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Summary

Summary

Articular cartilage defects represent one of the most challenging clinical problem for orthopedic
surgeons and cartilage damage after trauma can result in debilitating joint pain, functional impairment
and in the long-term development of osteoarthritis. The lateral cartilage-cartilage integration is crucial
for the long-term success and to prevent further tissue degeneration. Tissue adhesives and sealants
are becoming increasingly more popular and can be a beneficial approach in fostering tissue
integration, particularly in tissues like cartilage where alternative techniques, such as suturing, would
instead introduce further damage. However, adhesive materials still require optimization regarding
the maximization of adhesion strength on the one hand and long-term tissue integration on the other
hand. In vitro models can be a valuable support in the investigation of potential candidates and their
functional mechanisms. For the conducted experiments within this work, an in vitro disc/ring model
obtained from porcine articular cartilage tissue was established. In addition to qualitative evaluation
of regeneration, this model facilitates the implementation of biomechanical tests to quantify cartilage
integration strength. Construct harvesting for histology and other evaluation methods could be
standardized and is ethically less questionable compared to in vivo testing. The opportunity of cell
culture technique application for the in vitro model allowed a better understanding of cartilage

integration processes.

Tissue bonding requires chemical or physical interaction of the adhesive material and the
substrate. Adhesive hydrogels can bind to the defect interface and simultaneously fill the gap of
irregularly shaped defect voids. Fibrin gels are derived from the physiological blood-clot formation and
are clinically applied for wound closure. Within this work, comparisons of different fibrin glue
formulations with the commercial BioGlue® were assessed, which highlighted the need for good
biocompatibility when applied on cartilage tissue in order to achieve satisfying long-term integration.
Fibrin gel formulations can be adapted with regard to their long-term stability and when applied on
cartilage disc/ring constructs improved integrative repair is observable. The kinetic of repairing
processes was investigated in fibrin-treated cartilage composites as part of this work. After three days
in vitro cultivation, deposited extracellular matrix (ECM) was obvious at the glued interface that
increased further over time. Interfacial cell invasion from the surrounding native cartilage was
detected from day ten of tissue culture. The ECM formation relies on molecular factors, e.g., as was
shown representatively for ascorbic acid, and contributes to increasing integration strengths over
time. The experiments performed with fibrin revealed that the treatment with a biocompatible
adhesive that allows cartilage neosynthesis favors lateral cartilage integration in the long term.
However, fibrin has limited immediate bonding strength, which is disadvantageous for use on articular

cartilage that is subject to high mechanical stress. The continuing aim of this thesis was to further
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Summary

develop adhesive mechanisms and new adhesive hydrogels that retain the positive properties of fibrin

but have an increased immediate bonding strength.

Two different photochemical approaches with the advantage of on-demand bonding were tested.
Such treatment potentially eases the application for the professional user. First, an UV light induced
crosslinking mechanism was transferred to fibrin glue to provide additional bonding strength. For this,
the cartilage surface was functionalized with highly reactive light-sensitive diazirine groups, which
allowed additional covalent bonds to the fibrin matrix and thus increased the adhesive strength.
However, the disadvantages of this approach were the multi-step bonding reactions, the need for
enzymatic pretreatment of the cartilage, expensive reagents, potential UV-light damage, and potential
toxicity hazards. Due to the mentioned disadvantages, no further experiments, including long-term
culture, were carried out. A second photosensitive approach focused on blue light induced crosslinking
of fibrinogen (RuFib) via a photoinitiator molecule instead of using thrombin as a crosslinking mediator
like in normal fibrin glue. The used ruthenium complex allowed inter- and intramolecular dityrosine
binding of fibrinogen molecules. The advantage of this method is a one-step curing of fibrinogen via
visible light that further achieved higher adhesive strengths than fibrin. In contrast to diazirine
functionalization of cartilage, the ruthenium complex is of less toxicological concern. However, after
in vitro cultivation of the disc/ring constructs, there was a decrease in integration strength. Compared
to fibrin, a reduced cartilage synthesis was observed at the defect. It is also disadvantageous that a
direct adjustment of the adhesive can only be made via protein concentration, since fibrinogen is a

natural protein that has a fixed number of tyrosine binding sites without chemical modification.

An additional cartilage adhesive was developed that is based on a mussel-inspired adhesive
mechanism in which reactivity to a variety of substrates is enabled via free DOPA amino acids. DOPA-
based adhesion is known to function in moist environments, a major advantage for application on
water-rich cartilage tissue surrounded by synovial liquid. Reactive DOPA groups were synthetically
attached to a polymer, here POx, to allow easy chemical modifiability, e.g. insertion of hydrolyzable
ester motifs for tunable degradation. The possibility of preparing an adhesive hybrid hydrogel of POx
in combination with fibrinogen led to good cell compatibility as was similarly observed with fibrin, but
with increased immediate adhesive strength. Degradation could be adjusted by the amount of ester
linkages on the POx and a direct influence of degradation rates on the development of integration in

the in vitro model could be shown.

Hydrogels are well suited to fill defect gaps and immediate integration can be achieved via
adhesive properties. The results obtained show that for the success of long-term integration, a good

ability of the adhesive to take up synthesized ECM components and cells to enable regeneration is
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required. The degradation kinetics of the adhesive must match the remodeling process to avoid

intermediate loss of integration power and to allow long-term firm adhesion to the native tissue.

Hydrogels are not only important as adhesives for smaller lesions, but also for filling large defect
volumes and populating them with cells to produce tissue engineered cartilage. Many different
hydrogel types suitable for cartilage synthesis are reported in the literature. A long-term stable fibrin
formulation was tested in this work not only as an adhesive but also as a bulk hydrogel construct.
Agarose is also a material widely used in cartilage tissue engineering that has shown good cartilage
neosynthesis and was included in integration assessment. In addition, a synthetic hyaluronic acid-
based hydrogel (HA-SH/P(AGE/G)) was used. The disc/ring construct was adapted for such experiments
and the inner lumen of the cartilage ring was filled with the respective hydrogel. In contrast to agarose,
fibrin and HA-SH/P(AGE/G) gels have a crosslink mechanism that led to immediate bonding upon
contact with cartilage during curing. The enhanced cartilage neosynthesis in agarose compared to the
other hydrogel types resulted in improved integration during in vitro culture. This shows that for the
long-term success of a treatment, remodeling of the hydrogel into functional cartilage tissue is a very
high priority. In order to successfully treat larger cartilage defects with hydrogels, new materials with
these properties in combination with chemical modifiability and a direct adhesion mechanism are one

of the most promising approaches.
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Zusammenfassung

Zusammenfassung

Gelenkknorpeldefekte stellen eines der grofSten klinischen Probleme fiir orthopadische Chirurgen
dar, und Knorpelschiden nach einem Trauma koénnen zu starken Gelenkschmerzen,
Funktionseinschrankungen und langfristig zur Entwicklung von Arthrose fiihren. Die laterale Knorpel-
Knorpel-Integration ist entscheidend fir den langfristigen Behandlungserfolg, um eine weitere
Degeneration des Gewebes zu verhindern. Gewebekleber und -versiegelungen erfreuen sich
zunehmender Beliebtheit und koénnen einen vorteilhaften Ansatz zur Forderung der
Gewebeintegration darstellen. Insbesondere bei einem avaskuldaren Gewebe wie Knorpel kdnnen
alternative Fixierungstechniken wie Nahte eher zu weiteren Schaden fiihren. Aktuelle Klebstoffe
bedirfen jedoch noch der Optimierung im Hinblick auf die Maximierung der Klebekraft einerseits und
der langfristigen Gewebsintegration andererseits. In vitro Modelle kénnen eine wertvolle
Unterstlitzung  bei der  Untersuchung  potenzieller  Kleber-Kandidaten und  derer
Funktionsmechanismen sein. Fiir die im Rahmen dieser Arbeit durchgefiihrten Experimente wurde ein
in vitro Disc/Ring-Modell aus porcinem Gelenkknorpel hergestellt. Neben der qualitativen Bewertung
der Regeneration erleichtert dieses Modell die Durchfliihrung biomechanischer Tests zur
Quantifizierung der Knorpelintegrationskraft. Die Herstellung von Konstrukten fiir die Histologie und
anderer analytischer Verfahren ist standardisierbar und ist im Vergleich zu in vivo Versuchen ethisch
weniger bedenklich. Die Moglichkeit der Anwendung von Zellkulturtechniken mit dem in vitro Modell

ermoglicht eine bessere Untersuchung von Knorpelintegrationsprozessen.

Das Verkleben von Gewebe erfordert eine chemische oder physikalische Wechselwirkung
zwischen dem Klebstoff und dem Substrat. Adhasive Hydrogele konnen sich an die Defektoberflache
binden und gleichzeitig die Liicke unregelmaBig geformter Defekthohlrdume flillen. Fibrin-Gele sind
von der physiologischen Blutgerinnung abgeleitet und werden seit langem klinisch zum
Wundverschluss eingesetzt. Innerhalb dieser Arbeit wurden Vergleiche verschiedener
Fibrinkleberformulierungen mit dem kommerziellen BioGlue® durchgefiihrt, welche gezeigt haben,
dass bei der Anwendung auf Knorpelgewebe eine gute Biokompatibilitat erforderlich ist, um eine
zufriedenstellende Langzeitintegration zu erreichen. Fibrinformulierungen kdnnen im Hinblick auf ihre
Langzeitstabilitdt angepasst werden, und bei der Anwendung auf Knorpel Disc/Ring-Konstrukten ist
eine verbesserte integrative Reparatur zu beobachten. Im Rahmen dieser Arbeit wurde die Kinetik der
Reparaturprozesse in fibrinbehandelten Knorpelkompositen untersucht. Nach dreitagiger in vitro-
Kultivierung war eine Ablagerung von extrazelluldrer Matrix (ECM) an der verklebten Grenzflache zu
erkennen, welche mit der Zeit weiter zunahm. Ab dem zehnten Tag der Gewebekultur wurde das
Einwandern von Zellen aus dem umgebenden nativen Knorpel an der Grenzfliche festgestellt. Die

ECM-Bildung hangt von Stoffwechselfaktoren ab, wie es beispielhaft fiir Ascorbinsdure gezeigt wurde.
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Zusammenfassung

Dabei trug neue ECM zu einer mit der Zeit zunehmenden Integrationsstarke bei. Die mit Fibrin
durchgefiihrten Experimente haben gezeigt, dass der Ansatz mit einem biokompatiblen Klebstoff und
dem Potenzial zur Knorpelneosynthese die laterale Knorpelintegration langfristig beglinstigt.
Allerdings hatte Fibrin nur eine begrenzte anfangliche Klebekraft, was fiir den Einsatz auf mechanisch
stark belastetem Gelenkknorpel nachteilig ist. Das weiterfihrende Ziel dieser Arbeit war es unter
anderem Haftmechanismen und neue adhasive Hydrogele zu entwickeln, welche die positiven

Eigenschaften von Fibrin beibehalten, aber eine héhere Klebekraft aufweisen.

Es wurden zwei verschiedene photochemische Ansatze getestet, die den Vorteil einer zeitlich
festlegbaren Verklebung haben und somit dem Anwender eine einfache Applizierung ermoglichen.
Zunachst wurde ein UV-Licht-induzierter Vernetzungsmechanismus zur Bereitstellung zusatzlicher
Klebestellen zum Fibrinkleber entwickelt. Die Knorpeloberflaiche wurde dabei mit hochreaktiven,
lichtempfindlichen Diazirin-Molekiilen funktionalisiert, die zusatzliche kovalente Bindungen an die
Fibrinmatrix ermoéglichten und damit die direkte Adhasionskraft erhéhten. Die Nachteile dieses
Ansatzes waren jedoch die mehrstufigen Vernetzungsreaktionen, die Notwendigkeit einer
enzymatischen Vorbehandlung des Knorpels, teure Reagenzien, eine mogliche Schadigung durch UV-
Licht und potentielle toxikologische Risiken. Wegen den erwahnten Nachteilen wurde auf zusatzliche
Untersuchungen verzichtet und der Fokus auf die Alternativenfindung gelegt. Ein weiterer Ansatz
konzentrierte sich auf die Vernetzung von Fibrinogen durch blaues Licht (RuFib) mittels eines
Photoinitiaor-Molekiils statt (ber Thrombinzugabe wie bei gewdhnlichen Fibrinklebern. Der
verwendete Rutheniumkomplex ermoglichte die inter- und intramolekulare Dityrosinbindung von
Fibrinogenmolekiilen. Der Vorteil war dabei die einstufige lichtinduzierte Vernetzung von Fibrinogen
mit hoheren Haftkraften als bei Fibrin. Im Gegensatz zur Diazirin-Funktionalisierung von Knorpel ist
der Rutheniumkomplex auch toxikologisch weniger bedenklich. Nach in vitro Kultivierung der RuFib
geklebten Disc/Ring-Konstruktes kam es jedoch zu einer Abnahme der Integrationskraft. Im Vergleich
zu Fibrin wurde eine verminderte Knorpelsynthese am Defekt beobachtet. Nachteilig ist auch, dass
eine Modifizierung des Klebers einzig tiber die Proteinkonzentration erfolgen kann, da Fibrinogen als
natirliches Protein eine feste Anzahl von Tyrosin-Bindungsstellen hat und alternativ chemisch

verandert werden misste.

Ein zusatzlich entwickelter Klebstoff basiert auf einem von Muscheln inspirierten
Haftmechanismus, bei dem die Reaktivitdt zu einer Vielzahl von Substraten lber freie DOPA-
Aminosauren ermoglicht wird. Es ist bekannt, dass die DOPA-basierte Adhasion in einer feuchten
Umgebung funktioniert, ein grofer Vorteil fiir die Anwendung auf stark wasserhaltigem
Knorpelgewebe und im feuchten Synovium. Reaktive DOPA-Gruppen wurden synthetisch an ein

Polymer, in diesem Fall POx, gebunden, um eine einfache chemische Modifizierbarkeit zu ermdglichen.
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Zusammenfassung

Mogliche Anpassungen sind z.B. das Einfligen von hydrolysierbaren Esterbindungen um veranderte
Degradationsraten zu erreichen. Die Moglichkeit der Herstellung eines adhasiven Hybridhydrogels aus
POx in Kombination mit Fibrinogen flihrte zu einer erhéhten Zellkompatibilitdt, wie sie bereits bei
Fibrin beobachtet wurde, jedoch mit erhdhter direkter Klebekraft. Die angepasste Degradationskinetik
Uber die Menge an Esterbindungen am POx hatte einen direkten Einfluss auf die Entwicklung der

Integration im in vitro Modell gezeigt.

Hydrogele sind gut geeignet, um Defektliicken zu fillen. Bei intrinsischen Adhadsionseigenschaften
kann eine gewisse sofortige Integration erreicht werden. Die erzielten Ergebnisse zeigen, dass flir den
Erfolg einer langfristigen Integration eine gute Fahigkeit des Klebstoffs zur Aufnahme von
synthetisierten ECM-Komponenten und Zellen erforderlich ist. Die Abbaukinetik des Klebstoffs muss
dabei mit dem Umbauprozess im Gleichgewicht sein, um einen zwischenzeitlichen Verlust der
Integrationskraft zu vermeiden und eine langfristige feste Adhdsion an das native Gewebe zu
ermoglichen. Hydrogele sind nicht nur als Klebstoffe fiir kleinere Defekte wichtig, sondern auch als

Tissue-Engineering Material um groRe Defektvolumina aufzufiillen und mit Zellen zu besiedeln.

