 3
ML of resuspended DNase inactivation reagent (DNase Inactivation reagent, Thermo Fischer
Scientific, USA) were added per sample and they were incubated for 2 minutes at room tem-

perature. The samples were occasionally mixed and centrifuged at 2000 g for 5 minutes.

Table 3: Master Mix for DNase digestion; amount given per sample

Reagents Amount per sample [uL]
10x DNase Buffer 3
rDNase 1
Nuclease free water 6

After the centrifugation 2 phases were visible. The upper clear phase contained the RNA and
was transferred into new tubes. Using a nanophotometer (NanoPhotometer N60, Implen, Ger-
many) the RNA concentration was measured before the samples were stored at -80 °C. For
more exact measurements of samples where a low RNA yield was expected Qubit (Quibit 4
Fluorometer and RNA 1Q Assay, Thermofischer, USA) measurement was performed following

the user instructions.

2.8.3 quantitative Polymerase Chain Reaction (qPCR)

RNA samples were tested for expression of different cartilage and inflammation markers. For
normalisation of the results expression levels of housekeeping genes were measured (table
4).
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Table 4. Equine primer sequences designed by Sinan Gliltekin PhD.

Gene name Forward Primer

Cartilage marker

Reverse Primer

Col2 CAACAACCAGATCGAGAGCA  CATTCAGGGTGGCAGAGTTT
Sox9 GAGGAAGTCGGTGAAGAACG GTTGGGGGAGATGTGTGTCT
ACAN TGGGAGAGCAGATGTCAGTG GTTCTGGAGGCTGGGATGTA
Differentiation marker

Col1a2 TCCATCTGGAGAGCCTGGTA  CACCTGGTAGACCACGTTCA
Inflammation marker

MMP13 TGGTCCAGGAGATGAAGACC GATGGCATCAAGGGATAAGG
IL6 ATGGCAGAAAAAGACGGATG GGGTCAGGGGTGGTTACTTC
Housekeeping genes

GAPDH GTTTGTGATGGGCGTGAAC GATGCCAAAGTGGTCATGG
18S TTTCGATGGTAGTCGCTGTG  CTTGGATGTGGTAGCCGTTT
PPIA ACCCTACCGTGTTCTTCGAC  ATCCTTTCTCCCCAGTGCTC
36b4(Rplp0) TGCATTCTCGCTTCCTGGAG  TCCACAGACAAAGCCAGGAC

For the gPCR Master Mixes were prepared according to table 5. Two nanograms of RNA were

used per sample. cDNA synthesis and subsequently qPCR reaction was performed by Rev-
Trans QPCR One-Step Eva Green kit (Bio&Sell, Germany).

Table 5: Master Mix for gPCR; amount given per sample

Reagent Amount [pL]
Enzyme 25
Primer 1 0.4
Primer 2 0.4
Nuclease free water 4.7

RNA 2

Company

RevTrans-gPCR EvaGreen® Enzyme Mix ,
Bio&Sell, Germany

Microsynth, Switzerland

Microsynth, Switzerland

Thermo Fischer Scientific



32

The PCR reaction had three steps: hold, PCR and the melting curve step. Following settings

were used for each stage:

¢ Hold stage: 50 °C for 15 min and 95 °C for 5 min.
o PCR stage repeated 45 times: 95 °C for 20 s, 55 °C for 30 s, and 72 °C for 20 s.
¢ Melting curve stage: 60 °C for 1 min, 95 °C for 15s.

Temperature changes were performed at a rate of 1.6 °C per second. For each gene a nega-
tive control was added, where the RNA was replaced by nuclease-free water. The transcript

levels of genes of interests were normalized to transcript levels of the housekeeping genes.

2.9 Pilot experiment 1 — Hydrogel comparison

In order to investigate which hydrogel is most suitable for this study the 3 cell types (MSC,
chondrocytes, synoviocytes) of the joint were seeded into either collagen type | or fibrin hydro-
gel. Moreover, agarose or agarose - collagen type Il blended hydrogels were compared con-

cerning their suitability for chondrocytes.

2.9.1 Preparation of the hydrogel

2.9.1.1 Fibrin hydrogel

A stock solution was produced by dissolving the corresponding amount of fibrinogen (Fibrino-
gen from human plasma, Sigma-Aldrich, USA) in PBS. For low concentrations (< 5 mg/mL)
the stock solution was filtered using a sterile 0.22 um filter (Millex®GP Filter unit 0.22 um,
Merck Millipore Ltd., Ireland). For higher concentration sterilization was performed through UV
light. For polymerization, the fibrinogen stock solutions were in a ratio of 1:1 to the thrombin-
medium-cell suspension (Thrombin from human plasma 20U, Lot#37784921, Sigma Aldrich,

USA) mix at a ratio of 1:1. The polymerization happened immediately after mixing.

For the preparation of the TISSEEL(Firbin Sealant, Baxter, USA) fibrin hydrogels, the stock
solutions were diluted with medium (Table 7) to achieve the desired concentration. Polymeri-

zation was induced through mixing with the thrombin-cell suspension mix.
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2.9.1.2 Collagen type | hydrogel

PureCol gel solution (PureCol EZ Gel solution, Lot#SLCG2035, Sigma Aldrich, USA) was
mixed with the cells suspension to reach a final concentration of 2.2 mg/mL. Polymerization

happened at 37 °C in the incubator after 30 minutes.

2.9.1.3 Agarose hydrogel

Agarose powder (Agarose, low gelling temperature, Lot# SLCG4128, Sigma Aldrich, USA)
was weigh to produce a stock solution with double concentration of the final hydrogel. The
powder was dissolved in PBS by placing the beaker into a microwave and heating the mixture
until the liquid boiled and appeared completely clear. To prevent the agarose from polymerising
before loading the beaker was placed onto a heating plate at 40 °C. The mixture was mixed in
a ratio of 1:1 to the medium/cell suspension to achieve the final concentration and loaded onto

the chip. Care was taken to work fast to avoid early polymerisation.

2.9.1.4 Agarose hydrogel blended with Collagen type 2

Agarose stock solutions were produced as described above. In a 1:1 ratio, the agarose solution
was mixed with a medium/cell/collagen mixture. Collagen (Collagen from chicken sternal car-
tilage, type Il (Miller) powder, Lot # 029M4168V, Sigma Adlrich, USA) was previously dissolved

in distilled water (Aqua, B. Braun, Germany).

2.9.2 Collagen type 1 hydrogels vs fibrin hydrogels

In order to investigate which hydrogel is most suitable for this study the 3 cell types (MSC,
chondrocytes, synoviocytes) of the joint were seeded into either 2.2 mg/mL collagen type | or
2.5 mg/mL fibrin hydrogels. Moreover, different cell concentrations were tested, namely
3 * 106 cells/mL, 6 * 108 cells/mL and 9 * 10° cells/mL.Hydrogel constructs were loaded onto a

microfluidic chip.

2.9.3 Stability of fibrin hydrogels

Experiments were performed without cells to see if the hydrogels at higher fibrin concentrations
were handleable, to see if a contraction happens and if so to see if the polymer concentration

had an influence on the contraction. Three different fibrin concentrations were tested, namely,
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10 mg/mL, 20 mg/mL and 40 mg/mL. The experiments were performed with 40 pyL drops on
24 well plates, to mimic the volume of the microfluidic chip culture chamber. The drops were
covered with medium and placed into an incubator. The stability of the gels was checked every

other day over a period of 2 weeks.

2.9.4 Comparison of fibrin hydrogels

Fibrin hydrogels were tested from two different companies: Sigma Aldrich and TISSEEL. For
each three different concentrations were tested (Table 6) on MSC, chondrocytes and synovi-
ocytes. This experiment was conducted together with Sarah Hackl, another Master student of
the group, whose project focused on establishing a co-culture microfluidic chip for osteoarthritis

research.

Table 6: Tested conditions for comparison of different fibrin hydrogels

Fibrin [mg/mL] Thrombin [U]
Sigma Aldrich

25 5

50 10

100 20

TISSEEL

45.5 10

68.25

79.6

Hydrogel droplets of 40 uL were produced and placed into a 24 well plate. Hydrogels were
examined on a macro- and microscopic level every other day. After 12 days of cultivation a
FDA/PI and MTT assay was performed.