In der Literatur werden verschiedene Hydrogelarten fiir die Knorpelsynthese berichtet. Eine
langzeitstabile Fibrinformulierung wurde in dieser Arbeit nicht nur als Klebstoff, sondern auch als
groReres Hydrogelkonstrukt getestet. Agarose ist ebenfalls ein im Knorpel-Tissue-Engineering haufig
verwendetes Material, das bereits eine gute Knorpelneosynthese gezeigt hat. Darliber hinaus wurde
ein synthetisches Hyaluronsiure-basiertes Hydrogel (HA-SH/P(AGE/G)) untersucht. In durchgefiihrten
Experimenten wurde das Disc/Ring Modell adaptiert und das innere Lumen des Knorpelrings mit dem
jeweiligen Hydrogel gefiillt. Im Gegensatz zu Agarose verfiigen Fibrin und das HA-SH/P(AGE/G)-Gel
Uber einen Vernetzungsmechanismus, der beim Kontakt mit dem Knorpel wahrend der Aushartung zu
einer sofortigen Bindung fihrte. Die verstarkte Knorpelneosynthese in Agarose im Vergleich zu den
anderen Hydrogeltypen fihrte zu einer erhdhten Integration wahrend der in vitro Kultur. Dies zeigt,
dass fur den langfristigen Erfolg eines Therapieansatzes der Umbau des Hydrogels in funktionelles
Knorpelgewebe eine sehr hohe Prioritat hat. Um gréRere Knorpeldefekte erfolgreich mit Hydrogelen
behandeln zu kénnen, sind neue Materialien mit diesen Eigenschaften in Kombination mit chemischer
Modifizierbarkeit und einem direkten Adhdsionsmechanismus einer der vielversprechendsten

Ansatze.
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Introduction

1 Introduction

1.1 Articular Cartilage Tissue

Articular cartilage refers to hyaline cartilage that overlies the interacting bony surfaces in
diarthrodial joints and is separated by synovial fluid. Hyaline cartilage mainly consists of type Il collagen
and proteoglycans. The location of the articular cartilage and specification of the surrounding
structures is exemplified for the knee joint in Figure 1. Within the knee joint, the fibrocartilaginous

meniscus additionally divides the joint cavity and further serves to disperse load and friction.

In order to ensure that joints and bone move together, a high specialization of the articular
cartilage tissue is required. This type of connective tissue is providing a smooth and lubricated surface
for articulation and facilitates the transmission of loads. Articular cartilage tissue is avascular and is
devoid of nerves and lymphatics, thus leading to a limited capacity of intrinsic healing and repair. The

environment of healthy cartilage is hypoxic, with oxygen tensions ranging between 1 and 5 %, as
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Figure 1: Schematic overview of the knee joint.
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compared with 21 % in ambient air 1. However, there is still controversy in the literature as to which

oxygen content has a beneficial effect on cartilage formation (e.g. in tissue engineering approaches) 2.

Even minor injuries to the cartilage tissue often result in osteoarthritis (OA) and musculoskeletal
morbidity. With the demographic change and the increasing number of patients with overweight, the
prevalence of osteoarthritis is likely to rise in the near future. The current surgical intervention for end-
stage degenerative joint pathologies is the total joint replacement with artificial prostheses. Although
there are other ways of treatment, including repair and tissue engineering strategies. However, the
complex structure of articular cartilage makes repair and/or restoration of the defects difficult. To

preserve to the function of the tissue it is mandatory to maintain its organized architecture.

1.1.1 Cartilage Tissue Structure and Function

Articular cartilage primarily consists of a single cell type, the chondrocyte. The chondrocyte has a
hypoxic metabolism and produces abundant extracellular matrix (ECM). The ECM production is
controlled through cytokines and proteases. Chondrocytes originate from mesenchymal stem cells of
the bone marrow 3. Proliferation of chondrocytes appears steadily during embryogenesis but
decreases or ceases in adulthood. Thus, cartilage cells usually last a lifetime unless damaged through
trauma or disease. Chondrocytes have a spherical phenotype and can occur either as single cells or
aggregated into chondrons. Chondrocytes are covered by a pericellular matrix, which in turn is
surrounded by the territorial matrix, although the greatest volume in cartilage tissue is occupied by
the interterritorial matrix which fills the space between the single chondrocytes. Components of the
ECM mainly are type Il collagen and the proteoglycan aggrecan. About 60 % of the cartilage dry weight
is credited to the collagens, 80 % of which is represented by type Il collagen. Another 15 % are
composed of the remaining isoforms type IX and XlI collagen. About 5 % are credited to other collagen
types like types I, Xll and VI. The collagen fibrils provide for resistance to the mechanical compression
forces that occur in joints, most of all in the knee joint %. The rest of the cartilage dry weight is
partitioned to proteoglycans (5-10 %) and non-collagenous proteins like the transmembrane proteins
anchorin Cll and integrins. These proteins are involved in anchoring the chondrocyte to its pericellular

space via interaction with collagen and fibronectin molecules ® (see Figure 2).
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Figure 2: Schematic illustration of the macromolecular composition in the extracellular matrix of cartilage tissue.
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Aggregating proteoglycans that fill the interfibrillar space are referred to as aggrecans. Aggrecan
is the largest and most abundant proteoglycan that is present in articular cartilage. It is composed of
many sulfated glycosaminoglycans (GAG) chains with high negative charges such as chondroitin sulfate
and keratin sulfate that are covalently attached to a core protein. Additionally, these proteoglycans
have the ability to bind to hyaluronan via link proteins. The resulting osmotic properties of aggrecan
are also recognized to contribute to the mechanical functions of articular cartilage. The attraction of
large amounts of water results in a high viscoelasticity and allows the distribution of stress across the
joint during loading ®. The amount of water in the cartilage depends on the concentration of
proteoglycans and the organization of the collagen network and ranges between 65 and 80 % in
different cartilage regions 3. The non-aggregating proteoglycans decorin, biglycan and fibromodulin
are much smaller than aggrecan and are characterized by their ability to interact with collagen and

play an important role in fibrillogenesis and interfibril interactions of collagens.

A compromised collagen network presentin OA or introduced by traumatic lesions is accompanied
by loss of mechanical function of the cartilage tissue. As the anatomic alignment of the collagen fibers
in articular cartilage determines the mechanical function of the tissue and varies with the different
layers of the tissue, it is also mandatory to understand differences in the zonal architecture of articular

cartilage.
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1.1.2 Cartilage Zones

Articular cartilage is partitioned into a superficial, middle, deep and calcified zone with each layer
providing different tensile and shear strength to the tissue due to variation of cellular and
macromolecular organization (see Figure 3). For example, the compressive modulus of bovine articular
cartilage differs in depth from 0.079 MPa to 2.10 MPa ’. The collagen fibers in the superficial zone are
packed tightly and aligned parallel to the articular surface thus protecting the deeper layers from
shear-stress. It makes up to 10 % to 20 % of the cartilage thickness. Chondrocytes in this layer also
have a flattened phenotype. The middle zone below anatomically and functionally links the superficial
zone with the deeper zones. This zone represents 40 % to 60 % of the total cartilage volume and its

characteristic for its high proteoglycan content and thick collagen fibers that are organized obliquely.

Collagen Fibril Chondrocyte

Superficial Zone

Middle Zone

Deep Zone

Calcified Zone

Subchondral Bone

Figure 3: Schematic diagram showing the zonal organization and collagen structure of articular cartilage.

Redrawn and simplified with kind permission from reference 10409,

The interplay of collagens and proteoglycans in the middle zone provide for resistance to
compressive forces. Chondrocytes in this layer appear spherical and at low density. Most of the
compressive forces is compensated in the deep zone where the collagen fibers have a perpendicular
orientation, and the proteoglycan content is the highest. The deep zone counts to about 30 % of the
total cartilage volume. In contrast to the top layers, here the chondrocytes are arranged in a columnar

pattern perpendicular to the articular surface and parallel to the collagen fibers. From the deep zone
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highly aligned type Il collagen fibers span to the calcified layer which helps to anchor the cartilage to
the subchondral bone. In the calcified zone chondrocytes are scarce and have a hypertrophic
metabolism 88, Besides high contents of proteoglycans, mineral and collagen I, the calcified layer also
contains type IX and type X collagen . The zonal origin of cells may play a crucial role for regenerative
approaches, as it has been shown that cells from the deep zone most of all contribute to neocartilage

formation at chondral wound edges **.

1.1.3 Cartilage Injuries

In healthy cartilage it is known that there appear age-related changes. Concomitant with aging
processes the cartilage thickness and its cellularity decrease with differences between cartilage zones.
With a decreasing cell concentration the risks of fibrillation and development of OA are likely to
increase 2. These processes can be initiated by age-related wear or by trauma to the cartilage. It is
reported that even with current treatments more than 40 % of people who suffered traumatic knee
joint injuries will develop OA 3. When impact forces to the cartilage surfaces are too heavy or appear
too rapidly it may surpass the compression resistance of the tissue and the ECM framework ruptures
accompanied by cell damage *. Different types of cartilage injuries with different repair responses can
be classified in three types according to applied impact energy: (1) damage to cells and/or matrices
that does not include macroscopic structural disruption of cartilage or bone; (2) damage to cells and/or
matrices along with macroscopic structural disruption of articular cartilage without displaced bone
fracture. These injuries can be associated with microfractures in the calcified cartilage or into the
subchondral bone; (3) displaced fractures of the articular surface extending through cartilage and

bone . For the patient the direct outcome of cartilage damage is joint swelling and pain *°.

In healthy cartilage there is a balance between ECM synthesis and breakdown. Chondrocytes are
thereby responsible for both matrix generation and the balanced decomposition of the ECM via a
group of degenerative enzymes. The turnover of ECM components is reported to take up to 25 years
for proteoglycans '’ and several decades up to even 400 years for collagen 2. One of the earliest
outcomes of cartilage injury is the loss or decrease of aggregation of proteoglycans. This may be
attributable to increased molecular degradation or decreased synthesis *°. Proinflammatory cytokines
such as interleukin-1 (IL-1) and tumor necrosis factor-a (TNF-a), growth factors (e.g. transforming
growth factor-B (TGF-B) and insulin-like growth factors (IGF)) have been implicated in the regulation
of proteoglycan metabolism and are crucial for the degradation and synthesis of ECM components.
Although, the exact mechanisms of the interplay of these factors yet remains unclear *°. The increased

degradation of proteoglycans and the collagen network after cartilage injuries is attributed to elevated
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activities of degrading enzymes like matrix metalloproteinases (MMPs) and aggrecanases >, For
example, members of the MMP family (MMP1, 3, 7, 9, 13) cleave type Il collagen at the C-telopeptide
domain generating the specific neoepitope CTX-ll, which is an established indicator for cartilage
damage and progress in OA 23, Even though the MMPs are believed to cleave in the C-terminal
regions of aggrecan as well, the most sensitive region for MMPs and ADAMTS (short for A Disintegrin
And Metalloproteinase with ThromboSpondin motifs) for site specific cleavage of aggrecan is the G1-
G2 interglobular domain of aggrecan. Amongst the known neoepitopes resulting from aggrecan
cleavage are the MMP-related C-terminal DIPEN and the aggrecanase-related C-terminal NITEGE 4%,
Inflammatory responses vary with the severity of cartilage defects and cytokines such as IL-1 or TNF-a
may accelerate the progress of OA 2926, Other factors that influence the progression of cartilage lesions
are the size and location of the lesion, patient age, limb alignment, associated meniscal and ligament
injuries and body mass index 28, Because of the multitude of risk factors, the time course of OA in

affected patients can range from two to five years in the case of certain articular fractures, to decades

for less severe joint injuries 3.

Due to the lack of vascularization and access of progenitor cells to chondral lesions, there is limited
repair after cartilage trauma. Despite that, it was observed that small < 3 mm diameter full-thickness
cartilage defects showed spontaneous healing in rabbits 2. Larger defects however do not possess the
ability to heal and lead to a progressive degeneration at the lesion site, as shown in a goat defect
model 3. In osteochondral or full-thickness defects that span to the vascularized subchondral bone a
hematoma composed of a fibrin clot is formed at the defect site. This clot can fill defects of up to 2 to
3 mm in diameter. Mesenchymal stem cells (MSCs) from the vasculature or the bone marrow can
penetrate this clot and build up a repair tissue. However, neither does this repair tissue possess the
typical biomacromolecular composition of hyaline cartilage nor its zonal organization 312, Because of
its high content of type | collagen this repair tissue is also referred as fibrocartilage. Additionally,
fibrocartilage does not have equivalent mechanical properties compared to hyaline cartilage, which
leads to lateral discontinuities between the host and repair tissue 2333, Because of the missing
integration, chondrocytes from the neighboring host tissue do not contribute to the defect filling but

undergo apoptosis over time leaving back an acellular region at the defect interface .

1.14 Clinical Presentation of Cartilage Injuries

Osteoarthritis is highly prevalent around the globe. It causes disability and not only negatively
affects patient’s mobility but also their mental wellbeing 3. The 2010 Global Burden of Disease Study

reports that the burden of musculoskeletal disorders is much larger than estimated in previous
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assessments and an estimated 10 % to 15 % of all adults aged over 60 have some degree of OA, with
prevalence higher among women than men. The global prevalence of radiographically confirmed
symptomatic knee OA in 2010 was estimated to be 3.8 %. Prevalence peaked at around 50 years of
age 3°. Amongst EU member states the prevalence of diagnosed OA prevalence varied from 2.8 % in
Romania to 18.3 % in Hungary 3°. According to estimations of the United Nations, in the year 2050
people aged over 60 will account for more than 20 % of the world’s population. Of that 15 % to 20 %
will have symptomatic OA, and one-third of these people will be severely disabled. In other words, in
2050 about 130 million people will suffer from OA worldwide, of whom 40 million will be severely
disabled by the disease ¥. Additionally, OA is a risk factor for the development of cardiovascular
diseases. The risk of myocardial infarction and coronary heart disease is reported to be significantly

elevated in patients with OA 380,

Besides the severe impacts on patient’s life, OA healthcare is also an important cost factor in
healthcare systems. Much effort has been devoted to quantify the burden of OA and it is believed that
the cost of OA account for between 0.25 % and 0.50 % of a country’s gross domestic product *. Precise
global precisions remain unfeasible as most of this data has been surveyed in developed countries. In
addition, the progressive development of OA makes it difficult to break down the costs more
precisely 2. However, according to estimates the average direct cost of osteoarthritis in Canada
increased between 2003 and 2010 from 577 S to 811 $ per patient and year with joint replacement

surgeries as the main factor . In the United States, the estimated total annual average direct per

I II I IV

Figure 4: Exemplary illustration of the Outerbridge classification for cartilage defects.

(Grade I: cartilage with softening and swelling, Grade II: fissures on the cartilage surface that do not exceed 1.3 cm in
diameter, Grade Ill: like grade Il, but in an area with a diameter more than 1.3 cm, Grade IV: erosion of cartilage down to the

subchondral bone). Graphic created with royalty free components
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patient cost had huge variations from 1442 $ to 21335 $ **. Despite the variations in reports, these
numbers clearly demonstrate the need for successful treatment of cartilage defects, ideally at early

stages before the onset of OA.

In clinical evaluation cartilage defects are graded routinely using the Outerbridge classification
(Grade 0: normal cartilage, Grade I: cartilage with softening and swelling, Grade II: fissures on the
cartilage surface that do not exceed 1.3 cm in diameter, Grade llI: like grade I, but in an area with a
diameter more than 1.3 cm, Grade IV: erosion of cartilage down to the subchondral bone) ** (see
Figure 4). The display of chondral lesions differs is of great variability which affects the clinical
outcome. In general, lesions are separated in superficial, partial thickness that span into deeper
cartilage zones and full thickness lesions that cross the osteochondral junction. Arthroscopy of patients
suffering pain revealed the incidence chondral injuries to be about 60 % with 2/3 described as localized
focal lesions and 1/3 as osteoarthritic defects *%*’ Another study found that the incidence of treatable
full thickness cartilage injuries was of 11 % 8. Partial and full thickness lesions mostly count to Grade Il

and IV defects and often need surgical intervention 4%,

1.14.1 Clinical Approaches for the Treatment of Cartilage Defects

In clinics, initial treatment of cartilage injuries commonly is focused on non-surgical techniques
such as physical therapy, weight loss, and anti-inflammatory medications. However, as the defect
progresses, these treatment options become ineffective, eventually requiring surgical intervention.
Current procedures are aimed at either stimulating a healing response or replacing and regenerating
the articular cartilage. The various strategies used in clinical practice today include those aimed at
spontaneous repair (microfracturing, chondroplasty), those that reconstruct injured cartilage and
replace it with donor cartilage (mosaicplasty and allograft), and, more recently, biologically based
approaches (autologous chondrocyte implantation (ACI) and bioengineered scaffolds). All of these
strategies are less invasive than prosthetic joint replacement and potentially more durable. Most
surgeons attempt to limit total knee replacement to patients in their sixth decade of life or older
because the lifespan of an artificial knee prosthesis is approximately 15 years %°!, after which the
failure rate increases 2. In the following, the surgical procedures that are most commonly performed

by orthopedic surgeons to treat cartilage injuries are described.
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1.14.2 Scaffold-Free Clinical Approaches

Amongst the current approaches for clinical treatment of cartilage defects are bone marrow-
stimulating microfracture, mosaicplasty with autologous or allogeneic osteochondral implants >3, as
well as cell-based autologous chondrocyte implantation (ACI), which Brittberg introduced in 1994 >4,
In the case of breaching the subchondral bone, MSCs are allowed to migrate from the underlying cavity
into the defect 3. The resulting fibrous repair tissue misses satisfying biomechanical properties but
may remain durable for several years *°. However, long-term results show that this fibrocartilage is
incapable of withstanding the high mechanical forces in the knee joint and fails over time %7,
Regarding the pain release of patients, mosaicplasty seems beneficial compared to microfracture
techniques in the middle-term 8. The long-term results also remain unsatisfactory though, with little

962 and a failure rate of 55 % 3. For this procedure osteochondral grafts

evidence of integrative repair
from a healthy low weight-bearing area of the knee are isolated and transferred towards the defective
site 53, For this reason, additional defects are created and donor site morbidity in the patient is
enhanced. Another option to treat focal lesions is ACI. A small cartilage tissue biopsy is taken
arthroscopically followed by enzymatic digestion to obtain the incorporated chondrocytes. The cells
are subsequently expanded in cell culture in vitro and finally re-implanted into the cartilage defect
covered by a periosteal flap >*. The resulting repair tissue after ACI treatment reportedly is of variable
quality. Studies showed that in only 15-25 % of the patients hyaline-like cartilage was formed, whereas
in the rest biomechanically instable fibrocartilage was built up 5#>. Attending issues are hypertrophy
and delamination ®, although some integration with the host tissue was observed in short-termed
animal studies . Since its first clinical application many modifications of ACI were carried out, most of
all to potentially minimize the risk of hypertrophy and ossification associated with the periosteal tissue.

6668 and various

For example, collagen membranes were used as substitution of the periosteal flap
matrices as carrier for the chondrocytes (matrix-induced autologous chondrocyte implantation - MACI)
were used to improve the clinical outcome. This technique is described in more detail in

Chapter 1.1.4.3.

1.14.3 Cell- and Scaffold-Based Clinical Approaches

Almost any cell-based clinical approach for the treatment of cartilage defects starts with a tissue
biopsy from the patient to obtain chondrocytes which can be expanded in vitro. These cells are then
seeded within or onto an appropriate scaffold before being implanted back to the patient. One mayor
drawback of the expansion of chondrocytes is the inevitable dedifferentiation and the change to a

more fibroblastic phenotype during passaging under 2D cell culture conditions. This hampers the
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synthesis of cartilage specific ECM and thus the regenerative potential. Additionally, the isolation of
chondrocytes from cartilage causes considerable damage to the donor site. In contrast, stem cells
isolated from mesenchymal tissues can be harvested without introducing further damage to the
cartilage and are capable of neocartilage formation under the right conditions . Studies utilizing MSCs
to investigate cartilage repair commonly are however constrained to the use of regulatory factors such
as transforming growth factor-beta (TGF-B) to induce chondrogenic differentiation ’°, although it has
been shown that mechanical loading triggers the upregulation of TGF-B secretion by MSCs and thus
stimulates chondrogenesis without the need of growth factor supplementation 7*73. Despite the
increasing understanding of MSCs and their regenerative abilities, clinical translation remains difficult
and MSCs have yet not been used routinely in clinical tissue engineering approaches for the treatment
of cartilage defects. As chondrocytes are the cells originating from cartilage tissue, they may be the
most suitable choice for studies that investigate basic principles in cartilage regeneration, but it is
important that future studies include cells from all clinically relevant sources to determine the

effectiveness of tissue engineering strategies.

The use of scaffolds for cell delivery rather than just the introduction of cells to the lesion by
drilling has the benefit to hinder the invasion of fibroblasts that could otherwise induce fibrous
repair 7#7>, Scaffold-based approaches have the major advantages that they provide the possibility to
better fill the cartilage defect, increase the graft stability, are less technically challenging to the surgeon
and have fewer donor site complications. Additionally they counteract the dedifferentiation of
chondrocytes because they provide a 3D environment 78, First case series focusing on MACI application
showed good clinical and histological outcome 778, however the superiority of this technique to others
is still questioned. So it was also shown in competitive studies that there was little to no advantage or
even a setback of MACI compared to ACI 798%, As the overall outcome of a matrix-assisted approach is
highly dependent on the performance of the scaffold material, many current investigations focus on
that matter. For functional cartilage regeneration applied materials need to balance biomechanical
properties, the capability for ECM deposition and cell proliferation, as the cells seeded into the
scaffolding material are responsible for synthesis and metabolism of ECM. A plethora of biomaterials
that provide a functional three-dimensional environment for tissue engineering approaches is
available 882 and much investigation is conducted to improve their capability to form cartilaginous

28385 Bjomaterials have been used in various application forms, such as sponges,

repair tissue
electrospun fibers, microparticles and hydrogels and all have different features for cartilage
regeneration %, Biomaterials can be separated into naturally derived offspring either from polymers
(e.g. agarose, hyaluronate and alginate) or from proteins (e.g. fibrin, collagen, gelatin and silk). Natural

polymers commonly are biocompatible but often have poor mechanical strength and relatively high
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degradation rates. In contrast synthetic polymers can be designed to achieve some distinct advantages
like controllable degradation rate, high reproducibility, high mechanical strength, and easy technical
handling. A significant drawback of these materials however is the usually missing cell interaction &,
which is why modifications have been explored to fabricate composite biomimetic scaffolds that
combine the advantages of synthetic and natural materials 8%, Amongst different biomaterial
application forms, hydrogels well replicate the high water content of native cartilage tissue and have
become a popular option for scaffold-based cartilage treatments. Hydrogels are described in more

detail in Chapter 1.1.5.

1.1.5 Hydrogels for Cartilage Tissue Engineering

Hydrogels are defined as networks of crosslinked polymers with high water contents and native
cartilage tissue obtains hydrogel-like properties. The composition of hydrogels for wound treatments
is highly modular concerning the choice of polymer, the crosslinking mechanism as well as the
degradation products and rate. These factors affect parameters like crosslinking density, the
mechanical loading regimen and the integration with the adjacent host tissue #. Although hydrogels
are widely considered biocompatible, there can be immune responses to some polymer-types,
degradation products and crosslinking methods. Thus, proven biocompatibility and missing
cytotoxicity is of particular interest in most studies and necessary for potential market release °°%. A
common disadvantage of hydrogels is the poor mechanical stability compared to stiff scaffolds. On the
other side, hydrogels are prone to some important factors that make them suitable for clinical
approaches. In general, the ability of direct cell-encapsulation improves the seeding procedure and
the seeding efficiency, which results in homogeneous cell distributions. Additionally, the permeability

for liquids that allows a good gas exchange and nutrient supply of the encapsulated cells is beneficial

in an avascular surrounding like cartilage tissue.

Based on their polymer composition, hydrogels can be classified into natural or synthetic origin,
although hybrids are also investigated. Natural polymers are isolated from both plant or animal
sources and can be further divided into two categories as protein based and polysaccharide-based
biomaterials. Several of these polymers can provide suitable environments to maintain the phenotype
of encapsulated chondrocytes in vitro. Further, they can possess inherent features like cell-triggered
proteolytic degradation, natural remodeling capacity, and the ability to present receptor-binding
ligands to cells 2. A variety of synthetic biomaterials are also being used for cartilage repair. Prominent
synthetic materials to fabricate hydrogels are polyethylene glycol (PEG), poly(glycidol)s (PG) and

poly(oxazoline)s (POx). They are pathogen-free, have low potential for immunological rejection and
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can be manufactured with good control of compositional, structural and mechanical properties.
Synthetic polymers have certain disadvantages such as hydrophobicity and lack of intrinsic cell
attachment moieties. In addition, they undergo degradation mainly through hydrolysis that in some
cases generates acidic byproducts, and elevated levels of foreign body response >°3. In recent years
the trend to combine natural and synthetic biomaterials to a hybrid has emerged in cartilage tissue
engineering. Researchers aim to exploit the advantages of both classes to adapt the composition,
architecture and mechanical properties with benefit to chondrogenesis °. For the use as biocomposite
hydrogels, the easy and standardized functionalization of synthetic polymers with versatile chemical
groups is of great help to customize crosslinking and degradation profiles of biocomposite

hydrogels %%,

In orthopedic surgery it is also important to minimize the severity of intervention. Hydrogels can
be applied in an arthroscopic procedure instead of open joint surgery since they can be designed as
injectable precursor solutions. This not only shortens procedural duration but also helps to reduce the
infection risk and shorten the recovery time of the patient ¥’. Hydrogels are also a basic part for tissue
engineered constructs. 3D bioprinting with hydrogels gained considerable attention over the last years

98101 1t can provide precise control of

and is also investigated for the treatment of cartilage defects
the initial structure including a zonal setting of tissue-engineered cartilage constructs. Studies showed
that the deposition of an appropriate pericellular environment by 3D printing helped to mimic the
specific zonal structure of cartilage tissue 12719, Cui et al. could also prove in an ex vivo study that
bioprinting directly into a created cartilage defect can achieve some level of cartilage integration and
mechanical competence 1®. In order to yield stiffer hydrogels the polymer concentrations are most
commonly increased, but this can also lead to inhibited cell growth, migration and ECM synthesis 1%,
To overcome this issue, other groups combined a hydrogel with mechanical support structures like a
rigid scaffold of biodegradable fibers to improve overall mechanical properties 1%’. For example, the
inclusion of additional polycaprolactone (PCL) strands has been widely used as structural support in
cartilage biofabrication 9100104108 pegpite the ongoing development of scaffold materials, a remaining
key problem is the integration of different biomaterials with the surrounding cartilage. Different types

of hydrogels that have been tested for cartilage integration in the scope of this work will be described

in more detail in the following.

1.1.5.1 Fibrin

Fibrin is the key component in physiological blood coagulation. Already in 1944 an unprocessed

form of fibrin was introduced for skin grafting 1%°. Although many alterations of fibrin were published,
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Figure 5: Schematic illustration of the physiological fibrin clot formation.

Fibrinogen has a central E domain joined by segment coils to two D outer domains. Thrombin cleavage of fibrinopeptides
from the central E domain of fibrinogen activates polymerization by forming a fibrin monomer. The strong affinity of the
exposed E-domain for the D-domain subsequently drives fibrin clot formation. The activated transglutaminase factor Xllla
causes fibrin matrix maturation and stabilization via covalently crosslinking the fibrin polymers. Redrawn and simplified with

kind permission from 111

the actual principle remains unchanged. Generally, applied forms of fibrin consist of two major
component solutions, fibrinogen in combination with Factor XIll and thrombin together with Ca%.
Fibrinogen molecules have a length of about 45 nm and is divided in two outer D domains, each of
them connected by a coiled-coil segment to the central E domain. Thrombin is a serine protease that
converts the soluble fibrinogen into insoluble strands of fibrin. Briefly, thrombin cleaves the
fibrinopeptides A and B from the a and B chains of fibrinogen to form the fibrin monomer. A single E
domain can interact with 4 D domains of other fibrin monomers to form staggered oligomers. These
oligomers aggregate to protofibrils that can build up to a 3D network of entangled multi-stranded
fibers and form a fibrin clot. In the presence of Ca?* thrombin also activates Factor XIIl. The resultant
activated Factor Xllla crosslinks in the form of amide bonds between glutamine residues on one fibrin
molecule and lysine residues on another fibrin molecule. This stabilization of the fibrin clot increases
resistance to solubilization and proteolytic cleavage 191! (see Figure 5). Because of its versatility fibrin

was used for different tissue engineering applications in the last decades 2

. With regard to cartilage
tissue engineering, Homminga et al. reported already in 1993 that chondrocytes encapsulated in fibrin
retained their morphology and produced cartilaginous ECM 13, There are numerous clinically fibrin
products commercially available (e.g. TissuCol, Artiss and Evicel®). However, these commercial
products have the tendency to shrink and disintegrate in vitro and in vivo after a few days up to

114-118 The use of protease inhibitors like aprotinin or tranexamic

complete dissolution after 3-4 weeks
acid is one approach to extend the longevity of fibrin constructs. As a supplement to the gel or the cell

culture medium they slow down degradation and partially stabilize shape fidelity 1>, Still, the
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resulting stability does not suffice the demands for applications where long-term shape fidelity is
desired, most apparently in tissues with restricted regeneration like cartilage. To address this issue,
long-term stable fibrin formulations have been developed 8118122 Adaptations of the final fibrinogen
concentration (25 mg/ml or higher), Ca?* (20 mM) concentration and the pH (between 6.8 and 9) result
in transparent hydrogels that maintain their original form over several weeks. Additionally,
chondrocytes showed proliferation and distinct homogeneously distributed ECM deposition in long-
term stable fibrin gels 122 Yet, up to date the integration of these materials to the adjacent cartilage

remains to be investigated.

1.1.5.2 Agarose

Agarose is a linear polysaccharide derived from red seaweed. Because it is thermoreversible and
can be modified to melt and gel at a variety of temperatures complicated chemical crosslink
mechanisms are not necessary. Although it is non-degradable under physiological conditions, agarose
is recognized as biocompatible. These features made agarose a popular product for the use in myriad
applications across fields ranging from food industry, molecular biology and microbiology %, But
above all, it is still widely used in cartilage tissue engineering yielding in vitro cartilaginous tissues with
some of the most consistent, mechanically functional properties reported in the literature 12#12°, The
total agarose concentration of a hydrogel determines its stiffness and pore size. The general rule with
higher agarose concentration is that the strength increases with accompanying decrease of pore size
diffusivity. For tissue engineering a 2 % weight/volume (w/v) agarose gel has been regularly used as it
combines the desired mechanical properties and the correct pore size to trap matrix constituents with

efficient nutrient and waste exchange 67139,

Despite agarose does not enable cell attachment it has been shown that the physical entrapment
of cells inside agarose hydrogels is sufficient to prevent loss of chondrocyte morphology or phenotype.
Furthermore, chondrocytes previously grown in monolayer cell culture reversed dedifferentiation and
increased the production of cartilage-specific proteoglycans and collagen type 11 3¥1% |n a 2010
canine study, allogenic passaged chondrocytes seeded in agarose-based grafts showed promising
recovery of a non-weight bearing cartilage defect. Whereas empty defect controls grew fibrous tissue
with poor outcome, a reported 90 % of the defect felling in the agarose group showed good integration
with the host cartilage tissue %, Taken together, the unique properties of agarose make it still a good

reference material for cartilage tissue engineering and accompanying integration studies.
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1.1.5.3 Hyaluronic Acid-Based Hydrogels for Cartilage Tissue Engineering

Hyaluronic acid (HA) is a linear polysaccharide that is found abundantly in the ECM of native
articular cartilage. This has led many investigations to design hydrogels consisting of HA. A not to be
neglected advantage of HA is the interaction and attachment of cells, including chondrocytes, via CD44
(Homing Cell Adhesion Molecule: HCAM), CD168 (Receptor for Hyaluronan Mediated Motility:
RHAMM) and CD54 (Intercellular Adhesion Molecule 1: ICAM-1) cell surface receptors 136137,
Additionally, HA reportedly triggered chondrogenic differentiation and ECM production of MSCs 138~
190 pue to its excellent biocompatibility, injectable HA-based hydrogels have already been used for
different tissue engineering approaches ¥, but also for the treatment of OA ¥, HA also has some
limitations, such as insufficient mechanical integrity and a rapid degradation by MMPs in inflamed
defects 1*2. Nonetheless, HA is highly versatile regarding physical and chemical modifications helping
to adapt material properties to specific demands. Thiol-, haloacetate-, dihydrazide-, aldehyde- and
tyramine-functionalized HA have all been used in various tissue engineering approaches 8100140,

Amongst reported improvements for the outcome of cartilage-like tissue in HA-based hydrogels were

the inclusion of fibrin 13 or the covalent binding of cell regulating factors like TGF-B %,

Most commonly, HA hydrogels are prepared by photogelation triggered by the incorporation of a
methacrylate group to the polymer backbone ##%5, Photocrosslinking is often a rapid process and the
use of focused light sources facilitates good spatial and temporal control of the reaction 6. Many of
these reactions have proven biocompatibility to facilitate cell encapsulation **71%8, Qur group recently
published investigations on another HA-based hydrogel utilizing a different UV-light crosslinking
mechanism that was also applied in 3D printing of tissue engineered constructs for cartilage

applications 1% |nstead of the widely used PEG as a counterpart for HA this hydrogel system consists
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of an allyl-functionalized poly(glycidol) crosslinker (P(AGE/G)). Poly(glycidol)s (PG) are chemically
similar to the FDA approved PEG but feature additional hydroxyl methylene side groups at each
repeating unit which can be further chemically functionalized, e.g. with carboxylates, allyl and thiol
groups. Furthermore, the use of distinct chemical protective groups during polymer synthesis allows

for the preparation of polymers with different functionalities along a single PG chain 1°%151,

In this case the allyl-functionalized PG can react with thiol-functionalized HA (HA-SH) via thiol-ene
click reaction to form the hydrogel (see Figure 6). However, this HA-SH/P(AGE/G) hydrogel has never

been tested in an integration model to investigate transition to the host cartilage.