2.9.5 Comparison of agarose hydrogels and hydrogel blended with Collagen type 2

Most papers that applied mechanical force to chondrocytes use agarose hydrogels as scaf-
folds. However, literature'%?1% suggested that a combination of agarose and collagen hydro-
gels may provide a more natural environment for chondrocytes. Two different concentrations

were tested, namely 2 % and 4 % agarose hydrogels. Three different combinations of blended
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hydrogels were tested (Table 7). Hydrogel tests were performed in 24 well plates. Chondro-
cytes were seeded in a concentration of 3*108 million cells/mL. Cells were harvested after 10
and 20 days. Each time a qPCR, MTT and FDA/PI assay was performed. Life/dead quantifi-

cation was performed in image J following a tutorial by Allevi3D''8.

Table 7: Experimental setup for test of blended hydrogels

Agarose Collagen type 2 [mg/mL]
2% 25

2% 5

4 % )

2.10 Pilot experiment 2 — Characterisation of agarose and fibrin hydrogels

2.10.1 Cell homogeneity in hydrogels - cell tracker

Chondrocytes were treated with cell tracker fluorescence dye (CellTracker™ Green CMFDA
Dye, ThermoFischer Scientific, USA) in order to investigate if the seeded cells are homoge-
nously distributed within the hydrogels loaded on the chips. For this 10 uL of the cell-tracker
solution were added to 20 mL medium without FCS and pipetted to the cells. After 45 minutes
incubation, the cells were trypsinized as described before. cell counting was performed and
the pellet was dissolved to reach a cell concentration of 6*10° cell/mL. As described before a
4 % agarose gel was produced. The agarose was mixed 1:1 with the cell suspension to reach
a final cell concentration of 3*10° cells in a 2 % agarose gel. The mixture was loaded onto a

microfluidic chip and using a fluorescence microscope the cell distribution was examined.

2.10.2 Relative diffusion and diffusion rate

Diffusion rates of three different fibrin (TISSEEL 45.5 mg/mL, 68.25 mg/mL, 79.6 mg/mL) hy-
drogel concentrations and two agarose (2 %, 4 %) hydrogel concentrations were tested. Hy-
drogels (without cells) were prepared as described above and loaded onto a microfluidic chip.
A 1 pL/mL fluorescein (FD20S-250MG Fluorescein isothiocyanate-dextran, Lot # SLCD1285,
average mol wt 20,000, Sigma Aldrich, USA) solution was pipetted into the medium channel
and via a time laps foto session over one hour pictures were taken every 3 minutes using a

fluorescence microscope. To measure the diffusion, rate the fluorescence intensity of each
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time point was measured using Imag J software (version 2.1.1) and a linear fit was applied to

the results.

For determination of the diffusion rate in ym per minute the time laps results were loaded into
Image J. The contrast was changed make the diffusion front clearly visible. The same settings
were used for each sample and time point. Using lines (indicated by the arrows in Figure 8)
the progression of the diffusion was measured. This was performed at three locations for each
hydrogel concentration for timepoint 0, 30 min and 60 min. The measured lengths were con-
verted into um. Through this the mean diffusion rate in um per minute for each hydrogel was

calculated.

Figure 8: Example of diffusion rate measurement; showing contrast time laps pictures of a
2 % agarose hydrogel at time point (A) zero and (B) after 30 minutes. Arrows show the diffusion
change at three different locations.

2.10.3 Rigidity test

Using a tonometer (TonoVet Tonopen XL, iCare, Finland) the resistance of different concen-
trations of fibrin and agarose hydrogels (same as in 2.12.2) were measured. For the measure-
ments hydrogels were loaded onto a silicon form (Figure 9), which was produced by mixing
40.5 mL of silicon base reagent (DOWSIL 184 silicone elastomer base, Dow Chemical Com-
pany, USA) with 4.5 mL of the silicon base curing agent (DOWSIL 184 silicone elastomer
curing agent, Dow Chemical Company, USA). The pipette was used to mix the two compo-
nents, before purring of the solution into the 3D mold. After 10 minutes the mold was smacked
onto the table to get rid of bubbles. The silicon took two days for full polimerisation. With a
spatula, the silicon was separated from the mold and placed into a beaker to be autoclaved.
The hydrogels were produced as described above (without cells) and loaded onto the silicon
form. After polymerisation the mean resistance of the hydrogels was measured using the to-

nometer. The tonometer performs six consecutive measurement via a probe. It discards the
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highest and the lowest value measured and calculates the mean from the remaining values.

Three hydrogels were tested per condition.

A ; B

Figure 9: A) Design of the silicon form used for the rigidity test. The design was adapted
from previous studies by DVM Gil Oreff; B) Tonometer used for rigidity measurements and a
magnification of the probe

2.11 Pilot experiment 3 — Mechanical stimulation on a chip

2.11.1 Pressure control system — FLUIGENT

For the mechanical stimulation of the cells, a pressure control system was used. For this, the
Fluigent LineUp™ Series was chosen. The setup is depicted in Figure 10. The LineUp™ series
consisted of a compressor (FLPG Plus, Fluigent, France), four flow modules (LineUp™ Flow
EZ, Fluigent, France), a switch module (P-Switch LineUp™ Fluigent, France) and a link module
(LineUp™ Link, Fluigent, France). The link module connected the flow controllers with the com-
puter. Via Microfluidics Automation Tool (MAT, version 20.0.0.3, Fluigent, France) various

pressure and flow patterns could be selected.
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I LineUp™ LINK
Il LineUp Flow EZ™
Il LineUp™ P-SWITCH

A
TMFLUIGENT

MAT software

FLPG+ Pressure compressor

Microfluidic chip

Figure 10: Setup of the Fluigent LineUp Series system. The LineUp™ LINK module provides
a connection to the microfluidic automation tool (MAT) software. The LineUp Flow EZ™ mod-
ules are Flow controller allows for pressure-based fluid control. The LineUp™ P-SWITCH is a
pneumatic valve controller. Adapted from: (https:/www.fluigent.com/product/microfluidic-com-
ponents-3/lineup-series/, 15.04.2021)

2.11.2 Compression capability characterization

Depending on the applied pressure different compression force is transmitted to the cell con-
struct. The Fluigent system allows for a variety of programmable pressure patterns. Positive
as well as negative pressure can be applied. Pressure patterns can have a sine, square, saw-
tooth, triangle, or customed shape. Offset and amplitude can be chosen in the range of -800
mbar to 1000 mbar. For the characterisation of this system, pressure curves were created for

various conditions.

2.11.2.1 Transmission

To testif there is any time delay in signal transduction to the microfluidic chip, different pressure
patterns and frequencies were tested. Pressure patterns were regulated via the MAT software
and time was measured when the signal appeared at the system. For this, the automatically

generated datalog files were used.


https://www.fluigent.com/product/microfluidic-components-3/lineup-series/
https://www.fluigent.com/product/microfluidic-components-3/lineup-series/
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2.11.2.2 Compression of the organoid chamber upon pressure application

The amount of deflection from applied pressure on the organoid chamber was measured by
filing a 1 yL/mL fluorescein solution into the system. Using a fluorescence microscope, pic-
tures were taken at 0 to 1000 mbar pressure in steps of 100 mbar. Using the software ImageJ

the fluorescence intensity was measured.

2.11.2.3 Deflection - Green Fluorescent Polymer Microspheres

For the mechanical characterisation green-fluorescent polymer microspheres (Green Fluores-
cent Polymer Microspheres, Diameter 4.8 ym and 9.9 um, Lot number 40694/39713, Thermo
Scientific, USA) were loaded into 2 % agarose hydrogels at a concentration of 0.5 %. Beads
were used as surrogates of cells to measure the amount of deflection of cells after applying

pressure. Pictures were taken at 0 to 1000 mbar pressure in steps of 100 mbar.

2.11.3 Mechanical stimulation on a chip

For the mechanical stimulation chondrocytes were loaded into a 2 % agarose hydrogel at a
concentration of 3*10° cells/mL. Six different conditions were tested (Table 8). To mimic an
inflammation, medium containing 10 ng TNF-a and 10 ng IL- per mL was used. Physiological
(400 mbar) and hyper-physiological (800 mbar) mechanical stimulations were compared by

application of different pressure conditions.

Table 8: Conditions for the mechanical stimulation experiment. Healthy = normal culture me-
dium; inflamed = culture medium with 1 % TNF-a and 1 % IL-B supplementation

Mechanical stimulation Pressure [mbar] Treatment
control 0 healthy
control 0 inflamed
physiological 400 healthy
physiological 400 inflamed
hyper-physiological 800 healthy

hyper-physiological 800 inflamed
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The conditions were tested for three biological replicates and always two technical duplicates.
The mechanical stimulation was performed daily over two weeks. The pattern was 2 x 30min
stimulation with 800 mbar or 400 mbar with a frequency of 1Hz. For the inflamed treatment
inflammation medium (2.1.1) was added into the medium wells instead of the normal culture

medium.