1.1.6 The Importance of Cartilage Integration

In order to achieve successful repair of a cartilage defect, the filling of the defect with hyaline
neocartilage is needed but the integration of repair cartilage with the surrounding host cartilage is
necessary to the same extent. One source of consistent failure of cartilage repair procedures
mentioned before is the missing transition of the repair tissue to the host cartilage on a permanent

basis 2

. Although some integration of repair cartilage to the subchondral bone is reported
frequently %1153, integrative repair at the lateral defect interface remains a huge obstacle in all
different approaches 2262154157 Khan et al. excellently summarized many known factors that affect
cartilage integration and highlighted the importance to gain understatement on how these factors
impede cartilage fusion for the development of improved strategies 1°2. Some of the major issues are

described in the following.

As chondrocytes are essential for the metabolism of cartilage-specific ECM components, the cell
death at the defect site or within a graft is unambiguously a hindrance for the long-term success of a
treatment. Studies evaluating different methods of cartilage wounding in vitro found that cells
100 — 200 um from the defect site immediately undergo necrosis and following apoptosis further
contributes to an acellular region at the margin *%8, It has therefore been supposed to increase the
number of viable chondrocytes at the defect site in order to improve tissue continuity %, Treatment
of cartilage tissue with pharmacological cell death inhibitors during wound repair is reported to help
in increasing numbers of viable cells at the wound edge, prevent matrix loss and improve lateral
cartilage integration 1. Other studies utilized proteolytic enzymes to disrupt the dense ECM network
of the native cartilage and foster chondrocyte migration to the defect interface and thus improve long-
term integration strength 158159162167 Additionally, it could be shown that the delivery of migrating
and dividing chondrocytes with appropriate scaffolds adjacent to the wound edge helped in fusion of

the cartilage tissue 168169,
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The patient’s age or the age of donor material has also influence on the intrinsic healing capacity.
There is proof of loss in chondrocyte function related to the developmental stage of the cartilage

164,170-174 Especially in tissue engineering strategies with expanded chondrocyte cultures there

tissue
are-related symptoms that need to be taken into consideration. Estimations based on telomere length
observations reveal that in vitro expansion of chondrocytes can accelerate chondrocyte aging equal
up to 30 years 2. The use of MSCs as cell source in cartilage tissue engineering can circumvent this
problem but also introduces other obstacles (see also Chapter 1.1.4.3). More recently, chondrocyte
progenitor cells isolated from cartilage tissue have been introduced as a promising cell source for
cartilage tissue engineering. They have been described with the ability to maintain their chondrogenic
phenotype even after extensive monolayer expansion 1. Levato et al. showed that multipotent
articular cartilage-resident chondroprogenitor cells (ACPCs) have a high potential in terms of
neocartilage formation in hydrogels and are also suitable for 3D bioprinting applications 1°1. However,

up to date these cells received limited attention and more information needs to be gained to clarify

how these cells can counteract age-related issues in integrative cartilage repair.

Although the developmental stage of chondrocytes may limit their regenerative potential, other
in vitro studies demonstrated that chemical messenger molecules can also influence cartilage
integration success. For example, Englert et al. showed in an in vitro integration model that
supplementation with steroid hormones increases cartilage integration strength 6. Other studies
showed that different growth factors in cartilage tissue culture have chemotactic properties and can
increase the cellularity at a defect site 8. A member of the TGF-B growth factor family was also
reported to be a regulator for cell-growth. In combination with a chondrocyte-seeded hydrogel
adjacent to cartilage tissue, ECM production was elevated and the integration strength increased 7.
Proinflammatory cytokines are widely recognized to provoke degradative signaling cascades that
promote ECM disintegration in cartilage tissue. Particularly the factors IL-1B8 and TNF-o were shown to
reduce ECM deposition of chondrocytes in tissue engineered constructs and thus hinder tissue
integration %178, Interestingly another study using a bovine in vitro integration model could
significantly increase integration strength by transient exposure of the cartilage tissue to IL-1B. They
found that the temporal treatment with the catabolic cytokine only transiently upregulates matrix
degrading enzymes which lead to better migration of chondrocytes to defect site and better
integration outcome '’°. Chondrocytes are also known to be sensitive to mechanical force. The
synthesis rates and tissue accumulation of cartilage-specific ECM components is elevated in both in
vitro and in vivo studies in the presence of appropriate mechanical force ¥’ A more recent study
could also demonstrate that mechanical stimulation increased the integration of tissue-engineered

cartilage and native cartilage ®. Although there is variation in models and the application of
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mechanical stimulus, it can be suggested that future studies will improve the understanding of

mechanical stimulation for cartilage integration.

Chondrocytes and their production of ECM are vital for integrative cartilage repair. To better
understand exact mechanisms, one must investigate the process of ECM deposition at a cartilage
defect. DiMicco et al. could relate different low and high integrative phenotypes in part to different
levels of collagen synthesis . B-aminopropionitrile (BAPN) is a known inhibitor of lysyl oxidase, an
enzyme that is crucial for the establishment of crosslinks in collagen networks *°. Addition of BAPN to
tissue culture medium results in almost complete inhibition of integration between pairs of cartilage
explants, despite the overall biosynthesis of matrix components is not affected 179!, These results
indicate that formation of collagen crosslinks in cartilage explants is critical in integrative cartilage
repair. Experiments of our own group could further determine the importance of unbiased 3D
formation of collagen fibrils on cartilage integration. The enzyme prolyl-4-hydroxylase is essentially
involved in the synthesis of procollagens. It converts proline residues to 4(R)-hydroxyproline and thus
allows the triple-helical assembly of collagens and subsequent secretion into the extracellular space.
Inhibition of the collagen triple helix formation leads to nonfunctional proteins which are rapidly
degraded both in the intracellular and extracellular space *%%1%, Ethyl-3,4-dihydroxybenzoate (EDHB)
is a structural analogue to ascorbate, which is an essential co-factor for enzyme activity. EDHB can
therefore act as an inhibitor of prolyl-4-hydroxylase °2*°41% Qur group could show that omitting
ascorbate from tissue culture results in drastic loss of interfacial ECM deposition and integration
strength. Addition of EDHB counteracts available ascorbate in a dose-dependent manner and sufficient

concentrations lead to complete failure of cartilage integration %,

Aforementioned factors unmistakably have influences on long-term cartilage integration. On a
shorter scale one desires immediate integration, as missing integration in cartilage lesions or with
grafts results in progress of the lesion or in break-off of the neocartilage. A study by Englert et al.
investigated the ability of different chemical crosslinkers to facilitate immediate bonding of articular
cartilage explants 7. Large increases in adhesive strength could be achieved by crosslinking opposing
cartilage collagen fibers, but cytotoxic properties of most of these agents remain a major obstacle for
clinical application. For this reason, much attention has been focused on the use of biocompatible
adhesive materials for immediate cartilage integration. A variety of such surgical glues and adhesive

materials are described in more detail in Chapter 1.1.8.
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1.1.7 Integration Model

As mentioned before, cartilage integration is dependent on numerous factors. In order to gain
understanding of cartilage integration investigators utilized different models in pre-clinical studies.
Both in vivo and in vitro experiments have been conducted, including variations in species for tissue
and cell harvests. The most common practices to evaluate integration are macroscopic morphological
assessment, microscopic evaluation in sections of the wound margin and biomechanical measurement
of integration strength and combinations of those. Generally speaking, in vivo models, especially those
where an experimental articular cartilage defect is prepared in the joint, best reflect the environment
that is present in a human patient 8, However, it is this highly variable and complex environment that
bring along several problems for the investigation of particular factors. The multi-cellular environment
(e.g. the synovium or subchondral bone) allows the settlement of non-cartilaginous cells in the defect
thus changing the dynamics and the final outcome of repair tissue formation. In addition, the
nutritional and biomechanical circumstances in a moving joint in vivo may compromise neocartilage
formation, as well as the commonly undefined cocktail of pro-inflammatory factors that is present in
synovial joints after trauma 1. So far most in vivo studies focused on rating cartilage integration with
histological scores based on maintained cellularity and continuity of tissue at the interface.
Quantitative assessment of integration strength in in vivo experiments is rare. In case of subcutaneous
implantation into mice, the harvested cartilage explant constructs can also easily be processed for
biomechanical measurement 1°%19%202" The subcutaneous implantation site however does not
simulate the environment of the synovial joint and the presence of highly proliferative cells such as
fibroblasts could harness integration strength increases without building up functional hyaline
cartilage tissue. Although biomechanical analysis of integrative repair has also been performed on
samples retrieved from in vivo defects in the knee joint 2%, the high practical effort makes this

approach unsuitable for most studies on integrative cartilage repair.

Alternatively, cartilage tissue explants for in vitro experiments can provide more controllable

model systems to investigate specific mechanisms of cartilage-cartilage integration. Isolated cartilage

M , /[Q|

Sandwich model Single-lap model Disc/ring model

Figure 7: Schematic illustration of frequently used in vitro models for cartilage integration evaluation.
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explants have been embedded in hydrogels or used in a co-culture with pelleted chondrocytes to
investigate cellularity at the cartilage interface %32%, The in vitro models used there, however, lack the
opportunity of biomechanical assessment of integration strength. Other models, e.g. the sandwich
model, the single-lap model and the disc/ring model, have been developed that are frequently used in
biomechanical tests (see Figure 7). The named models are described in detail within the following

subchapters.

1.1.7.1 Sandwich Model

Cylindrical constructs that are assembled in a sandwich-like fashion can be used for biomechanical

168,205 sandwich-like

measurements for integration strength both in tensile and shear settings
constructs can vary in their layer and material composition. Besides the use of in vivo models to
investigate integrative cartilage repair, Wang et al. additionally utilized a sandwich-like in vitro setting
for biomechanical measurement. In this case a top layer consisting of a hydrogel was adjacent to a
cylindrical cartilage disc. The outer surfaces were fixed to rods at which different force directions were
applied in order to obtain both tensile and shear strength 2%, Another study used chondrocyte-seeded
collagen that were placed between two cylindrical cartilage discs. After in vitro culture of 40 days tissue
continuum between cartilage and scaffold was analyzed histologically and integrations strength was
quantified in a biomechanical tensile test 1%, These layered constructs offer some distinct advantages
for investigations on cartilage integration, as they are easily adaptable in their layer composition.
Regarding cartilage integration with tissue engineered constructs, the volume of the material can be

varied to simulate filling different defect sizes. Additionally, these constructs appear suitable to

observe cell migration and ECM deposition at the cartilage-scaffold interface %,

1.1.7.2 Single-Lap Model

Since its introduction to in vitro cartilage analysis by Reindel et al. in 1995, the most frequently
used in vitro test model is composed of uniform cartilage blocks that are assembled with an
overlapping area. The objective of this model was to use a single-lap joint configuration to measure
adhesive strength. This model is highly variable and single cartilage blocks of different developmental
stages, viability, and cartilage zones haven been combined and formulations of culture media have
been diversified 169189297 The high reproducibility of this model allowed comparison between studies
investigating different factors that influence cartilage integration, such as enzymatic treatment of the

cartilage ECM and supplementation of culture medium with different active ingredients, such as
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steroid hormones or cytokines %1%, The single-lap constructs can be analyzed histologically but have
also been used for scanning electron microscopy (SEM) analysis of the interface zone '’®. For
qguantification of adhesive strength, the sample composites have to be attached to jaws with which a
positive uniaxial displacement force is applied. In recent years, the ease of construct fabrication made
this test model particularly popular for studies in which immediate bonding of cartilage tissue is
investigated 197208211 Regarding this, the possibility to apply load on the overlapping integration area
during fabrication proved advantageous when chemical crosslinkers of small molecular structure were

d 197,211

used and intimate contact between both cartilage blocks was neede . The quality of
biomechanical data in this model is very much dependent on the fabrication and its geometry, as in
the single-lap configuration the stress varies over the integration area even with perfect parallel
alignment. The applied forces to the two cartilage blocks are not simply colinear, as both in-plane
tension and a bending moment are applied to the joint. This effects the estimate of strength, since the
shear and normal stress are not completely proportional to the applied load %212, Still, biomechanical
measurements proved solid for the detection of even relatively small integration strengths and are
thus suitable to evaluate immediate bonding principles. However, as the harvested cartilage blocks
were approximately parallel to the articular surface, the simulating cartilage defect may be more
relevant to fissures that extend horizontally in fractured or osteoarthritic cartilage. In contrast,
cartilage failure might occur more frequently because of joint loads in normal direction to the articular
surface and also in in vivo experiments missing cartilage integration is commonly reported for the
lateral orientation 296062157213 Sjnce the orientation of the collagen fibers may modulate the repair
process, an integration model that mimics a lateral cartilage defect and simultaneously considers the
hierarchical structure of cartilage tissue is very likely better suited for investigations on long-term

cartilage repair processes 212,

1.1.7.3 Disc/Ring Model

In 2001, Obradovic et al. presented a new cartilage integration model with the aim to adapt the
presentation of in vivo cartilage defects to better controllable in vitro conditions without systemic
effects %2, They assembled a doughnut-shaped cartilage explant with a tissue-engineered inner disc.
These disc/ring constructs could easily be cultured for several weeks under variable conditions and the
model also allowed histological analysis of the lateral defect interface both in the sagittal (cross-
section) and the transverse plane (en face). To biomechanically quantify the adhesive strength at the
disc-ring interface of the tissue composites, a plunger is used to separate the central disc from the

cartilage annulus with a load cell recording the force until failure of the composite. In a following study
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with disc/ring constructs consisting solely of native cartilage tissue, the processing was modified in
order to obtain more accurate and reproducible biomechanical push-out tests. The feasibility to obtain
an interface between the disc and ring that is perpendicular to both the top and bottom surfaces of
the composites has been approved, which assures the collinearity of the interface axis with the

mechanical testing device’s plunger and eliminates potential measurement artifacts 214,

Over the years, the disc/ring model has been successfully utilized for investigations on the effects
of synovial fluid components 21>, enzymatic treatments 191621657167 - cytokines 167178179216 gnd ECM
crosslinking on cartilage integration 2%?'7, Further, the disc/ring model is highly variable regarding its
composition and can easily be used in combinations with scaffold materials and tissue engineered
cartilage. The interfacial gap size between the cartilage disc and ring can be varied by sequentially
coring that enables the insertion of scaffolds at the defect site 7. However, in most cases where
cartilage-material integration is investigated with a disc/ring model, the inner cartilage disc is
completely exchanged with the tested material or TE-cartilage 17?1221 |n addition, the disc/ring
model is not limited to just chondral explants. Tam et al. developed an in vitro osteochondral disc/ring
model to investigate integrative repair with an intact adjacent calcified tissue layer. Remarkably, they
were able to cut-off the intact bony layer and biomechanically quantify the lateral cartilage-cartilage
integration in push-out tests %4, In recent years, several other studies used adaptions of annular

osteochondral explants in in vitro systems to evaluate chondral integration 1691882227225,

Taken together, the disc/ring model has become increasingly important in integrative cartilage
research. In future studies its versatility and the combination of structural and functional analyses will
undoubtedly help to gain further knowledge in underlying cellular and molecular processes for
enhanced cartilage repair and in the development of adhesive materials for defect filling. For improved
treatment of patients, further knowledge is needed and sophisticated in vitro models clearly help to

diminish animal tests on this way.