2.12 Data analysis and visualisation

For data analysis and visualisation the softwares Rstudio (R version 4.0.3)"'°, GraphPad Prism
(version 5.04)'?® and ImageJ — fiji (version 2.1.1)"?' were used. For statistical analysis paired
Student’s t-test was used where appropriate. As threshold a p-value of less than 0.05 was
considered statistically significant (p < 0.05). If measurements were performed in replicates

standard deviation was indicated.
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3 Results

3.1 Pilot experiment 1 - Hydrogel comparison

Different biopolymers and concentrations were tested to find the optimal scaffold to develop a

joint-on-a-chip model.

3.1.1 Microscopic and macroscopic examination

3.1.1.1 Collagen type 1 hydrogels vs fibrin hydrogels

The first experiment had the goal to identify which hydrogels are suitable for the different cell
types of a joint and to test three different cell concentrations (Figures 11-13). The results
showed that nearly all of the hydrogel-cell construct collapsed after 48h of cultivation. Only
fibrin hydrogels laden with chondrocytes were still stable after 48 hours (Figure 11 A4-6). This

could be seen on a macro- as well as on a microscopic level (Figures 11-14).

Figure 11: Hydrogel test after 48h. 4x magnification
A) Chondrocytes

1-3) collagen hydrogel; 4-6) fibrin hydrogel;

184) 3*10° cells; 2&5) 6*10° cells; 3&6) 9*10° cells
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Figure 12: Hydrogel test after 48h. 4x magnification
B) MSCs; 1-3) collagen hydrogel; 4-6) fibrin hydrogel;
1&4) 3*106 cells; 2&5) 6*106 cells; 3&6) 9*106 cells
Arrows indicate where cells migrated out of the hydrogels

Figure 13: Hydrogel test after 48h. 4x magnification

C) Synoviocytes; 1-3) collagen hydrogel; 4-6) fibrin hydrogel;
1&4) 3*106 cells; 2&5) 6*106 cells; 3&6) 9*106 cells

Arrows indicate where cells migrated out of the hydrogels
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Fibrin hydrogels at a fibrinogen concentration of 2.5 mg/mL seemed not useful for MSCs and
synoviocytes. It was decided to increase the concentration for the next experiments. Collagen
type | hydrogels did not appear to be appropriate for chondrocytes, MSCs, or synoviocytes,
since none of the constructs stayed stable. Moreover, we saw that the cells migrated out of the
hydrogels to the bottom of the chamber (Figure 12,13: B6, C5-6). Therefore, we decided to
use an antimigration agent such as lipidure coating for the next experiments to prevent migra-
tion of the cells. Due to the instability of the scaffolds, no conclusion about the optimal cell
number could be drawn. Based on previous studies we proceeded with 3 million cells per

mL115.

Collagen hydrogel

Fibrin hydrogel

Figure 14: Macroscopic example of the hydrogel test for chondrocytes after 48h.
On the left cell concentration: 6*10° cells and on the right cell concentration: 9*10° cells
Hydrogel constructs collapsed or dissolved after 48h of cultivation. The upper arrow points to
a collapsed collagen hydrogel and the lower arrow to the intact fibrin hydrogel

3.1.1.2 Stability of fibrin hydrogels

Since fibrin hydrogels collapsed in the first experiment, it was decided to test the stability of
fibrin hydrogel with different concentration without cell. The fibrin concentration was increased
to better mimic the natural stiffness of articular cartilage and the subchondral bone. After 2
weeks of cultivation hydrogels still displayed a nice morphology. They did not dissolve or col-
lapse, proving the stability of the material itself. No considerable difference could be seen be-

tween the different fibrin concentrations (Figure 15).
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Figure 15: Fibrin hydrogels without cells. Determination of the stability of different fibrin

concentration; fibrin concentrations from left to right; columns 1-2: 40 mg/mL; columns 3-4:
20 mg/mL; columns 5-6: 10 mg/mL; A) time point 0; B) after 2 weeks

3.1.1.3 Comparison of different fibrin hydrogels

Fibrin hydrogels were tested from two different companies, namely Sigma Aldrich and
TISSEEL. For each three different concentrations were tested (Table 7) on MSC, chondrocytes
and synoviocytes. For each condition of the Sigma Aldrich hydrogels three hydrogels were
produced and six hydrogels for the TISSEEL hydrogels. The cell-fibrin-constructs were cul-
tured over a time period of 10 days (Sigma Adlrich fibrin gels) or 12 days (TISSEEL fibrin gels).
A considerable number (more than half) of hydrogel drops collapsed or completely dissolved
by that time point and therefore could not be analyzed (Figure 16). For the remaining hydrogels

FDA/PI staining and MTT assay was performed.
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Figure 16: fibrin hydrogels; A)Sigma Aldrich hydrogels after 10 days of cultivation; A1) Syn-
oviocytes; A2) MSCs; A3) Chondrocytes; from top to bottom: 100 mg/mL, 50 mg/mL, 25 mg/mL
fibrinogen concentration; For each condition at least 3 samples were prepared. In A2 and A3
additional wells were filled to use excess material. B) TISSEEL after 12 days of cultivation; B1)
45.5 mg/mL fibrinogen; B2) 68.25 mg/mL; hydrogel for 79.6 mg/mL not shown; from top to
bottom: chondrocytes, synoviocytes, MSCs

3.1.1.4 Agarose hydrogels

Since the fibrin hydrogels did not appear to be so suitable, another hydrogel scaffold, namely

agarose, was tested.

The gel droplets were examined under a light microscope every other day. Shown in figure 17
are agarose drops after 10, 20 and 30 days of cultivation. The drops kept their round morphol-
ogy and did not dissolve or shrink much. The microscopic examination also revealed that the
cells were homogenously distributed in the hydrogel and that the chondrocytes kept their round

morphology compared to monolayer culture, where chondrocytes become elongated.
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Figure 17: Chondrocytes seeded into agarose hydrogels. A) 2 % agarose; B) 4 % agarose;
1) after 10 days in culture; 2) after 20 days in culture; 3) after 30 days in culture

3.1.1.5 Agarose collagen type Il blended hydrogels

Agarose hydrogels appeared to be favorable over fibrin hydrogels due to fact that they were
more stable and could be cultivated over a longer time period. Another approach was to test
agarose hydrogels blended with collagen type Il. As was observed for the agarose hydrogels
the blended hydrogels also showed that the cells were homogenously distributed in the hydro-
gel. However, examining the hydrogel macroscopically it was found that the collagen did not

dissolve properly (Figure 18).



47

Figure 18: Agarose-collagen type Il blended hydrogels. A) 2 % agarose with 2.5 mg/mL
collagen II; B) 2 % agarose with 5 mg/mL collagen II; C) 4 % agarose with 5 mg/mL collagen
1I; 1) after 10 days; 2) after 20 days; arrow showing where collagen did not dissolve properly

3.1.2 MTT assay

3.1.2.1 Fibrin hydrogels

As can be seen in figure 19, most of the constructs shrunk considerably. However, MTT assays
showed that at least some of the cells were still metabolic active after the culture period of 10
or 12 days, respectively to the used hydrogel. Only for MSCs and 2 of the synoviocytes condi-
tions cultured in TISSEEL fibrin hydrogels no color change was observed.
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Figure 19: MTT assay of fibrin hydrogels after 10 days (Sigma Aldrich fibrin gels) or 12
days (TISSEEL fibrin gels) of cultivation. Arrows pointing to shrunken hydrogels. A color
change indicated that the seeded cells were still metabolically active.

3.1.2.2 Agarose hydrogels

The MTT assay showed that chondrocytes embedded in agarose hydrogels stayed metabolic
active even after 30 days of cultivation (Figure 20). This is indicated by the purple color of the
construct. It can be seen that staining was weaker after 10 days of cultivation, compared to
constructs kept in culture for 30 days. Potentially indicating cell proliferation during the ex-

tended culture period.
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Figure 20: MTT assay of agarose chondrocyte constructs. A) 2 % agarose; B) 4 % aga-
rose; 1) after 10 days in culture; 2) after 20 days of culture; 3) after 30 days of culture. A
color change indicated that the seeded cells were still metabolically active.

3.1.2.3 Agarose blended hydrogels

The MTT assay showed that independent of the hydrogel composition chondrocytes stayed

metabolically active, hence alive, after 20 days of cultivation (Figure 21).