1.1.8 Adhesives for the Treatment of Cartilage Defects

Even small lesions in articular cartilage can erode over time because of the limited self-healing
capacity of cartilage. The direct repair of focal defects may stop the progress to bigger osteoarthritic
defects. The outcome of cartilage defect treatments, ranging from small fissures to transplantation of
large osteochondral plugs is dependent on the integration of opposing cartilaginous surfaces. Because
of the slow and restricted self-repair of cartilage, approaches that allow for immediate tissue fixation
and simultaneously promote long-term regeneration are highly desired. Generally, the gold standard

for wound closure in clinics is still suturing, however the application of sutures will introduce further
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damage to the cartilage tissue. It has been shown that small-sized agents are capable to immediately
integrate opposing cartilage surfaces enabled by their reactiveness to ECM molecules *°7:2%°, Because
of their small molecular size, these agents need intimate contact of tissue surfaces and cannot bridge
larger defects. Therefore, the application of polymerizing adhesives for surgical integration of tissues
has become more and more popular over the last years as an emerging alternative. Regarding
adhesives for clinical application, some important definitions and classifications are needed: A
hemostat causes blood-clotting, whereas a sealant is self-polymerizing and creates a sealing barrier
that prevents leakage of gas or a liquid from a structure. An adhesive is also self-polymerizing and is
capable of gluing structures together. Both sealants and adhesives may also have hemostatic
properties, but do not necessarily cause active blood-clotting. So far, the only commercial material for
clinical application with FDA approvals in all three of these groupings is fibrin 22, Fibrin is widely used
as a hydrogel material in several TE applications, but its crosslink mechanism is also acknowledged for
its tissue adhesive properties (see Chapter 1.1.5.1). Already in the 1980s fibrin was used as an adhesive

to fix loose chondral and osteochondral bodies after trauma 2?7

and was subsequently used in a wide
range of orthopedic cartilage surgeries 2222 However, a frequently reported characteristic of
commercial fibrin is a limited adhesion strength 2%°, especially when applied in a wet environment and
with increasing instability and solubility over time. This can represent a problem for the application on

cartilage defects where long-term mechanical integrity and stability may be beneficial.

Other commercially available surgical adhesives like cyanoacrylate glues and aldehyde crosslinked
gelatins form a solid bond to tissue surfaces but are highly discussed in literature regarding their
biocompatibility. Additionally, they can form a rigid matrix with little degradability which may act as a

95230231 Recently, there has been increased interest in the

barrier for neocartilage formation
challenging development of adhesive materials with good immediate bonding strength combined with
biocompatibility for successful long-term integration. Generally, natural and synthetic hydrogels can
exhibit excellent biocompatibility and are also broadly investigated matrices for cartilage regeneration
approaches. They facilitate the diffusion of nutrients and metabolites similar to the native cartilage
ECM because of their highly hydrated nature 8. Further, the possibility of functionalization with tissue-
adhesion moieties, injectability and in situ gelation enables their use as tissue adhesives in minimally
invasive procedures in the clinic. So far, a variety of hydrogel adhesives has been published including
polysaccharides, polypeptides, proteins or synthetic polymer-based systems . Strehin et al. designed
a tissue glue based on chondroitin sulfate that has been functionalized with amine-reactive N-
hydroxysuccinimide. Gelation started by mixing the chondroitin sulfate component with amine-

functionalized PEG but could be controlled by the initial pH value of the solutions 22, In another

approach of the same group chondroitin sulfate was chemically functionalized with methacrylate and
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aldehyde groups and was successfully used to chemically bond a bulk hydrogel into a cartilage
defect 2%, Adhesive materials have been developed that are based on a plethora of different materials
and adhesion mechanisms #3324, Adhesion reactions that are temporarily controllable enable the
surgeon better handling and easy positioning of the treated surfaces. Sitterle et al. first reported of
increased immediate bonding strength in cartilage explants using photochemical induced
crosslinking 2!1. More recently, photopolymerizable hyaluronan as the basis of adhesive materials for
cartilage application was reported 2°2%, Most photochemical approaches require the presence of
photosensitizer that catalyze light-induced crosslinking. In contrast to other routinely used
photosensitizer that require UV irradiation, ruthenium trisbipyridyl chloride ([Rull(bpy)s]?*) has been
used for photogelation of fibrinogen-based adhesives under less problematic blue light 2%°. Tough, this

adhesive has not been tested on suitability for cartilage tissue integration.

In general, the functionalization of naturally derived biopolymers for adhesives is popular due to
their inherent biocompatibility and degradability, but they often lack uniformity, tunability and
reproducibility. A possible alternative are water soluble synthetic polymers like poly(oxazoline)s (Pox),
which have become increasingly popular in the biomedical field due to their improved and accelerated
synthesis using microwave heating. In contrast to the more prominent polyethylene glycols (PEG), POx
do not only offer end-terminal functionalization via functional initiators or terminating agents, but also
allow for a tunable side chain functionalization, which can be varied through a range of different

6

functional monomers or further post-polymerization functionalization 26, POx has also been

237-

associated with good hemocompatibility, low cytotoxicity and low immunogenicity 227723°. Accordingly,

hydrogels based on different POx derivatives were already used for drug delivery, as cell culture

scaffolds, or as hemostatic wound dressings 240241,

For the use as a tissue adhesive, an emerging functionality is the catechol group. This reactive
moiety naturally occurs in the amino acid 3,4-dihydroxyphenylalanine (DOPA). This amino acid plays a
key role in the mussel foot protein, which allows mussels to attach to many different types of surfaces
with fast curing kinetics even in wet environments. Under oxidizing conditions the catechol group
becomes highly reactive and can self-polymerize or react with a variety of nucleophiles like amino or

242-284 Therefore, it is a perfect

thiol groups undergoing Michael addition or Schiff base formation
candidate for reactions with nucleophiles like cysteinyl, histidyl or lysyl groups that are present on
many natural tissue surfaces 2*°. The catechol functionality has already been attached to PEG 246247,
silk fibroin 248 and gelatin 21° or was polymerized as dopamine acrylamide or dopamine hydrochloride

to form three-dimensional networks 24920

. However, POx enabling the attachment of multiple
catechol functions at the side chain, which will increase adhesion and stability, has not yet been

investigated.
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Taken together, an ideal cartilage adhesive should have strong wet tissue adhesion, balanced
stability under physiological conditions, rapid curing, nontoxicity and cytocompatibility. Additionally,
biodegradability should be adjusted to the demands of the surrounding cartilage tissue for
neocartilage formation. Up to now, there is no clinically available adhesive material that implements
all these factors. Thus, the aim of this work was to contribute to the ongoing research of biomaterial-

guided cartilage integration.

41



Goals of the Thesis

1.2 Goals of the Thesis

For the treatment of articular cartilage defects there still exists a tremendous need for adequate
approaches to obtain integrative repair. Adhesive hydrogels are a promising tool to both allow
immediate bonding of a defect interface and provide a biomaterial matrix for progressing tissue
formation. Due to the plethora of available hydrogel materials and their versatility with regard to
chemical modifications, possible combinations with different cell types and other physical and

biological factors, suitable in vitro models are needed for screening and pre-clinical evaluations.
This work included the following objectives:

1. The development and testing of different adhesive biomaterials for cartilage defect treatment

utilizing in vitro models
2. The evaluation of long-term in vitro cartilage integration with hydrogel adhesives and

3. The investigation of cartilage integration to tissue-engineering hydrogel constructs in an in vitro

model

1.2.1 Evaluation of Bonding Capacities of Adhesive Hydrogels in vitro

The main functions of biological adhesives and sealants are to repair injured tissue, reinforce
surgical wounds or even replace conventional suturing techniques. In general surgery, adhesives must
meet several requirements, taking into account clinical needs, biological effects, and material
properties. These requirements can be met by specific polymers. Natural or synthetic polymeric
materials can be used to form three-dimensional networks that physically or chemically bond to the
target tissue 2%, Particularly in tissues like cartilage where alternative techniques, such as suturing,
would introduce further damage, utilizing adhesive hydrogels provide an elegant approach for
integrative repair of defects ®. So far, a variety of hydrogel adhesives has been published including
polysaccharides, polypeptides, proteins or synthetic polymer-based systems %. In general, for cartilage
defect treatments, high mechanical stability and bonding strengths are required for adhesives to
withstand present forces in the joint during motion. These properties can vary depending on the
materials applied, which is why different types of hydrogels with varying adhesive crosslink
mechanisms were investigated in this work. Commercially available adhesives, namely TissuCol and
BioGlue® were compared against each other. Additionally, several chemical modifications to
established adhesive materials together with hydrogels of varying crosslinking chemistry were
assessed for their immediate bonding strength in the in vitro cartilage disc/ring model. Specifically,

different formulations of long-term stable fibrin gels, photocrosslinking approaches of fibrinogen, and

42



Goals of the Thesis

catechol-functionalized poly(oxazoline)s were investigated for their capability to improve cartilage

bonding.

1.2.2 Investigation of the Long-Term Lateral Cartilage Integration Using
in vitro Models

Surgical adhesives must fulfill several requirements to meet the variable demands of different
tissue types and their specific mechanical load and stress profiles °>25%252_ Due to the poor self-healing
capacity of cartilage, adhesive materials need to balance the need for immediate integration as well
as favorable tissue regeneration for a successful long-term integration. Appropriate hydrogel
degradation is essential to allow cell migration and formation of new tissue at the defect site.
Synthesized components of cartilage ECM that integrate with native cartilage and chondrocytes that
can freely migrate across the interface have been shown to enhance mechanical stability of tissue
repair in cartilage, both in short-term and long-term 8%:162.168169,176,177,253 | the course of this work, the
different investigated candidates of adhesive hydrogels were further assessed for their capacity to
form successful tissue integration in the long-term by using in vitro tissue cultivation techniques. The
influence of hydrogel degradation rates on the long-term cartilage integration outcome was

considered in conducted experiments.

1.2.3 In vitro Investigation on Integrative Cartilage Repair with Tissue-
Engineered Hydrogel Constructs

For the treatment of large chondral defects, high-volume formation of functional cartilage tissue
is required. Using hydrogels, cartilage tissue has been engineered in vitro before, achieving
appearances and properties similar to native cartilage 8. However, for a successful clinical treatment,
integration of tissue engineered constructs to the native tissue is required. Cartilage remodeling within
a hydrogel alone is not necessarily sufficient for successful integration, and with standard in vitro
culture setups, the potential influence from native tissue on regenerative development is not
considered. Therefore, various tissue-engineered hydrogel constructs, including adhesive materials
(fibrin- and hyaluronic acid-based) as well as agarose, were applied to an in vitro defect model with
native cartilage to observe tissue formation and integrative effects in an environment that simulates

clinical use.

43



Materials

2 Materials

2.1 Instruments

Table 1: Overview of instruments.

Instrument Supplier Central office
Accu-jet® pro Brand Wertheim, Germany
Analytical scale Ohaus Zurich, Switzerland

Analytical scale XA 105
Bending Load Cell Z6FD1
Blue-light LED hand lamp
Centrifuge Rotina 420 R
Centrifuge SIGMA 1-14
CO; incubator

CO; incubator (hypoxia)
Cryostat CM 3050S

Custom-made tools and Teflon
hydrogel molds

Dynamic mechanical testing
device ElectroForce 5500

FACSCanto flow cytometer

Freezer (-20°C)
Freezer TTS 500 (-80°C)
Fridges

Genesys 10S Bio
spectrophotometer

HandyStep® dispenser
Hemacytometer Neubauer
Laminar flow box Typ-HS18
Magnetic stirrer

Mastercycler® Gradient

Microscope BX51/DP71 camera
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Mettler-Toledo

Hottinger Baldwin Messtechnik
HQRP

Hettich

SIGMA Laborzentrifugen GmbH
IBS Integra Biosciences

Binder

Leica

Feinmechanik Sauer

TA Instruments

BD Biosciences

Liebherr
Thalheim Kihlung
Liebherr

Thermo Fisher Scientific

Brand

Paul Marienfeld GmbH
Heraeus

VWR

Eppendorf

Olympus

Columbus, USA
Darmstadt, Germany
Harrison, USA
Tuttlingen, Germany
Osterode, Germany
Fernwald, Germany
Tuttlingen, Germany
Wetzlar, Germany

Wirzburg, Germany

Eden Prairie, USA

Heidelberg,
Germany

Bulle, Switzerland
Ellwangen, Germany
Bulle, Switzerland

Waltham, USA

Wertheim, Germany
Lauda, Germany
Hanau, Germany
Darmstadt, Germany

Hamburg, Germany

Hamburg, Germany
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Instrument Supplier Central office

Microscope camera DigiMicro dnt Dietzenbach,

Profi Germany

Microscope IX51/XC30 camera Olympus Hamburg, Germany

Microwave Micromat 1000W AEG Frankfurt am Main,
Germany

Orbital shaker Unimax 1010 Heidolph Schwabach,
Germany

pH-meter HI2210

Pipette displacement Microman™
Pipette multistep

Pipettes Research® Plus

Roll mixer RM5

Silicon hydrogel molds

Sledge microtome SM2000R

Stereomicroscope SteREO
Discovery.V12

Tecan GENios pro
spectrofluorometer

Thermomixer comfort MTP
Thermomixer MHR 23
Tissuelyser

Universal testing machine
BZ020/TH2A

UV hand lamp VL-4 with filter
Vortex, IKAR MS3 basic
Vortex-centrifuge Combi-Spin

Water bath

Zeiss SteREQ Discovery.V20
stereo microscope

Hanna Instruments

Gilson
Brand
Eppendorf
Hartenstein

FMZ, Chair: Prof. Jiirgen Groll,
University of Wiirzburg
(collaboration)

Leica

Carl Zeiss

Tecan

Eppendorf
DITABIS
Qiagen

Zwick-Roell

Hartenstein
IKAR
Hartenstein

Memmert

Carl Zeiss

Kehl am Rhein,
Germany

Middleton, USA

Wertheim, Germany
Hamburg, Germany
Wiirzburg, Germany

Wiirzburg, Germany

Nussloch, Germany

Jena, Germany

Crailsheim, Germany

Hamburg, Germany
Pforzheim, Germany
Hilden, Germany

Ulm, Germany

Wiirzburg, Germany
Staufen, Germany
Wiirzburg, Germany

Schwabach,
Germany

Jena, Germany
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2.2 Consumables

Table 2: Overview of used consumables.

Consumable

Supplier

Central office

Bottle top-filter Nalgene®
Cell culture plates 96-well
Cell culture plates 96-well (black)

Cell culture plates Cellstar 6-, 12-, 24-, 48-, 96-
well

Coverslip 24 x 60 mm
Cryovials CryoPure 2.0 mm
Dispenser tips 12.5 ml/25 ml
Disposable forceps ratiomed®
Falcon cell strainers 100 um
Filter paper

Microtome blades type N35
PAP pen liquid blocker
Parafilm

PCR-strips 8 tubes 0.2 ml

pH indicator paper

Pipette filter tips

Pipette tips

Pipettes serological
Polypropylene Tubes 15 ml/50 ml
Porcine knee joints

SafeSeal micro tubes 1.5 ml/2.0 ml
SafeSeal micro tubes 5 ml
Sample cup (urine cup)
Sample cup PE 2.5 ml
Scalpels

Single-edged razor blades
Stainless steel beads, @ 5 mm
Stiefel biopsy punches

Superfrost™ ultra plus glass slide
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Thermo Scientific
TPP
Thermo Scientific

Greiner Bio-One

MENZEL
Sarstedt

nerbe plus
Megro GmbH
BD Biosciences
Hartenstein
Feather
Sigma-Aldrich
Pechiney

Carl Roth GmbH
Carl Roth
Starstedt

nerbe plus
Greiner Bio-One
Greiner Bio-One
Hollerbach
Sarstedt

nerbe plus
nerbe plus
Hartenstein
Feather
GEM/Personna
Quiagen
GlaxoSmithKline

Thermo Scientific

Waltham, USA
Trasadingen, Switzerland
Waltham, USA

Frickenhausen, Germany

Braunschweig, Germany
Niimbrecht, Germany
Winsen, Germany
Wesel, Germany
Heidelberg, Germany
Wirzburg, Germany
Osaka, Japan

Munich, Germany
Chicago, USA

Karlsruhe, Germany
Karlsruhe, Germany
Niimbrecht, Germany
Winsen, Germany
Frickenhausen, Germany
Frickenhausen, Germany
Rimpar, Germany
NUmbrecht, Germany
Winsen, Germany
Winsen, Germany
Wirzburg, Germany
Osaka, Japan

Verona, USA

Hilden, Germany
Munich, Germany

Waltham, USA
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Consumable

Supplier

Central office

SuperFrost™ plus glass slide
Syringe Filter Minisart® 0.2 um
Syringes

Syringes Omnican40

Tissue culture flasks T25/ T75/ T175

2.3 Chemicals

R. Langenbrinck
Sartorius AG
BD Biosciences
B. Braun

Greiner Bio-One

Emmendingen, Germany
Gottingen, Germany
Heidelberg, Germany
Melsungen, Germany

Frickenhausen, Germany

If not otherwise stated in Table 3 or the Methods section (Chapter 3), all chemicals and reagents

utilized for the preparation of buffers and solutions were obtained from Sigma-Aldrich/Merck

(Darmstadt, Germany) and Carl Roth GmbH (Karlsruhe, Germany).