Figure 21: MTT assay after 20 days of culture. A) 2 % agarose with 2.5 mg/mL collagen Il;
B) 2 % agarose with 5 mg/mL collagen II; C) 4 % agarose with 5 mg/mL collagen II. A color
change indicated that the seeded cells were still metabolically active.
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3.1.3 Life/dead staining

3.1.3.1 MSCs in fibrin hydrogels

For the cultured MSC-constructs four hydrogels condition were stable enough to be analysed.
It can be seen in figure 22 that for the Sigma Aldrich hydrogels more cells died in the lower
concentrated hydrogel of 50 mg/mL (44 %) compared to the harder 100 mg/mL (66 %) scaffold
(Figure 29). However, the total cell count was very low with only 90 cells. The cells were more
distributed compared to the cells seeded into TISSEEL hydrogels (Figure 22 C&D).

Figure 22: Viability staining of fibrin mesenchymal stem cell constructs: composite of
FDA (green) and PI (red) signal; A) Sigma Aldrich fibrin hydrogel concentration 100 mg/mL
after 10 days in culture; B) Sigma Aldrich fibrin hydrogel concentration 50 mg/mL after 10 days
in culture; C) TISSEEL fibrin hydrogel concentration 45.5 mg/mL after 12 days in culture; D)
TISSEEL fibrin hydrogel concentration 68.25 mg/mL after 12 days in culture

3.1.3.2 Chondrocytes in fibrin hydrogels

A relatively high number of dead cells were found for the Sigma Aldrich hydrogel construct
using 50 mg/mL of fibrinogen (Figure 23A), compared to the other conditions. For the other
conditions a lot of green fluorescent background signal was seen. The single cells can hardly
be distinguished from each other. This may indicate that the survival rate was very low. The

collapsed hydrogels were not spheroid but showed various shapes.
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Figure 23: Viability staining of fibrin chondrocyte constructs: composite of FDA (green)
and PI (red) signal; A) Sigma Aldrich fibrin hydrogel concentration 50 mg/mL after 10 days in
culture; B) Sigma Aldrich fibrin hydrogel concentration 100 mg/mL after 10 days in culture; C)
TISSEL fibrin hydrogel concentration 68.25 mg/mL after 12 days in culture; D) TISSEL fibrin
hydrogel concentration 79.6 mg/mL after 12 days in culture

3.1.3.3 Synoviocytes in fibrin hydrogels

Of the in total 18 hydrogels seeded with synoviocytes only two were still stable enough to be
analyses using a life/dead assay. In figure 24 a 45.5 mg/mL and 68.25 mg/mL TISSEEL fibrin
hydrogel are shown. The construct considerably shrunk. In both conditions some dead cells
can be seen. In the 68.25 mg/mL concentrated hydrogel the cell construct was compact and

spheroid, whereas the softer 45.5 mg/mL construct was more dispersed.

Figure 24: Viability staining of fibrin synoviocytes constructs: composite of FDA (green)
and PI (red) signal after 12 days in culture; A) TISSEL fibrin hydrogel concentration 45.5
mg/mL; B) TISSEEL fibrin hydrogel concentration 68.25 mg/mL
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3.1.3.4 Chondrocytes in agarose hydrogel

An FDA/PI assay was performed on the gel constructs to test for cell viability (Figure 25-26).
Compared to the fibrin hydrogels (Figures 22-24) these hydrogels stayed stable and did not

collapse.

Al C1

Figure 25: Viability staining of 2 % agarose chondrocyte constructs (from top to bottom:
composite of FDA and Pl signal, Pl-signal, FDA-signal, phase-contrast image). A) after 10
days in culture; B) after 20 days in culture; C) after 30 days in culture — phase contrast image
not shown; 4x magnification - scalebar only shown for the composite pictures
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Figure 26: Viability staining of 4 % agarose chondrocyte constructs (from top to bottom:
composite of FDA and Pl signal, Pl-signal, FDA-signal, phase-contrast image). A) after 10
days of culture; B) after 20 days of culture; C) after 30 days of culture — phase contrast im-
age not shown, 4x magnification - scalebar only shown for the composite pictures

Optical examination of the droplets showed that most chondrocytes stayed alive even after 30
days of cultivation. The overlap pictures clearly showed a higher ratio of green fluorescence
compared to the red signal, indicating that the majority of cells survived. This observation was

confirmed by analysis with the image analyzing tool ImageJ'®' (Figure 26)
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3.1.3.5 Chondrocytes in blended hydrogels

In figure 27 and 28 FDA/PI staining of chondrocytes constructs seeded in blended hydrogels
after 10 and 20 days of cultivations can be seen. Similar to the agarose hydrogels the blended

hydrogels stayed stable even after 20 days of cultivation.

Figure 27: Viability staining of agarose-collagen Il chondrocyte constructs after 10
days of culture, (from top to bottom: phase-contrast image, Pl-signal, FDA-signal, compo-
site of FDA and Pl signal); A) 2 % agarose with 2.5 mg/mL collagen II; B) 2 % agarose with 5
mg/mL collagen II; C) 4 % agarose with 5 mg/mL collagen II; 4x magnification - scalebar only
shown for the composite pictures
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Figure 28: Viability staining of agarose-collagen Il chondrocyte constructs after 20 days
of culture; (from top to bottom: Pl-signal, FDA-signal, composite of FDA and Pl signal); A)
2 % agarose with 2.5 mg/mL collagen II; B) 2 % agarose with 5 mg/mL collagen II; C) 4 %
agarose with 5 mg/mL collagen II; 4x magnification - scalebar only shown for the composite
pictures

3.1.4 Life/dead ratio

3.1.4.1 Fibrin hydrogels

Analysing the life/dead ratio of a tested fibrin hydrogel conditions it can be said that overall,
the total cell count was rather low (< 1000) (Figure 29), except for chondrocytes seeded into
79.6 mg/mL TISSEEL fibrin glue hydrogels. For chondrocytes seeded into TISSEEL hydrogels
a very high percentage of dead cells was found (>80 %).
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Figure 29: Quantification of the live-dead assay for various fibrin hydrogel concentrations
and different cell types. Cc = chondrocytes, MSC = Mesenchymal stem cells, Sc =Synovio-
cytes. In mg the used fibrinogen concentration per mL. The y-axis gives the total cell count
measured.

TISSEEL fibrin glue led to better results for synoviocytes, since all hydrogels using Sigma
Aldrich fibrin hydrogels had dissolved completely after 10 days. For chondrocytes and MSCs,
no difference could be seen concerning the robustness of the hydrogel. However, the FDA/PI
assays showed that, compared to figure 30 and 31, for none of the tested conditions a high

number of living cells could be found.

3.1.4.2 Agarose hydrogels

Analysis of the life/dead assay revealed that chondrocytes remain viable when seeded into
agarose hydrogels. After 10 days of cultivation, only 5 % of the total cell count were found to
be dead in both hydrogel conditions tested (Figure 30). Prolonging the culture period de-
creased cell viability only slightly. After one month of cultivation still, 92 % of the cells were

alive.
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Figure 30: Quantification of the live-dead assay results. Using a 2 % or 4 % agarose hy-
drogel. Results after 10, 20 and 30 days of cultivation. The count gives the total cell count
measured.

3.1.4.3 Agarose collagen type Il blended hydrogels
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Figure 31: Quantification of the live-dead assay results from collagen type Il and agarose
blended hydrogels. The percentage of live and dead cells is shown. The count gives the total
cell count measured.

The FDA/PI showed that slightly more dead cells were found compared to pure agarose hy-
drogels. Statistical analysis proved that. A considerably higher amount of dead cells were
found in the blended gels with approximately 30 % after 10 days of cultivation and more than
40 % after 20 days of cultivation (Figure 31).
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3.1.5 Gene expression of agarose vs blended hydrogels

gPCR analysis was performed on chondrocytes cultured in agarose hydrogels, as well as in

blended hydrogels (Figure 32).
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Figure 32: Gene expression analysis of agarose versus agarose-collagen blended gels at
different concentrations and time points. A = agarose hydrogels; A/C = blended hydrogels;
in % the portion of agarose and in milligram used fibrinogen concentration per mL; culture
period 10 to 30 days; col1 = collagen type 1 as marker for dedifferentiation; ACN = aggrecan
as marker for chondrogenic phenotype; error bars showing the standard deviation

All conditions showed a higher expression of the chondrogenic marker aggrecan and a low
expression of collagen type |. Chondrocytes in agarose hydrogels showed a slightly higher
expression of aggrecan compared to the ones in blended hydrogels. However no significant

difference between the results was found.