Table 3: Overview of used chemicals.

Chemical Supplier Central office

2-propanol VWR Poole, UK

Acetone, 99.5% AppliChem Darmstadt, Germany

Antibody diluent, Dako REAL™ Dako Hamburg, Germany

Agua ad iniectabilia B. Braun Melsungen,
Germany

BioGlue® Cryolife Kennesaw, USA

DAPI mounting medium ImmunoSelect® Dako Hamburg, Germany

Distilled water (DNase/RNase free)
DMSO

Dulbecco’s phosphate-buffered saline (DPBS)
no calcium, no magnesium

Entellan®

EnVision G|2 Doublestain System

Ethanol absolute, 99.8 %, for molecular biology
FACS clean solution

FACS sheath solution

FACS shutdown solution

FCS (fetal calf serum)

Formaldehyde, 37 %

Life Technologies
Thermo Scientific

Life Technologies

Merck

Dako

AppliChem

BD Biosciences
BD Biosciences
BD Biosciences
Thermo Scientific

Th. Geyer

Karlsruhe, Germany
Waltham, USA

Karlsruhe, Germany

Darmstadt, Germany
Hamburg, Germany
Darmstadt, Germany
Franklin Lakes, USA
Franklin Lakes, USA
Franklin Lakes, USA
Waltham, USA

Renningen, Germany
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Chemical Supplier Central office
Glycergel® Mounting Medium Dako Hamburg, Germany
Hematoxylin Bio Optica Milan, Italy

Hoechst 33258 dye
Keratanase |

Live/Dead Cell Staining Kit Il

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazoliumbro-mid)

Non-essential amino acids (NEAA),
Papain
PBS (Dulbecco A)

Penicillin/streptomycin (100 U/ml penicillin, 0.1
mg/ml

streptomycin)
Pepsin (Digest All™-3)
Phosphate buffered saline (Dulbecco A) tablets

Photoinitiator Irgacure 2959

Proteinase K (Digest-All 4)

Sulfo-NHS-LC-Diazirine (sulfosuccinimidyl 6-(4,4-
azipentanamido)hexanoate)

Terralin Liquid® disinfectant

Tissue-Tek® O.C.T. compound

Trypsin-EDTA 0.25%
Tween® 20

Type Il Collagenase
Xylene
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Polysciences
Seikagaku

PromoKine

Serva
Electrophoresis

Thermo Scientific
Worthington
Thermo Scientific

Thermo Scientific

Invitrogen,
Thermo Scientific

BASF

Life Technologies

Thermo Scientific

Schiilke

Sakura Finetek

Life Technologies
AppliChem
Worthington
VWR

Warrington, USA
Tokyo, Japan

Heidelberg,
Germany

Heidelberg,
Germany

Waltham, USA
Lakewood, USA
Waltham, USA
Waltham, USA

Karlsruhe, Germany
Waltham, USA

Ludwigshafen,
Germany

Karlsruhe, Germany

Waltham, USA

Norderstedt,
Germany

Zoeterwonde,
Netherlands

Karlsruhe, Germany
Darmstadt, Germany
Lakewood, USA
Poole, UK
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2.4 Antibodies

Table 4: Overview of used antibodies.

Antibody Type/Source Application/Dilution Supplier

Alexa Fluor™ 488 Polyclonal IgG IHC: 1:400 Jackson Immuno (111-

anti-rabbit goat 545-003)

Alexa Fluor™ 488 Polyclonal IgG FC: 1:400 Jackson Immuno (112-

anti-rat goat 545-003)

Anti CD44 Monoclonal 1gG FC 1:100 Abcam (ab119348)
rat

Anti-Aggrecan Monoclonal IgG IHC 1:300 Thermo Scientific
mouse (Clone 969D4D11)

Anti-Collagen | Polyclonal IgG IHC 1:800 Abcam (ab34710)
rabbit

Anti-Collagen Il Monoclonal 1gG IHC 1:100 Acris (Clone 11-4C11)
mouse

Anti-Collagen X Monoclonal I1gG IHC 1:200 eBioscience (Clone
mouse X53)

Anti-CTX-ll Polyclonal IgG IHC 1:200 USCN Life Science
rabbit

Anti-MMP13 Polyclonal IgG IHC 1:100 Abcam
rabbit

Cy™3 anti- Polyclonal IgG IHC: 1:400 Dako (22-165-003)

mouse donkey

Cy™3 anti-rabbit  Polyclonal IgG IHC: 1:400 Jackson Immuno (711-
goat 165-152)

DAB Enhancer -- -- Dako (P05022)

Kit EnVision

HRP anti-mouse  Polyclonal IgG IHC 1:1,00 Dako (P0161)
rabbit

HRP anti-rabbit Polyclonal IgG IHC 1:1,00 Dako (P0448)
goat

IgG1 isotype Polyclonal IgG IHC: according to primary Dianova Clone pAK

control rabbit antibody concentration (DLN-13121)

IgG1 negative Polyclonal IgG IHC: according to primary Dako (X0931)

control mouse antibody concentration
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2.5 Hydrogel Components

Table 5: Overview of hydrogel components.

Component

Specification

Aprotinin from bovine lung

Fibrinogen from bovine plasma

HA-SH

Low-Melt Agarose

P(AGE/G)

PCL scaffold

PEODamide

P EODester

PMODamide

P M o Dester

TissuCol Duo S
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Lyophilized powder, 3-8 TIU/mg solid; Sigma-Aldrich, Munich,
Germany

Type |I-S, 65-85% protein (275% of protein is clottable); Sigma-
Aldrich, Munich, Germany

Thiolated hyaluronic acid was synthesized at the Department for
Functional Materials in Medicine and Dentistry (FMZ), University
Hospital Wiirzburg with a Mn=1.58MDa and 58% SH-functionality
(HA-SH; AK Groll, Wirzburg, Germany).

Carl Roth, Karlsruhe, Germany. Melting temperature <65,5 °C,
gelation temperature <28 °C,

Linear allyl-modified poly(glycidol) was synthesized at the FMZ
with a M,=4760 Da and 10% allyl-functionality (P(AGE/G); (AK
Groll, Wirzburg, Germany).

3D-printed thermoplastic poly(e-caprolactone) (PCL) with grid
structure fabricated at the FMZ.

PEtOx-co-ButEnOx (POx, EtOx building block) was synthesized at
the FMZ with 91.5 repeating units and 6.6 % allyl-functionality.
The polymer was functionalized with 4.6 % catechol groups using
an amide-based chemistry (AK Groll, Wiirzburg, Germany).

PEtOx-co-ButEnOx (POx, EtOx building block) was synthesized at
the FMZ with 91.5 repeating units and 6.6 % allyl-functionality.
The polymer was functionalized with 4.3 % catechol groups using
a ester-based chemistry (AK Groll, Wiirzburg, Germany).

PMeOx-co-ButEnOx (POx, MeOx building block) was synthesized
at the FMZ with 79 repeating units and 10 % allyl-functionality.
The polymer was functionalized with 8.7 % catechol groups using
an amide chemistry (AK Groll, Wiirzburg, Germany).

PMeOx-co-ButEnOx (POx, MeOx building block) was synthesized
at the FMZ with 79 repeating units and 10 % allyl-functionality.
The polymer was functionalized with 5.3 % catechol groups using
an amide chemistry (AK Groll, Wiirzburg, Germany).

Baxter, Unterschleifheim, Germany; Component 1: Fibrinogen:
70-110 mg/ml, Faktor XlIl: 10-50 I.E./ml, plasma fibronectin:
2-9 mg/ml, aprotinin (bovine): 3 000 KIE/ml, Component 2:
thrombin (human): 500 I.E./ml, calcium chloride: 5,88 mg/ml
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2.6 Cell Culture Media

Table 6: Overview of used culture media.

Medium

Composition

Chondrocyte proliferation
medium

Cartilage growth medium

Chondrocyte cryopreservation
medium

Dulbecco’s Modified Eagle’s medium high glucose 4.5 g/| (DMEM)
supplemented with 10 % FBS, 100 U/ml penicillin and 100 mg/ml
streptomycin.

Dulbecco’s Modified Eagle’s medium high glucose 4.5 g/| (DMEM)
supplemented with 10 % FBS, 10 mM HEPES, 0.1 mM non-
essential amino acids (NEAA; Thermo Fisher Scientific, Waltham,
USA), 0.4 pg/ml L-proline, 50 mg/I L-ascorbic acid 2-phosphate
sequimagnesium salt hydrate, 100 U/ml penicillin and 100 mg/ml
streptomycin.

Chondrocyte proliferation medium, supplemented with 5%
DMSO

2.7 Buffers and Solutions

Table 7: Overview of used buffers and solutions.

Buffer / Solution

Composition

Blocking solution (IHC)
Buffered formalin
Chloramine T solution

Collagenase buffer

DAB solution

DMMB solution

FC buffer

Hoechst 33258 stock solution

1.5% BSA dissolved in PBS.
3.7% formalin (37% stock solution) diluted in PBS.
141 mg chloramine T, 8 ml citric acid buffer, and 1 ml 2-propanol.

0.1 M Hepes, 0.12 M NaCl, 0.05 M KCl, 0.001 M CaCl;, and 0.005 M
glucose are dissolved in ddH;0. Adjust carefully to pH 7.4 and store
at 4 °C. For digestion freshly add 10% FCS and 0.15 % type Il
collagenase from Clostridium histolyticum and sterilized with a
0.2 um bottle top-filter.

1.5 g p-dimethylamino-benzaldehyde (DAB), 6 ml 2-propanol, and
2.6 ml 60 % perchloric acid.

16 mg dimethylmethylene blue (DMMB) is dissolved for 16 h in
5 ml absolute ethanol. Afterwards, it is added to a prepared NaCl-
glycine solution, consisting of 900 ml ddH20, 3.04 g glycine, 2.37
g NaCl. Adjust to pH 3.0 and bring volume to 1 | with ddH20.

1 % BSA is dissolved in PBS.

2 mg/ml is dissolved in ddH-0.
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Buffer / Solution

Composition

Papain digestion buffer

PBE buffer

PBS
PBST
TEN buffer

Thrombin dilution buffer

L-ascorbic acid 2-phosphate
sequimagnesium salt hydrate
stock solution

L-proline stock solution
PBE/Cysteine buffer

Safranin O (SafO) staining
solution (0.1 %)

Fast green staining solution
(0.02 %)

Hoechst 33258 stock solution

Hydroxyproline stock solution

2.8 Software

Table 8: Overview of used software.

20 ml PBE buffer, 17 mg L-cysteine, 2U/ml papain, and sterilize
with a 0.2 um syringe-filter.

6.53 g Na;HPO4, 6.48 g NaH,P0O., 10 ml 500 mM EDTA in 900 ml
ddH,0. Adjust to pH 6.5 and bring volume to 1 | with ddH,0 and
sterilize with a 0.2 um bottle top-filter.

10 PBS (Dulbecco A) tablets are dissolved in 1 L ddH,0.
0.1% Tween® 20 dissolved in PBS.

0.1 M NaCl, 1 mM EDTA, 10 mM Tris is dissolved in ddH,0; adjust
to pH 7.4.

40 mM CaCl,, 171 mM NaCl and 40 mM glycine dissolved in
ddH,0. Adjust to pH 7.4.

50 mg/ml L-ascorbic acid 2-phosphate sequimagnesium salt
hydrate dissolved in PBS and sterile filtered.

40 mg/ml L-proline dissolved in PBS and sterile filtered.
0.85 mg/ml L-cysteine dissolved in PBE.

1 mg/ml safranin O dissolved in ddH>0.

0.2 mg/ml fast green dissolved in ddH,0.

mg/ml Hoechst 33258 dye dissolved in ddH,0.

1 mg/ml Hydroxyproline dissolved in PBE/Cysteine buffer

Software/Version Supplier Central office
Origin 2018b Pro OriginLab Northampton, USA
Microsoft Office 2016/365 Microsoft Redmond, USA

Inkscape v.0.92
CellSense™ 1.16
FlowJo v.10.0.7
Chemdraw 20.0
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Open source

Olympus Hamburg, Germany
Treestar San Carlos, USA
PerkinElmer Waltham, USA
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3 Methods

3.1 Cartilage Isolation

The donor tissue used to generate the cartilage slices was extracted from the hind legs of pigs.
The pigs were between 8 and 12 weeks old and were sourced from a regional slaughterhouse
(Metzgerei Hollerbach, Rimpar, Germany). The animals were under the legally required veterinary
control. After slaughter, the knees were cooled and processed within a few hours. During animal
separation, care was taken to ensure that the joint capsule remained intact so that the cartilage could
neither dry out nor be damaged and contamination was prevented. The further cartilage isolation
procedures were conducted aseptically in the laboratory. To open the joint capsule, a lateral
capsulotomy was performed, while preserving the cartilage surface. For a better overview of the knee
anatomy see Figure 1. After draining the synovia, the articular surface of the tibia (lateral condyle) was
carefully incised with a scalpel and then removed by lever movements using a blunt spatula. This step
was carried out with high care to prevent damaging to the cartilage tissue. During the work on the
open knee, 1 % penicillin and 1 % streptomycin in PBS was used to keep the cartilage surface moist
and to prevent possible contamination of the tissue culture. The isolated cartilage pieces were stored

or kept moist in a Falcon tube filled with PBS until further processing (cutting, punching).

3.2 Fabrication of the Cartilage Disc/Ring Model

The establishment of the disc/ring model was performed cooperatively with two medical doctoral
students and a detailed description of the methodology can be found in their respective

dissertations 1%2°*, The main points are described below.

After cartilage extraction, a cartilage cylinder with a diameter of 6 mm was punched out of the
cartilage surface using a biopsy punch. During the excision, it was very important to consider the
anatomical shape of the cartilage and thus taking the samples from suitable condyle locations
providing sufficient cartilage thickness. As a next step, the cartilage cylinders were cut to unified
heights using a custom-made trimming device and razor blades (see Figure 8). The trimming device
has different slits, which allowed parallel cuts superficially and basally to be made at different
distances. In this way it was reproducibly possible to remove the uppermost cartilage layer as well as

calcified layers.
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Razor blade Cut cartilage cylinder

1mm 1mm 1mm 1mm

- - - > - > - >

Figure 8: Custom-made cutting tool for sectioning superficial and deep-layer zones from isolated cartilage cylinders.

Accomplished, this method ensured that the cartilage discs produced were predominantly from
the middle layer of articular cartilage. For cartilage constructs used in gluing experiments, a fine line
with pathological dye, which does not diffuse into the tissue, was carefully drawn on one surface in
order to be able to recognize the zonal alignment of the cartilage pieces in the further procedure (see
Figure 9 upper image). This line was later used as a reference point for reinserting the detached
cartilage part and guaranteed that the cartilage core could be glued back into the ring with the correct
surface and alignment. The marked cartilage disc was inserted into the custom-made punching device

made to punch out a centered middle section (see Figure 9 lower image).

A biopsy punch (3 mm diameter) was then used to separate the cartilage core. It was thus possible
to achieve a reproducible, central and right-angled punching of the middle section. At the end of the
working steps, a cartilage ring with an outer diameter of 6 mm, as well as a core disc with a diameter
of 3 mm were available and related parts (disc with correlating ring) were stored in individual culture
plate wells to avoid mixing. In the further course of the procedure, the cartilage core could be re-

inserted or glued into the cartilage ring using a bioadhesive (see Chapter 3.6). Alternatively, for
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biomaterial integration studies, the cartilage core can be disposed and the inner lumen be filled

exclusively with a biomaterial (see Chapter 3.9).

Marked cartilage cylinder Disc

Ring

Figure 9: Marking and punching of cartilage disc/ring construct.

3.3 Fabrication of Cartilage Sandwich Constructs

Porcine cartilage discs with a diameter of 6 mm were fabricated as described before (see
Chapter 3.2). In order to obtain a layered construct, about 20 ul of an adhesive material or a hydrogel
was applied with a pipette on the sagittal interface of the cartilage disc. A second cartilage disc was
put on top of the material. Then the intermediate material was cured with the respective mechanism

to obtain a three-layer construction

3.4 Isolation and Culture of Chondrocytes

Articular cartilage tissue samples were isolated from porcine knee joints as described in

Chapter 3.1. A scalpel was used to remove the calcified parts of the cartilage tissue. Following cell
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isolations steps were conducted under sterile conditions and under laminar airflow. The articular
cartilage samples were transferred to petri dishes, moistened with PBS and minced with razor blades
to pieces (< 1 mm?). The cartilage pieces were then transferred to a 0.15 % collagenase Il solution with
a ratio of 10 ml digestion solution per each gram of cartilage. Enzymatic digestion was allowed for 16 h
at 37°Con an orbital shaker. In the following, the digestion solution was filtrated through a 40 um cell
strainer, before a two-times washing procedure including centrifugation (320 g, 10 min) and
resuspending the cell pellet in PBS. The washed cell pellet was resuspended in chondrocyte
proliferation medium and the cell yield was determined. The freshly isolated chondrocytes (PO) were
either used directly in subsequent experiments or transferred to chondrocyte cryopreservation
medium with a cell density of about 1 Mio/ml and stored in liquid nitrogen until further use. For the
cultivation of chondrocytes thawed or freshly isolated chondrocytes were resuspended in chondrocyte
proliferation medium and plated in culture flasks with a density of about 10000 cells/cm?. Cells were
harvested by trypsinization and used for experiments or cultivation of further passages under

aforementioned conditions.

3.5 3D Cell and Tissue Culture

For the in vitro cultivation of cartilage and chondrocyte-seeded hydrogel constructs (see also
Chapter 3.9), the constructs were placed in sterile well plates (48-well for disc/ring and hydrogel
constructs, 24-well for cartilage sandwich constructs). For the creation of chondrocyte pellets,
chondrocytes (passage 1) were suspended in cartilage growth medium. 2 x 10°cells were seeded per
well in 96-well plates (conical bottom), centrifuged at 300 g for 5 min, and allowed to form dense cell
pellets overnight in an incubator (37°C, 5 % CO,, 21 % O,). The plates were placed in an incubator and
were cultivated under normoxic conditions at 21 % 0,/5 % CO, by default. In specific cases, separate
constructs were cultivated under hypoxic conditions (2 % 02/5 % CO,) in a different incubator with
otherwise unchanged parameters. Constructs were maintained in vitro with cartilage growth medium
for durations as indicated for the respective experiments (up to six weeks). In experiments with
chondrocyte pellets the ascorbic acid content of the cartilage growth medium was adapted. The
medium was either deprived of ascorbic acid (w/o ascorbate) or supplemented with 50 pug/ml or

100 pg/ml ascorbic acid. Medium was exchanged every two to three days in all experiments.
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3.6 Gluing of Disc/Ring Constructs

Freshly isolated cartilage discs and rings (see Chapter 3.2) were used for gluing experiments. In an
aseptic working environment, the individual cartilage pieces were removed from the isotonic saline
solution and excess liquid was absorbed with a paper towel before the cartilage pieces were placed on
a Teflon pad. About 7 ul of the respective adhesive was pipetted into the inner lumen of the cartilage
ring for initiating the gluing. The corresponding inner cartilage core was then immediately pressed into
the cartilage ring, taking care to ensure the best possible original alighnment with the aid of the marking
line. Spilled adhesive liquid was collected with a paper tissue. Glued constructs were transferred into

48 well plates with sterile PBS and cultivated submerged until subsequent measurements.

3.6.1 BioGlue®

BioGlue® is a two-component adhesive consisting of BSA (bovine serum albumin) and
glutaraldehyde. This commercially available surgical adhesive is approved for the treatment of aortic
dissections. For the clinical application, a 45 % BSA in PBS solution and a 10 % glutaraldehyde in PBS
solution are prepared separately in a two-chamber syringe. The mixing of the two components is done
by a special syringe tip. For practical reasons the two components were prepared with the raw
substances before the experiments as described earlier 2°. For the application as cartilage adhesive,
the BSA solution and the glutaraldehyde solution were carefully mixed with a pipette in a ratio of 4:1
and then applied to the cartilage surface. The constructs were allowed to polymerize for 10 min at

37°C, 5% CO2.

3.6.2 Fibrin Glue

Fibrin is derived from blood clotting agents, in particular fibrinogen, Factor Xlll and thrombin.
Depending on its composition also an antifibrinolytic agent (aprotinin) and calcium chloride may be
included in the formulation. The starting material for the experiments performed here was fibrin glue
consisting of two ready-mixed solutions (shortly referred to “fibrinogen solution” and “thrombin
solution”). By thorough pipette-mixing in a ratio of 1:1 the polymerization is started, and an adhesive
hydrogel is formed. The fibrin constructs were allowed to polymerize for 30 min in an incubator at

37°Cand 5 % CO,.
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3.6.2.1 TissuCol

The commercially available TissuCol Duo S Kit served as basis for the generation of TissuCol
adhesive hydrogels in conducted experiments. The individual components were prepared according

to the manufacturer's instructions and then fractioned into aliquots and stored at -28°C until use.

3.6.2.2 Long-term Stable Fibrin

To further investigate cartilage integration with fibrin. Variations of fibrin formulations with long-
term stability were included to the experiments. The composition of the stable fibrin gels was
described earlier by our group '?2. Bovine fibrinogen was dissolved in 10,000 KIU/ml aprotinin (from
bovine lung) solution. To study the influence of fibrinogen concentration we used either a 50 mg/ml
or a 100 mg/ml stock solution resulting in hydrogels with total fibrinogen content of 25 mg/ml or
50 mg/ml, respectively (referred as stable fibrin (25/50) in the course of this document). For the
preparation of the thrombin solution, components of the TissuCol Duo S Kit were used. Thrombin was
prepared at a concentration of 5 U/mlin 40 mM CaCl, (500 U/ml thrombin stock diluted 1:100 in Baxter
dilution buffer containing 40 mM CaCly). This preparation procedure resulted in final CaCl, and

thrombin concentrations of 20 mM and 2.5 U/ml, respectively.

3.6.3 Diazirine Enhanced Bonding of Fibrin Glue

In order to provide a larger number of binding moieties on the cartilage surface, the harvested
disc/ring cartilage samples were functionalized with a photoreactive diazirine group. To achieve this,
a heterobifunctional diazirine was chosen that can bind to free amines on the cartilage surface via the
NHS group, whereby an additional charge (sulfo group) prevents possible diffusion into the cytoplasm
and thus undesirable side reactions. To further enhance the binding efficiency of the diazirine molecule
to the cartilage, a pre-treatment with Chondroitinase ABC (Ch-ABC) was conducted with separate
experimental groups. The affected constructs were incubated for 20 min in a 1 U/ml Ch-ABC solution
at 37°C, then rinsed three times with sterile PBS. Small aliquots of the NHS-diazirine were freshly
dissolved in sterile PBS to obtain a 10 mM solution, of which about 10 ul were carefully applied to the
defect interface of the cartilage disc and ring with a pipette and then incubated in the dark in a humid
chamber for 10 min. The disc/ring constructs primed in this way were afterwards rinsed in sterile PBS
three times and then either directly assembled or additionally treated with fibrin glue (long-term
stable formulation with 50 mg/ml fibrinogen, see also Chapter 3.6.2). The assembled constructs were

then illuminated from both sides for 10 min each with a UV hand lamp (365 nm) to start the diazirine
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reaction. Fibrin treated constructs were additionally incubated for 30 min at 37°Cin a humid chamber

afterwards to ensure complete crosslinking of the fibrin.

3.6.4 Ruthenium Crosslinked Fibrinogen (RuFib)

A 100 mg/ml fibrinogen stock solution was prepared aseptically and stored at -20°C in the dark
until use. Sodium persulphate (SPS) was freshly prepared as a 0.5 M stock in water. Ruthenium
trisbipyridyl chloride [Rull(bpy)s]?* (partially named ruthenium complex or abbreviated as “ruthenium”
in the course of this document) was prepared as a 50 mM stock solution in water, aliquoted to 20 ul
portions and stored in the dark at -20°C until use. All subsequent steps were carried out in a darkened
room and the solutions were additionally protected from light with aluminum foil. An adhesive
precursor solution was mixed under addition of sterile PBS, resulting in final concentrations of
50 mg/ml fibrinogen, 2 mM [Rull(bpy)s]** and 20 mM SPS. The adhesive precursor solution was
pipetted into the lumen of the cartilage ring and the corresponding cartilage disk was inserted. The
adhesive was then cured by placing the constructs under a blue-light LED hand lamp at a distance of

10 cm for 30 s from both sides.

3.6.5 Poly(oxazoline)s/Fibrinogen Adhesives

Based on the here presented work, the use of poly(oxazoline)s/fibrinogen adhesive hydrogels in

d 2°, Poly(2-alkyl-2-oxazoline) (POx)-based polymers

cartilage treatment was recently publishe
equipped with L-DOPA functional groups as mussel-inspired adhesion moieties (labelled PEOD or
PMOD) were synthesized in cooperation with the Department for Functional Materials in Medicine
and Dentistry (FMZ), University Hospital Wirzburg. Starting from two different precursor polymers,

adhesive components with different catechol functionalization were obtained.

Depending on the used POx in the final hydrogel formulation different amounts of reactive
moieties and different degradation profiles are obtained. The adhesive precursor solution was
prepared by addition of fibrinogen to a PMOD or PEOD stock solution in PBS. Polymerization was
initiated by mixing a small amount of 300 mM sodium periodate (NalQ,) in PBS to the PMOD/PEOD-
fibrinogen solution. The overall polymer concentration was 7.5 % (w/v), fibrinogen was concentrated
at 7.5 % (w/v) and the sodium periodate concentration was 60 mM in the final adhesive. Because of
the fast polymerization reaction, the adhesive precursor was placed in the lumen of the cartilage ring

and polymerization in contact with the cartilage was started by adding the periodate before plugging
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in the cartilage disc. Adhesives were allowed to cure for 30 min on PBS-soaked tissue paper in a humid

chamber at 37°C.

3.7 Adhesive Strength Measurement

The establishment of this measurement was performed cooperatively with two medical doctoral
students and a detailed description of the methodology can be found in their respective

dissertations %6254, The main points are described below.

For biomechanical adhesive strength measurements, a Zwick 2020 testing machine (Zwick Roell,
Ulm, Germany) was utilized. Load was applied to the central 3 mm core of the constructs using a
plunger. A custom-made sample holder functioned as alignment unit thus allowing for a centered

contact point while the annulus rested on a rigid ring with a center hole (see Figure 10).

90° Plunger

Alignment
unit

Sample

90°|

Figure 10: Schematic illustration (left) and photograph (right) of the push-out setting used in biomechanical testing of

cartilage integration strength.

All specimens were tested to failure with a displacement rate of 0.5 mm/min and the axial force
was recorded with a 100 N load cell. The exact height of each construct (h) was measured with an
indicating caliper to an accuracy of 0.01 mm. Together with the uniform radius of the punched out
defect (r = 1.5 mm) and the individually determined sample height, the interface area was calculated
using the lateral cylindrical area formula (2 * t * r * h). The adhesive strength was calculated with the

recorded peak push-out force divided by the interface area as follows:

Force at failure (Fmax ; N
Adhesive strength [kPa] = 1000 X f ( )specimen [N]

Interface areaspecimen [MM?]
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3.8 Flow Cytometric Characterization of Chondrocytes

Flow cytometry was used to analyze the existence and quantity of the cell surface receptor CD44
in isolated chondrocytes. Chondrocytes were resuspended in FC buffer and viable cells were counted
(trypan blue exclusion). 1 x 10° cells were transferred to FC tubes, washed twice with 1 ml FC buffer
and centrifuged (400 g, 4°C, 7 min). FC receptor blocking solution (5 % goat serum, FC buffer) was
added for 20 min at 4°C. After washing with FC buffer, cells were incubated with monoclonal antibodies
against CD44 (Jackson Immuno) for 25 min at 4°C; a corresponding isotype control was employed.
Afterwards, cells were washed two times with FC buffer and incubated with the secondary (goat)
antibody (Alexa 488) for 20 min at 4 °C in the dark. Stained cells were washed twice prior to analysis
using a FACSCanto flow cytometer (BD Biosciences, Palo Alto, USA). One tube of unstained cells was
used to adjust the settings of the flow cytometer. Data analysis was carried out using FlowJo v.10.0.6

software (Treestar, San Carlos, USA).

3.9 Preparation of Hydrogels

Hydrogels were either prepared for cell culture experiments with or without cells or for material
characterization. For this purpose, 40 pul gels were fabricated using glass/Teflon rings or silicone molds.
In order to investigate integration of a distinct hydrogel material with cartilage tissue, about 15 — 20 pl
hydrogel solution were pipetted into the lumen of a cartilage ring (see also Chapter 3.2) and cured in
direct contact, thus using the cartilage as a mold. For respective controls, the hydrogels were cured in
Teflon or silicon molds and then plugged into the cartilage ring to create a composite construct. Cell-

laden hydrogels were prepared so that a final cell concentration of 15 x 10%/ml was achieved.

3.9.1 Preparation of Fibrin Hydrogels

TissuCol or long-term stable fibrin gels were prepared the same way as when used as cartilage

glue and as described in Chapter 3.6.2.

For the preparation of cell-laden fibrin hydrogels, pelleted cells were resuspended in the diluted
fibrinogen solution, and equal volumes (1:1) of diluted thrombin and cell-containing fibrinogen were

mixed. Fibrin gels were allowed to polymerize for 30 min at 37°C, 5 % CO..
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3.9.2 Agarose

A stock solution of 4 % (w/v) Low Melt Agarose was prepared, sterilized and stored as aliquots at
4°C in the dark until further use. For the generation of hydrogels an aliquot of agarose was melted at
70°C and then equilibrated to 40°C. Cell-free hydrogels were fabricated by mixing the liquid agarose
1:1 with sterile PBS (37°C). For cell-laden hydrogels instead PBS a cell suspension in culture medium

was used. Hydrogels were solidified by cooling for 10 min at 4°C in a refrigerator.

3.9.3 Thiol-Ene Clickable Hyaluronic Acid-based Hydrogels

Allyl-functionalized poly(glycidol)s (P(AGE/G)) and thiol-functionalized hyaluronic acid (HA-SH)

were synthesized as described before ¥

and were provided by the Department for Functional
Materials in Medicine and Dentistry (FMZ), University Hospital Wirzburg. 10 % (w/v) (5 % P(AGE/G)
and 5 % HA-SH) hydrogel solutions, containing 0.05 % (w/v) photoinitiator Irgacure, were prepared.
The pH of the slightly acidic hydrogel solutions was neutralized with 5M NaOH. For the generation of
cell-laden hydrogels, the respective cell number was pelleted by centrifugation and subsequently
resuspended in the hydrogel precursor solution. To investigate the influence of a structural support
scaffold within the hydrogel on cartilage integration outcome, a rigid thermoplastic poly(e-
caprolactone) (PCL) was used. Cylinders of a 3D-printed PCL grid (provided by the FMZ) were obtained
by punching with a sharp biopsy punch. The PCL scaffold was then placed inside the cartilage ring

before the hydrogel solution was added. In order to cure the constructs, the hydrogel precursor

solution was UV irradiated with an UV hand lamp VL-4 at 365nm for 10 min (~1mW/cm>).