For the agarose hydrogels the aggrecan expression increased slightly with culture time, with
exception of the 4 % agarose hydrogel where the ACN expression decreased from 20 to 30
days. The collagen type 1 expression decreased for the agarose hydrogel from day 10 to day
20 but increased afterward again. Opposite behavior was found in agarose collagen blended
hydrogels. There the expression of cartilage marker aggrecan decreased with culture time and

col1 increased.
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Figure 33: Influence of culture time and hydrogel scaffold on the differentiation index
of chondrocytes. A = agarose hydrogels; A/C = blended hydrogels; in % the portion of aga-
rose and in milligram used fibrinogen concentration per mL; culture period 10 to 30 days;
Col1 = collagen type 1 as marker for dedifferentiation; ACN = aggrecan as marker for chon-
drogenic phenotype; error bars showing the standard deviation

The aggrecan to collagen 1 ratio can be used to identify if the cells de-differentiated (Figure
33). A decrease in the aggrecan to collagen 1 (ACN/Col1) ratio indicates a de-differentiation
toward the fibroblastic phenotype'?2. For the blended hydrogels a decrease could be observed
with culture time. The highest ratio was found in the 4 % agarose hydrogels after 20 days of

culture.

3.2 Pilot 2 - Characterisation of agarose hydrogels

3.2.1 Cell homogeneity in hydrogels - cell tracker

Chondrocytes treated with cell tracker dye were used to analyse if the cells are homogeneously
distributed in the agarose hydrogels after loading them onto a microfluidic chip. Results can
be seen in Figure 34. It can be seen that cells were evenly distributed within the chambers. In
figure 34 D it can be seen that during the loading process some of the hydrogel leaked into the

medium channel and the connected medium reservoir.
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Figure 34: Cell tracker staining shows that cells are homogenously distributed within the hy-
drogel. Showing a scan picture of the whole chip (D), of the individual chambers (A, C, E, F)
and a 4x magnification of one chamber (B). One chamber has a diameter of 5 mm. The length
of the whole chip is 26 x 76 mm.

3.2.2 Rate of diffusion into the hydrogel

The diffusion rate analysis of the TISSEEL and the agarose hydrogels revealed a lower diffu-
sion rate the higher the concentration of the biomaterial. In figure 35 an example is shown how

the fluorescein solution diffused into a 4 % agarose hydrogel over time.

0 min 30 min

Figure 35: Example of time laps picture for analysis of the diffusion gradient. Showing how
the fluorescein solution diffuses into a 4 % agarose gel over time; 4x magnification
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Figure 36: A) relative diffusion analysis for TISSEEL fibrin hydrogels; lightblue: 45.5 mg/mL
— R?=0.989; medium blue: 68.25 mg/mL — R? = 0.9977; darkblue: 79.6 mg/mL — R? = 0.989.
B) Diffusion rate analysis for agarose hydrogels; light green: 2 % agarose — R? = 0.9955;
darkgreen: 4 % agarose — R?=0.9911

The first time points behaved aberrant (toe region) therefore it was decided to exclude these
time-points from the linear fit (Figure 36). Comparing the measured relative fluorescence in-
tensity values per minute (Table 9) it can be seen that there is a linear relationship between
hydrogel concentration and intensity change per minute. A 2 % agarose hydrogel had an ap-
proximately two times higher intensity change compared to the 4 % agarose hydrogel. A similar

observation was made for the fibrin hydrogels.
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Table 9: Relative intensity change over time

Hydrogel Relative intensity per minute
45.5 mg/mL TISSEEL 49663
68.25 mg/mL TISSEEL 34999.2
79.6 mg/mL TISSEEL 22481.4
2 % agarose 93136
4 % agarose 48179

The measured diffusion rate per minute for each hydrogel concentration is shown in figure

37. No significant difference was measured between the different concentrations.

-
(=]
)

diffusion coefficient [pum/min]

Figure 37: Diffusion coefficient in um per minute for agarose and TISSEEL hydrogel concen-
trations on a microfluidic chip; error bars showing the standard deviation

3.2.3 Elastic modulus of the hydrogels

The elastic modulus was analysed using a tonometer, which measured the rigidity in millime-

ters of mercury (mmHg). To be comparable to values reported in the literature resulting values

were converted into kilo Pascal (kPA) (Table 10). The rigidity increased with the concentration

of the biopolymer in the hydrogel. 4 % agarose gels have a similar rigidity to the 68.25 mg/mL

fibrin hydrogels (Figure 38).
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Figure 38: Elastic modulus of the different hydrogel types; error bars showing the standard
deviation; significance cutoff: 7*”: p < 0.01; 7****”: p < 0.0001

Table 10: Rigidity of the different hydrogels, n=3

Rigidity
Hydrogel concentration mmHg kPa % RSD
agarose 2% 20.33 2.71 34.89
4 % 43.67 5.82 6.61
TISSEEL 45.5 mg/mL 25.0 3.33 10.58
68.25 mg/mL 40.67 5.42 11.45
79.6 mg/mL 56.0 7.47 3.51

3.3 Pilot 3 — Mechanical stimulation on a chip

3.3.1 Chip designs for mechanical studies

In order to investigate the effects of mechanical stimulation on chondrocytes, a novel microflu-
idic joint-on-a-chip was designed. A pneumatic chamber was added which could be dilated by
applying air pressure was installed. Through this, a compressive force acts on the chondrocyte
laden hydrogel which simulates a mechanical stimulus comparable to movement. In figure 39

a manufactured chip is shown for each design version.The microfluidic chip was built out of
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eleven PDMS layers in the first draft and twelve in the second. The additional layer was added

to make sure that the pneumatic chamber only dilated downwards to the organoid chamber.

Figure 39: Microfluidic chips. A) first design; B) second design; 1) empty chip; 2) chip loaded

with hydrogel and filled medium reservoirs; 3) chip connected to the pressure system

Through several modification steps, we were able to establish a device suitable four studying
biomechanical stimulation of chondrocytes. Each microfluidic chip hosted for technical repli-
cates, which allow for multiplexing. In the first design, each pneumatic chamber was controlla-
ble independently from the others. However, the inlet on top of the chip proved to be not very
suitable interface, because the connection to the pressure system was not very solid. Through
changing the design to an inlet on the side, we were not only able to regulate the pressure flow
more precisely, but this also allowed placing of a glass slide on top of the chip. This protected
the cell constructs from contamination and helped in directing the force induced by the pres-

sure completely to the organoid.

3.3.2 Compression capability characterization

Before the microfluidic chip could be used for mechanical stimulation studies, characterisation
of the system was required. In the following experiments, the novel microfluidic chip was vali-
dated. For pressure controlling the Fluigent system was used. We performed several charac-

terisation steps to prove that the system is compatible with our joint-on-a-chip model.
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3.3.2.1 Signal transmission

First, we investigated if any delay between the software command and the appearance of the
signal at the actuator happened. A minimal delay was found between applied pressure and the
signal received by the actuator, with a minimal standard deviation (Figure 40). Extrapolation

for 0.5, 1 and 2 Hz were performed for each wave type using a linear model (Table 11).
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Figure 40: Different types of pressure curves, which can be applied through the Fluigent
MAT software and signal transmission for different frequencies. Error bars showing the
standard deviation

Table 11: Period and frequency applied versus signal received by the actuator. Measurements
were performed by 10 technical replicates. Extrapolation performed by using a linear model;
sine: R?=0.9996; triangle: R?*=1; square: R?=0.9999; saw: R?=0.9999

frequency [s7Y] extrapolation frequency [s7]
wave type applied actuator mean | std applied actuator
zine 0.05 0.050 5.37 * 103 0.5 0.493
0.1 0.100 2.31*10% 1 0.986
0.2 0.195 5.17 * 103 2 1971
triangle 0.05 0.050 5.29 * 103 0.5 0.484
0.1 0.099 1.84 * 103 1 0.865
0.2 0.197 7.87 * 10# 2 1.928
square 0.05 0.049 4.99* 10* 0.5 0.478
0.1 0.098 2.00* 10 1 0.954
0.2 0.192 8.12 * 103 2 1.905
saw 0.05 0.050 5.29 * 10* 0.5 0.478
0.1 0.099 5.17 * 10 1 0.954
0.2 0.193 7.81* 103 2 1.805
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3.3.2.2 Compression of the organoid chamber

The amount of deflection of the PDMS layer separating the pneumatic chamber from the or-
ganoid chamber was determined by measuring the change in fluorescence intensity. The
higher the compression force the more fluorescein solution was pressed out of the chamber

and the fluorescence intensity decreased (Figure 41).
| ] \_/

..

Figure 41: Compression of the organoid chamber using a fluorescein solution A) sche-
matic representation of how the blown-up pneumatic chamber presses on the organoid
chamber; B) example pictures of measurement. 1) no pressure applied; 2) 500 mbar applied;
3) 1000 mbar applied; 4x magnification

A

A non-linear relationship between pressure and deflection was observed. The change, in the
beginning, was higher compared to effects of pressure changes between 700 and 1000 mbar
(Figure 42).
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Figure 42: Relative fluorescence intensity per pressure; n=2; error bars showing the stand-
ard deviation

3.3.2.3 Compression measurement using green Fluorescent Polymer Microspheres

Using green fluorescence beads as surrogates, the deflection of the 2 % agarose hydrogel
was measured. In figure 43 an example is shown how the particles moved from a relaxed state

without any pressure to a compressed state after application of 500 mbar.

Figure 43: Example of particle movement after application of a 500 mbar pressure
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Figure 44: Mean displacement of particles per pressure; error bars showing the standard
deviation

Between pressures of 100 to 400 mbar the movement of the beads was minimal with a low
standard deviation between measurements (Figure 44). After 500 mbar the beads started to
move no longer uniform in the same direction. Up to pressures of 400 mbar a compressive
force is mimic, while beyond 400 mbar the hydrogel constructs are squeezed through the pres-

sure, indicated by the observed altered particle movement.

3.3.3 Trauma model

Tests showed that prolonged pressures beyond 500 mbar led to the destruction of the hydro-
gels. In figure 45A an intact hydrogel is shown, compared to 45B where clear destruction can
be seen after application of 800 mbar. In 45C the macroscopic destruction of the hydrogels

can be seen in the top row and intact hydrogels in the bottom row.

Figure 45: Destruction of the hydrogel at too high pressure. A) 4x magnification of intact
hydrogel B) 4x magnification of destructed hydrogel C) microfluidic chips with destructed
(top) and intact hydrogels (bottom)
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3.3.4 Mechanical stimulation of chondrocytes

Chondrocytes were loaded onto a microfluidic chip using a 2 % agarose hydrogel to test for
effects of mechanical stimulation. The constructs were stimulated with either 400 mbar mim-

icking a physiological pressure, or 800 mbar to mimic hyper-physiological stress.

This experiment was performed using three biological and two technical replicates for each
condition. However, extracted RNA yield was rather low (0 - 12 ng/uL per sample). Therefore,

it was necessary to pool the replica and to reduce the number of tested markers.

Col2 Sox9
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Figure 46: Gene expression analysis; control = no pressure; physiological = 400 mbar pres-
sure; hyper-physiological = 800 mbar pressure; inflamed = cytokine stimulation; Col2 and Sox9
= cartilage marker; MMP13 and IL6 = inflammation marker; significance cutoff: 7*”: p < 0.05;

Nk,

" p < 0.01; error bars showing the standard deviation
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Measured expression levels for cartilage markers Col2 and Sox9 were extremely low
(<0.0007). As can be seen in figure 46 for Col2 the only significant difference was found be-
tween healthy control and physiological mechanically stimulated samples, were an increase in
expression was measured. All other comparisons were not significantly different. An opposite
behaviour was found for the other cartilage marker, Sox9, where a significantly higher expres-
sion was found in the healthy control compared to the healthy physiological stimulated sam-
ples. For Sox9 the same was also found for the inflamed treatment. However, here between
physiological and hyper-physiological stimulation the Sox9 expression increased again. No

aggrecan expression could be anaylsed, because the marker did not work properly in this run.

Looking at the inflammation markers it can be said that MMP13 and IL6, were significantly
higher in healthy control compared to the healthy physiological treatment and for IL6 also com-
pared to the hyper physiological treatment. Moreover, the highest expression was found in the
inflamed control samples. However, these samples have a very high standard deviation. For

all mechanical stimulated samples, the measured IL6 expression was minimal (<0.0022).
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4 Discussion

Osteoarthritis is a highly prevalent joint disease, with a significant disease burden in human as
well as in veterinary patients. Development of effective treatment options has been largely
unsuccessful®®, A major reason for this is that we still not fully understand the etiology and
pathogenesis of OA. Therefore, it is very important to develop and validate experimental mod-
els of OA, which can be used to study disease onset and progression as wells as to test po-
tential therapeutics. In this study, we managed to successfully establish a functional, mechan-
ically stimulated microfluidic joint-on-a-chip model. We tested various hydrogel types and con-
centrations to find the most suitable scaffold for different cell types of the joint (chondrocytes,

synoviocytes, MSCs) and for mechanical stimulation of chondrocytes.

In first pilot experiment it was tested if collagen or fibrin hydrogel would be an ideal scaffold for
joint cells. However, after 48 hours of incubation, nearly all cell constructs collapsed or com-
pletely dissolved, showing that these scaffolds were not suitable. Collagen is a very soft scaf-
fold'?3, whereas cartilage and bone are very hard substances'?*. The elastic modulus for col-
lagen hydrogels was found to be around 2.7 kPa'?®, for the subchondral bone to be between
1.6 and 2.3 GPa'?® and for articular cartilage to be about 2.21 GPa'?’. Therefore, it does not
sufficiently mimic the natural environment. Fibrin is not a natural component of the ECM how-
ever in previous studies it proved to be a suitable scaffold!’>. Nonetheless, the concentration
of fibrinogen which was used in the first preliminary experiment appeared to be too low to
create a stable matrix. In order to mimic the natural environment more closely, fibrinogen con-

centrations were increased in the follow-up experiments.

Cells seeded into fibrin hydrogel were not very stable over a longer culture period. It was found
that already after 10 days of incubation the construct shrunk considerably. The shrinkage of
fibrin hydrogels laden with cells was also observed in other studies'®. The group of
O’Cearbhaill et al. seeded MSCs into fibrin hydrogels. They observed cell compaction in the
constructs over a 9-day culture period. Moreover, they found that the shrinkage of the con-
structs appears to be cell density depended. They showed that at lower densities of 100 000
cells/mL nearly no contraction was observed, whereas densities of 1 000 000 cells/mL led to
massive compaction. They suggested that the shrinkage of the fibrin hydrogels is due to the
fact that the cells remodeled the scaffold'?®. This would explain why we observed such a drastic

shrinkage of the constructs. However, Rosser et al., who developed a nutrient gradient-based
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microfluidic 3D chondrocyte culture-on-a-chip, seeded chondrocytes into TISSEEL fibrin hy-
drogel. They managed to culture the construct for 21 days without any reported shrinkage. But
compared to our studies (fibrin concentrations: 25-100 mg/mL) they used a lower fibrinogen
concentration of 20 mg/mL""®. The stability of fibrin hydrogels could be improved by optimizing
the concentration of calcium ions, the pH, by lowering the cell density or by addition of prote-
ase inhibitors'®. Temperature and pH have a high impact on the stability of fibrin hydrogels.
Both contribute to the denaturation of fibrinogen molecules. At a pH below 5.5 fibrin hydrogels
can not be formed. Decreasing the temperature from 37 °C to 15 °C has been shown to in-
crease the rate of fibrinogenesis''. A disadvantage of using fibrin hydrogels is that they need
two compounds for polymerization, namely fibrinogen and thrombin™'. This can lead to unho-

mogenized distributions of polymer density and the laden cells.

Mechanical stimulation is a key factor for chondrogenic homeostasis and for the onset of os-
teoarthritis®'. To study the effect of mechanical stimulation on chondrocytes, agarose hydro-
gels were chosen since no satisfying results could be achieved with fibrin hydrogels and aga-
rose has been reported to be an ideal matrix for chondrocytes, especially when used for me-
chanical stimulation studies''. This could be confirmed in this study. The life/dead staining
revealed that after 10 days of incubation 95 % of the cells were still viable and after 30 days
still 92 % of the cells were alive. Also, no shrinkage of the constructs was observed, compared
to fibrin hydrogels. Moreover, there are several advantages to choose agarose hydrogels. Aga-
rose proved to be a suitable scaffold to mimic cartilage, because of adjustable mechanical
properties and swelling ratios. Upon static and dynamic loading similar mechanical behaviors
are found in agarose compared to cartilage®’. For example, both are hydrated material and
exhibit strain dependent hydraulic permeability. Therefore, with increased deformation through

applied forces the resistance to water transport through the material increases®’.

A major problem in 3D cultures is the inadequate nutrients and oxygen supply, which dismisses
chondrocytes growth. Guaccio et al. investigated this phenomena and found that the oxygen
consumption rate in agarose gels is doubled compared to collagen gels'®2. Therefore, agarose
scaffolds closer mimic what is found in the natural environment of chondrocytes. Moreover, it

enables a stabilized phenotype and an enhanced proteoglycan precipitation was reported’®.

Through high pressure tissue destruction was observed. However, agarose is reported to have
a high pressure tolerance (Young’s modulus > 0.5 MPa) compared to native tissues, such as
bone (1-20 GPa) and cartilage (10-20 GPa)¥.
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In monolayer cultures, chondrocytes typically undergo dedifferentiation, which is marked by
induction of collagen type | expression together with a decrease in collagen type Il and aggre-
can expression'4. The gene expression analysis of our agarose chondrocyte constructs
showed that the chondrogenic dedifferentiation marker col1 was only expressed to a very low
amount (< 0.04 fold change). The expression of the chondrogenic marker aggrecan was sig-
nificantly higher (acan/col1 = 9). Indicating that the chondrocytes maintained their phenotype
and no unwanted fibrocartilage formation was induced’®. Similar behavior was also found in
the 3D chondrocyte culture by Rosser et al. After 21 days of cultivation they measured an
aggrecan expression level of approximately 1 and a collagen type | expression of 0.3, which is
roughly a acan/col1 ratio of 3.3""5. However, it must be said that in contrast to Rosser et al. we

used agarose as scaffold whereas they used TISSEEL fibrin glue.

Comparing the properties of the agarose hydrogels to the TISSEEL fibrin glue produced hy-
drogels we found that depending on the concentration a similar rigidity (~2.5 -7.5 kPa) was
measured. However, both were still a lot softer compared to what is found in natural articular
cartilage (2.21 GPa)'?’. It was found that chondrocytes seeded into harder hydrogels have an
increased growth and exhibit more proliferation markes'®. To increase the rigidity, we tried a

50 % agarose hydrogel. However, the agarose powder did not even dissolve properly.

Using a fluorescein solution it was measured how the relative fluorescence intensity changed
during diffusing into the different hydrogels. It was found that a linear relationship exists be-
tween density and diffusion. The relative intensity change of a 2 % agarose hydrogel was
approximately twice as in the 4 % agarose hydrogel. This is probably related to the pore size.
It is reported that a 4 % agarose has a pore size of 70 nm and a 2 % hydrogel has a size of

150 nm™"3®. The pore diameter of articular cartilage was found to be between 11 and 14 nm'¥’,

The aim of in vitro studies is to mimic the natural environment as closely as possible. A rela-
tively new approach is to use blended hydrogels. In studies using cells of the intervertebral
disks it was found that a mixture of collagen and agarose shows favourable properties'®.
Blended hydrogels provided similar mechanical properties as standard agarose hydrogels,
with the advantage that blended hydrogels promoted cell adhesion. Hence, a more native like
tissue was assembled which still allowed for exploration of biomechanical influences'®?. We
could not confirm the beneficial advantage of using agarose collagen type Il blended hydro-
gels. However, a reason for the unexpected outcome, could be that the collagen did not dis-

solve properly.
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Using again a fluoresceine solution the compression capacity of different pressures was inves-
tigated. A non-linear relationship between pressure and deflection was observed. The reason
for this could be the elastic properties of the PDMS foil. In articular cartilage, it was observed
that dynamic strain during normal activity ranges from 15 to 35 %. Higher strain between 50 —
70 % causes injury and for strains of 70 to 90 % cell death was reported®. Destruction of the
hydrogels was observed following stimulation with high pressures (> 500 mbar). This strain

may therefore be used as a trauma model, where tissue destruction occurs.

Moreover, the effect of compression on cells was investigated using green fluorescence beads
as surrogates. Different pressures were applied and displacement of the beads was measured.
A non-linear relationship was observed. For pressures between 100 and 400 mbar excursion
of the beads was only minimal with a low standard deviation between measurements. At
500 mbar and greater pressure the beads started to move in a slightly different direction and
also at a different level. Indicating that through pressures up to 400 mbar a compression force

is mimic, while beyond 400 mbar the hydrogel construct gets squeezed through the pressure.

Based on the preliminary findings a final mechanical experiment was performed. However, the
yield of extracted RNA was relatively low (0 — 12 ng/uL per sample). It has been reported
previously that it is very hard to isolate sufficient amounts of high quality RNA from cell-hydro-
gel complexes and that hydrogel contaminates hinder downstream applications, such as
gPCR"3%, Reasons for the low RNA vyield could be that RNA is a very polar molecules as well
as the ECM molecules used for the hydrogels. RNA is negatively charged and undergoes ionic
complexing with positively charged regions of the matrix'°. Hence, the attraction between the
molecule is very high. This makes the isolation of RNA from 3D cultures harder compared to
monolayer cultures. So far, no golden standard has been found to most efficiently extract RNA

from hydrogels™®8,

Due to the low yield of RNA no expression of collagen type | could be measured. Meaning that
no conclusions about possible dedifferentiation of the chondrocytes can be drawn. Instead, we
focused on expression levels of chondrocyte markers col2, sox9 and aggrecan, as well as
inflammation markers IL6 and MMP13. However, expression levels of Col2 and Sox9 were
extremely low (<0.0007). This is probably related to the low yield of RNA and the low quality.
Burgess et al. found that the amount of RNA is crucial for good quality gqPCRs38.

In OA the amount of collagen type Il in the matrix decreases with disease progression'#. This

was also found in our study for the inflamed samples. For col2 expression the only significant
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difference was found between the healthy control and samples stimulated with physiological
pressure. For Sox9, a significantly higher expression was found in the control compared to the
mechanically stimulated samples. However, a higher col2 expression was found in the me-

chanical stimulated samples compared to the control.

In this study, we were able to develop a functional joint-on-a-chip model. Through the addition
of a pneumatic chamber, a variety of complex mechanical stimulations can be tested for their
effect on chondrocytes. However, further optimization steps will be required, before this system
can be used as a disease model to screen and test new therapeutics, in order to facilitate

development of new drugs and treatment options.

An important next step would be to increase the RNA yield obtained from samples. This could
be achieved by using more technical replicates and pooling the samples. Alternatively other
analysing methods could be used such as RNAseq instead of gPCR for gene expression anal-
ysis. The advantage of using RNAseq approaches would be that compared to qPCR a lower
amount of RNA is needed to analyse much more genes. Moreover, novel transcripts, alterna-

tive spliced isoforms, splice sites and small and noncoding RNA could be analysed''.

Through the destruction of the hydrogel due to high pressure, a lot of material is lost. Another
future improvement could focus on that. Possible solutions could be to make the connection
between the medium channel and the organoid chamber smaller and by that prevent the loss
of fragments or to use a permeable membrane to separate the organoid chamber from the
medium channel. It could also be investigated if the hydrogel elasticity could be improved.
Generally, higher concentrated hydrogels have better mechanical properties and do not tear
so easily'?®. However, 2 % agarose hydrogels are widely used for mechanical studies on chon-
drocytes''. Reasons for not using higher concentrated hydrogels are that with higher density

the cell migration and ingrowth into the matrix becomes more difficult'?.

So far, only few OA model have been developed using microfluidic technology®®. Occetta et al.
developed a 3D human cartilage-on-a-chip® model to investigate OA induced through mechan-
ical stimulation (Figure 4). Similar to our OA-on-a-chip they also used PDMS to construction
the chip. Their chip comprised two chambers separated by a flexible PDMS membrane. The
upper chamber hosted the organoid and the bottom chamber acted as actuation compartment.
In contrast to our system, they had a separate culture chamber, which consisted out of a 300
Mm wide central channel hosting the microtissue and flanking it two channels for the medium

supply. Two rows of T-shaped hanging posts separate the medium channels from the culture
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channel in the top compartment. Through pressure application to the bottom compartment the
PDMS membrane deforms, and a compressive force acts on the microtissue. Their device
allows for confined compression of 10 and 30 %. Compared to our microfluidic chip, where
each organoid had an individual pneumatic chamber on top, the cartilage-on-a-chip from Oc-
cetta et al. pressurized the bottom compartment. Moreover, we had a direct connection of the
medium channel to the organoid chamber and our device hosted four technical replicates.
Another difference is that they used human chondrocytes, whereas we derived our cells from
horses. As hydrogel scaffold they used a poly ethylene glycol (PEG)-based hydrogel. This 3D
enzymatically cross-linked and MMP-degradable PEG- based hydrogel was established in pre-
vious studies of this group. According to them the use of PEG as hydrogel base had the ad-
vantage that it allowed for high standardisation with respect to naturally derived biomaterials
and through chemically modification allowed for tissue remodelling through physiologically rel-
evant processes. For the hydrogel preparation they seeded 50*108 cells/mL into a 2 % PEG
hydrogel. Hence, they used a considerably higher cell number compared to the 3*108 cells/mL
we used. Analysis showed that their microtissues where rich in aggrecan and collagen type |1°.
However, since no conclusive results could be obtained in our preliminary experiments, it still
needs to be investigated if our system provides the same rich aggrecan and collagen type Il

expression.

Another microfluidic OA model was developed by Rosser et al. They established a nutrient
gradient-based 3D chondrocyte culture-on-a-chip''®. In contrast to our system, they did not
include any mechanical stimulation into their device, but rather focused on improving the in
vitro environment for chondrocytes. With their model they proved to be able to mimic native
cartilage, with its different zones and alternative cell densities. The cell number we chose for
our experiments was on the basis of this study. Also their basic chip design was similar to ours
in terms of that the organoid chamber was directly connected to a medium supply channel™®.
However, through the biomechanical stimulation our system is able to more closely mimic the

native onset of OA.

Osteoarthritis is a disease of the whole joint. A big advantage of microfluidic system is that
they allow co-culture of different cells to study interaction and cross talk among multiple mi-
crotissues®. To our knowledge so far only two OA co-culture chips have been developed. Lin
et al. used pluripotent stem cells and a dual-flow bioreactor to create an osteochondral tissue
chip®. They seeded an intermediate phenotype of mesenchymal progenitors into a 15 % meth-

acrylated gelatin hydrogel and loaded this onto the microbioreactor. Through supplementation
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of chondrogenic medium to the top of the construct and osteogenic medium to the bottom they
managed to establish an osteochondral tissue, with chondrocytes and osteoblasts after 28
days of differentiation. He et al. developed a human stem cell derived microfluidic model that
consisted out of three units: osteochondral unit, synovial and adipose tissues. The different
tissues were connected to one medium channel and through that they could study interaction
between the different tissues. The current limitations of these co-culture models are that they
induce OA through chemical signalling. Therefore, a future improvement of our joint-on-a-chip

model could be to induce additional compartments of other tissues of the joint.

In the next step, our system should be combined with a co-culture system, that allows for
simultaneous culturing of different cell types of the joint. In particular, compartments to mimic
the synovium and the subchondral bone should be added. The replication of the communica-
tion between the different cell types together with the mechanical stimulation of our system

would allow for a more complete understanding of OA pathogenesis.

Another approach in further enhancing the system would be to mimic the differences in me-
chanical properties found in natural joint tissues. Differences in Poisson’s ratio, equilibrium
shear moduls, tensile Young’s modulus and aggregate moduls were found between different

joint locations and also between different zones of articular cartilage'2.

The obtained preliminary results will serve as the basis for a future joint-on-a-chip models
which can be used to investigate novel treatment approaches and perform drug screening.
Ultimately serving the One Health approach in finding a suitable therapy for human as well as
veterinary patients suffering from osteoarthritis and potentially contribute to the reduction in

animal trails at the same time.
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Summary

Osteoarthritis (OA) is a highly prevalent joint disease, which affects about 300 million people
worldwide, which is roughly 4 % of the population. This makes it one of the most diagnosed
diseases in human general practice. Osteoarthritis is characterized by cartilage degradation
which is mainly induced by mechanical stress on the joints. Chronic pain, impaired locomotion,
and high socioeconomic costs are associated with this disease. Especially elderly people are
affected by osteoarthritis. Therefore, with the increase in global lifespan also the prevalence
of OA will increase. Currently, no therapy is available to stop the progressive loss of articular
cartilage. Thus, there is a large unmet need for a disease-modifying regenerative treatment for
OA.

OA not only occurs in humans but in various domesticated animals such as the horse, dog,
sheep etc. In equine patients, locomotion disorders such as osteoarthritis are very common
and often result in dropping out from athletic use. Hence, not only humans but also horses

would-be beneficiaries of new treatment strategies.

The development of new therapies requires test modalities that allow to study the pathophysi-
ology of the disease on the one hand and investigate the effect of newly developed drugs on
the other hand. Organs on a chip are small in vitro bioreactors, which closely mimic organs
and tissues and allow for high throughput screening of drugs. A dynamic OA-on-a-chip model

could therefore be a useful tool to drive OA research and treatment development forward.

In this project, a pneumatic polydimethylsiloxane (PDMS-) based microfluidic OA on a chip
model was developed and validated. The system allows application of multiple compression
conditions to mimic joint loading and four technical replicates on a single chip. It was found
that agarose hydrogels were most suitable as scaffolds for the creation of mechanically stim-
ulated chondrocyte organoids on microfluidic chips. The developed microfluidic joint-on-a-chip
was used to study healthy versus inflamed primary equine chondrocytes grown as 3D articular
microtissues and subjected to dynamic mechanical force to closely mimic a natural articular
environment. The effects of physiological and hyper-physiological mechanical stress were in-

vestigated over a period of two weeks.

Through the development of an in vitro joint-on-a-chip model we created a miniature bioreactor
that can be used to gain further understanding of the onset and progression of OA and the role
of biomechanical forces on articular chondrocytes. In future, this system can be used as a

disease model for screening of novel treatment options for OA.
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Zusammenfassung

Osteoarthritis (OA) ist eine hochpravalente Gelenkerkrankung, von der weltweit etwa 300 Mil-
lionen Menschen betroffen sind, was ungefahr 4 % der Bevdlkerung sind. Dies macht OA zu
einer der am haufigsten diagnostizierten Erkrankungen in der Allgemeinmedizin. Arthrose ist
durch Knorpelabbau gekennzeichnet, der vor allem durch mechanische Belastung der Ge-
lenke verursacht wird. Chronische Schmerzen, Bewegungsstérungen und hohe soziotkono-
mische Kosten sind mit dieser Erkrankung assoziiert. Vor allem altere Menschen sind von OA
betroffen. Daher wird mit der derzeit beobachteten Zunahme der globalen Lebenserwartung
auch die Pravalenz von OA zunehmen. Gegenwartig gibt es keine Therapie, um den fortschrei-
tenden Verlust des Gelenkknorpels zu stoppen. Somit besteht ein groflier ungedeckter Bedarf

an einer krankheitsmodifizierenden regenerativen Behandlung far OA.

OA kommt nicht nur beim Menschen vor, sondern auch bei verschiedenen domestizierten Tie-
ren wie dem Pferd, dem Hund, dem Schaf etc. Bei Pferden ist OA sehr haufig und flhrt oft
zum Ausscheiden aus der sportlichen Nutzung. Daher wirden nicht nur Menschen, sondern

auch Pferde von neuen Behandlungsstrategien profitieren.

Die Entwicklung neuer Therapien erfordert Testmodalitaten, die es erlauben, einerseits die
Pathophysiologie der Erkrankung zu studieren und andererseits die Wirkung neu entwickelter
Medikamente zu untersuchen. Organe auf einem Chip sind kleine In-vitro-Bioreaktoren, die
Organe und Gewebe imitieren und ein Hochdurchsatz-Screening von Medikamenten ermégli-
chen. Ein dynamisches OA-on-a-Chip-Modell kdnnte daher ein nutzliches Werkzeug sein, um

die OA Forschung und Entwicklung neuer Medikamente voranzutreiben.

In diesem Projekt wurde ein pneumatisches Polydimethylsiloxan (PDMS-) basiertes mikroflui-
disches OA auf einem Chip Modell entwickelt und validiert. Das System ermdglicht mehrere
Kompressionsbedingungen, um die Gelenksbelastung nachzuahmen in vier technische Rep-
likate auf einem einzigen Chip. Es wurde festgestellt, dass Agarose-Hydrogele als Matrix fur
die Kreation von mechanisch angeregten Chondrozyten-Organoiden auf mikrofluidischen
Chips am besten geeignet waren. Der entwickelte mikrofluidische Joint-on-a-Chip wurde ver-
wendet, um gesunde und entziindete primare equine Chondrozyten zu untersuchen, die als
3D-Gelenkmikrogewebe gezichtet und einer dynamischen mechanischen Kraft ausgesetzt
wurden, um eine naturliche Gelenksumgebung nahe zu imitieren. Die Auswirkungen physiolo-
gischer und hyperphysiologischer mechanischer Belastungen wurden Uber einen Zeitraum

von zwei Wochen untersucht.
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Durch die Entwicklung eines in vitro Joint-on-a-Chip-Modells wurde ein Miniatur-Bioreaktor
entwickelt, mit dem sich die Entstehung und Progression von OA und die Rolle biomechani-
scher Krafte auf Gelenks-Chondrozyten weiter erforschen lassen. Dieses System kann zu-

kiinftig als Krankheitsmodell fir das Screening neuer Behandlungsoptionen fiir OA verwendet

werden.
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