3.94 Poly(oxazoline)s/Fibrinogen

Poly(oxazoline)s/fibrinogen gels were prepared the same way as when used as cartilage glue and
as described in Chapter 3.6.5. 50 pl gels with varying POx concentrations, a fixed fibrinogen
concentration (5 % / 50 mg/ml) and a sodium periodate concentration of 60 mM were prepared in

silicone molds (diameter 4 mm or 6 mm) and stored in sterile PBS until further investigations.

3.9.4.1 Determination of Swelling Behavior

The swelling behavior of POx/fibrinogen hydrogels was determined by weighing the hydrogel
specimens (6x2 mm) before they were immersed into PBS (wo) and stored at 37 °C. The weight of the

same hydrogel specimen (w;s) was recorded at the specific time points (d1, d3, d7, d14, d21), for which
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they were taken out of solution and blotted on tissue paper to remove excess PBS. The percentage of
swelling was calculated as follows: Swelling (%) = (Ws-wo)/wWo x 100. All measurements were performed
in triplicate. Additionally, at each timepoint macroscopic images of the hydrogels were taken with a
Zeiss SteREO Discovery.V20 stereo microscope (Carl Zeiss, Jena, Germany) or an portable microscope

camera DigiMicro Profi (dnt, Dietzenbach, Germany).

3.94.2 Determination of lodine Release

In the POx/fibrinogen hydrogel formation process, periodate is reduced to iodine. Over time,
brown iodine was released from the hydrogels indicating network degradation. To record the iodine
release, hydrogel discs (6 x 2 mm) were incubated over three weeks in 2 ml of PBS at 37°C;
measurements were performed in triplicate. A sample of 50 ml was withdrawn and diluted with
0.950 ml deionized water for the measurement. After each sample withdrawal, 50 ml of fresh PBS was
added to the hydrogel. The UV/Vis spectrum of the diluted sample solution was recorded between 200

and 600 nm on a Genesys 10S Bio spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

3.10 Determination of Elastic Modulus

The elastic modulus, also Young’s modulus, was measured using a dynamic electromechanical test
instrument (ElectroForce 5000, TA Instruments, Eden Prairie, MN, USA) with a load cell of 250 g. The
specimens were compressed with a speed of 0.0025 mm/s until a displacement of -1.25 mm. cylinders
of the respective hydrogel formulation with a dimension 4x4 mm were measured. A sliding caliper was
used before each measurement to record the dimensions of each specimen. The strain was calculated
by dividing the displacement during the measurement by the original height of the specimen before
compression. The load was converted from Gram into Newton by multiplication with the gravitational

acceleration (9.81 m/s?). The true stress was then calculated as follows:

height ; mm/| — displacement [mm
true stress [MPa] = load [N] X Ghtspecimen[mm] p [mm]

v0lumespecimen [mm3]

The Young’s modulus was obtained by plotting the strain versus the true stress and applying a
linear fit from 0.1 to 0.2 strain. The Young’s modulus of each specimen was calculated from the slope

of the linear fit.
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3.11 Cell Viability Assays

3.11.1 Live/Dead Staining

Cell viability was evaluated using a live/dead cell staining kit from PromoKine (Heidelberg,
Germany). At the observation timepoints as mentioned in the respective result section, whole cartilage
constructs or hydrogels were washed three times with PBS and stained by applying 0.5 ml of staining
solution containing 4 uM ethidium bromide homodimer Il (EthD-1ll) and 2 uM calcein acetoxymethyl
ester (calcein-AM) in PBS. After 1 hour, the dye was removed and the specimens were washed with
PBS. From the native cartilage samples, thin slices were made at right angles to the integration
interface using razor blades. Hydrogels were investigated without further processing. The specimens
were subsequently viewed under an inverse fluorescence microscope (ex/em 460-490 nm/520 nm and
ex/em 510-550 nm/590 nm, respectively) and the resulting images overlaid (Olympus cellSens™

Dimension Microscope Imaging Software; Olympus, Hamburg, Germany).

3.11.2 MTT Staining

Articular cartilage disc/ring composites were incubated for 24 h in cartilage growth medium after
adhesive treatment. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was used to
stain cells for their metabolic viability. Culture medium was removed and MTT solution (1 mg/ml in
PBS) was added to the constructs and further cultured with 5 % CO2 at 37 °C for 4 h, allowing the
yellow dye to be transformed into dark-blue formazan crystals by mitochondrial dehydrogenases. For
qualitative cytotoxicity evaluation, the disc/ring constructs were fixed in 3.7 % buffered formalin, snap-
frozen, cryo-sectioned to 12 um and covered in water-based mounting medium. Cell viability in the
tissue sections was assessed microscopically directly at the adhesive-treated defect interface. In order
to quantify cell viability in the bulk cartilage tissue, MTT-stained disc/ring samples were rinsed twice
with PBS (pH 7.4). Then, 400 ml dimethyl sulfoxide (DMSO) was added to dissolve the formazan
crystals. 200 ml of the supernatant were placed in a 96-well plate. The optical density of the solution
was recorded using a microplate reader (Infinite M200, Tecan, Crailsheim, Germany) at a wavelength
of 570 nm and normalized to the wet weight (mg) of the disc/ring sample. The mean value of control

constructs without adhesive treatment was taken as reference and set as 100 % viability
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3.12 Paraffin Sectioning

Samples for histological analyses were fixed in 3.7 % formalin in PBS overnight, rinsed two times
in PBS for 5 min and then embedded in paraffin. An automatic embedding machine was used for the
embedding. The following steps were performed for one hour each in a vacuum: 2 x formalin 3 %, 2 x
EtOH 80 %, 4 x EtOH absolute, 2 x xylene, 4 x paraffin. Cross-sections of 2 um thickness were collected

on Superfrost™ Ultra Plus glass slides (Thermo Fisher Scientific, Waltham, USA).

3.13 Histology and Immunohistochemistry

Before staining, the paraffin present in the construct must be dissolved out. This was achieved by
means of a descending alcohol series. The dewaxing was carried out according to the following
protocol: 3 x 3 min xylene, 3 x 3 min EtOH absolute, 2 x 3 min EtOH 90 %, 2 x 3 min EtOH 80 %, 1 x 3

min EtOH 70 %, 1 x 3 min EtOH 50 %, 2 x 3 min demineralized water.

3.13.1 Safranin O Staining for GAG

Sections of the constructs were stained for glycosaminoglycans with safranin O together with
Weigert’s hematoxylin and fast green %’. Briefly, sections were sequentially immersed for 5 min in
Weigert’s hematoxylin, 5 min under running tap water, 4 min in 0.02 % fast green, 10 sec in 1 % acetic
acid, and 6 min in 0.1 % safranin O, dehydrated in an alcohol series up to xylene, mounted with

Entellan® and images were captured with a microscope (Microscope BX51/DP71 camera).

3.13.2 Chromogenic Immunohistochemical Staining

Immunohistochemical staining was performed using the EnVision G|2 Doublestain System (Dako)
according to the protocol of the manufacturer with slight modifications. Prior to the blocking step with
1 % BSA in PBS for 30 min at room temperature to prevent unspecific binding, sections were incubated
in Proteinase K (Digest-All 4) for 10 min. Primary antibodies against collagen type Il (Col2), aggrecan
(ACAN) and collagen type X (ColX) were diluted in Antibody diluent Dako REAL and incubated
overnight. Samples were counterstained with Mayer’s hematoxylin for 3 min., dehydrated in an
alcohol series, cleared in xylene, and finally mounted with Entellan® and images were captured with a

microscope (Microscope BX51/DP71 camera).
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3.13.3 Fluorescence-Based Immunohistochemical Staining

Antigen retrieval was generally performed for using Proteinase K (Digest-All 4) for 10 minutes at
room temperature. Slides were washed three times in PBS for 3 min and all sections were blocked with
1 % BSA in PBS for 30 min at room temperature. Primary antibodies were diluted in Antibody diluent
Dako REAL. Antibodies against collagen type | (Coll), collagen type Il (Col2), aggrecan (ACAN) were
incubated overnight in a humidified chamber at room temperature. Immunohistochemical staining for
neoepitopes occurring after cleavage of collagen type Il by MMPs (crosslinked C- telopeptide of type
Il collagen, CTX-II neoepitope) was utilized by digestion of the slides with 0.1 units/ml protease-free
chondroitinase ABC and 0.1 units/ml of keratanase | (Seikagaku, Tokyo, Japan), prior to overnight
incubation with polyclonal rabbit antibody to CTX-Il). Slides were thoroughly washed with PBS, and a
Cy3-conjugated AffiniPure goat anti-rabbit secondary antibody (Jackson Immuno Research, West
Grove, PA, USA) was added for 2 h in the dark. Nuclei were counterstained with IS Mounting Medium
DAPI (Dako). Equivalent concentrations of species-matched immunoglobulins on identically treated
sections were used as negative controls. The stained slides were imaged using an Olympus BX51
fluorescent and bright-field microscope and the CellSens™imaging software from Olympus (Olympus,

Hamburg, Germany).

3.14 Macroscopical Imaging

Macroscopic imaging was performed either with a USB microscope (DigiMicro Profi; dnt®) using
the corresponding Micro Capture software on an LED light pad (HUION), a (stereo microscope Zeiss

SteREO Discovery.V20) or with a Sony RGBW sensor camera.

3.15 Scanning Electron Microscopy

Immediately after adhesive application and curing, the cartilage constructs were fixed in 5%
glutaraldehyde and 3.7 % formalin in PBS. Constructs were washed five times with PBS and gradually
dehydrated with acetone. Following that, constructs were critical point-dried and freeze-fractured in
liquid nitrogen. After sputter-coating with platinum, specimens were analyzed with a Zeiss Crossbeam
340 Scanning Electron Microscope (SEM) equipped with a GEMINI e-Beam column (Carl Zeiss, Jena,

Germany).
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3.16 Biochemical Assays

3.16.1 Papain Digestion

Prior to biochemical analysis, the respective constructs were digested using papain. Therefore,
the constructs were removed from medium, at indicated time points, and washed two times in PBS for
10 min, transferred into 2ml SafeSeal micro tubes, and 500 ul of sterile PBE-cysteine buffer was added.
In case of cell pellets, three pellets from the same experimental group were pooled in a single tube.
Subsequently, 500 ul of PBE-cysteine buffer containing papain 3U/ml was added to the homogenized
PBE/construct solution, and incubated for 10 h to 16 h at 60°C. The digested samples were stored at -

20°C until used in biochemical assays.

3.16.2 DNA Assay

For DNA content measurement, a solution of Hoechst 33258 DNA intercalating dye was used.
Therefore, 10 pl of papain digested samples were added to 200 pl of a Hoechst 33258 dye solution and
the DNA quantification was carried out with the Tecan GENios pro spectrofluorometer at 340nm and

465nm, using salmon testis as standard %,

3.16.3 GAG Assay

The amount of sulfated glycosaminoglycans (GAGs) was measured as chondroitin sulfate using the
dimethylmethylene blue (DMMB) assay adapted to 96-well plate format 2*°. Therefore, 10 pl of papain
digested samples were added to 40 ul of PBE-cysteine buffer and finally 200 ul DMMB solution were
added and the GAG amount was determined spectrophotometrically at 525 nm with a microplate

reader, using bovine chondroitin sulfate as standard.

3.16.4 Collagen Assay

The hydroxyproline content was determined spectrophotometrically after acid hydrolysis and
reaction with p-dimethylamino-benzaldehyde (DAB) and chloramine T. The hydroxyproline assay was
adapted to 96-well plate format ?%°. Therefore, 100 ul of 36 % HCl were added to 100 pl of papain
digested samples, and hydrolyzed for 16 h at 105°C. Afterwards, HCl was allowed to evaporate, and

pellets were resuspended in 500 pl ddH20. For quantification, 50 ul chloramine T solution, and 50 ul
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DAB solution were added to 100 ul of the water resuspended samples, and quantification was carried
out with the MRX microplate reader at 570 nm, using L-hydroxyproline as standard. The amount of

total collagen was calculated using a hydroxyproline to collagen ratio of 1:10 252,

3.17 Statistical Analysis

Statistical significance was assessed by one-way or two-way analysis of variance (ANOVA)
assuming confidence level of 95 % (p < 0.05) in conjunction with Bonferroni adjustment for multiple
comparisons. Statistical analysis was performed using Origin Pro, Version 2018b (OriginlLab,

Northampton, USA). Analyses were performed in triplicate, if not stated otherwise.
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4 Results and Discussion

4.1 Fabrication and in vitro Cultivation of Native Cartilage Tissue Explants
and Chondrocyte Pellets
In this chapter the production and cultivation of 3D tissue or cell culture models were investigated

to determine the suitability and applicability in subsequent experiments.

4.1.1 Fabrication and Characterization of Disc/Ring Test Model

For the investigation of lateral cartilage integration, a disc/ring model obtained from porcine
explants was chosen. With the use of custom-made devices, it was able to fabricate a standardized
cartilage tissue defect model with a centered defect. The reproducibility of this model and the
susceptibility to errors during its fabrication were investigated as part of the medical doctoral thesis
of two students (see dissertation Alexander Kossmann and Felix Kiepe, University of Wiirzburg 1°6:2>%),
By using sharp biopsy punches a lateral defect interface was introduced to a 6 mm cartilage disc. To
investigate the influence of punching on cell viability in the vicinity of the defect, constructs were
stained using both MTT and the live/dead assay (see Figure 11A and B). The constructs were cultivated
for 24 hours before staining in order to take into account later cell death by apoptosis. With the MTT-
colored constructs, a white border can be seen limited to the direct vicinity of the set defect. The
absence of a dark staining in this area indicates the absence or decrease of cell viability. In contrast,
the dark staining of the overall construct indicates that the majority of the construct has good vitality
24 hours after isolation. Microscopic examination of complete live/dead stained constructs proved to
be impracticable, as the thickness of the construct and the fluorescence intensity did not allow sharp
images of defined areas with the existing equipment. For this reason, it was necessary to prepare with
fresh razor blades the thinnest possible sections of the area to be examined after the constructs were
already stained (see Figure 11B). With this procedure, it could be shown that a necrotic area at the
punch channel occurs in a range of about 50 - 200 um. In the same radius, the CTX-Il marker also

revealed the lesion of collagen type Il fibrils in the extracellular matrix of native tissue (see Figure 11C).
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A

Figure 11: Classification of the lateral defect in the disc/ring model.

Microscopical captures of the defect interface after MTT staining (A). The areas marked with a box were stained in separate

constructs with the live/dead assay and examined with a fluorescence microscope (B). CTX Il staining of the lateral defect in

the disc/ring model (C).
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4.1.2 In vitro Cultivation of Native Cartilage Explants

A sufficient cell viability of the cartilage explants after isolation is crucial for the possibility to
conduct long-term experiments with these tissue constructs utilizing in vitro cultivation. During long-
term cultivation, it is also of particular interest how the whole cartilage tissue responses to certain
conditions. For that reason, full-thickness cartilage explants were harvested similar to a first step of
the disc/ring model fabrication, but without further punching or slicing. The obtained 6 mm cartilage
discs were in vitro cultivated for 21 days in cartilage growth medium that contains 10 % FCS as a
standard or medium were the FCS was substituted by 1% ITS premix. Visual evaluation of the
constructs after 21 days was supported by MTT staining. Between the two experimental groups it was
observed that the constructs that were cultivated with FCS had increased in mass and volume in
comparison to the ITS cultivated specimens. In both culture media the samples remained viable (see
Figure 12). A macroscopic comparison of the two groups suggests that FCS leads to an increased ECM
formation. It was particularly noticeable that in constructs cultivated with FCS, strong tissue growth
occurred in the deep zone and the calcified zone. Immunohistochemical staining for the Col X revealed
that areas in the calcified layer of constructs cultivated with FCS are positive for this hypertrophy

marker.

ITS FCS

Top view

Side view

Figure 12: Comparative evaluation of constructs cultured with ITS or FCS medium supplementation.

Macroscopic captures of MTT-stained full-thickness cartilage explants after 21 days in vitro cultivation in medium either
containing ITS or FCS supplementation (left). The area highlighted with a box (deep/calcified zone) showed partly positive in

a Col X immunostaining (right).
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4.1.3 Effects of Ascorbic Acid on Chondrocytes in a 3D Pellet Model

A widely used model for the investigation of cartilage related ECM formation under in vitro
conditions are chondrocyte pellets. In this chapter, isolated porcine chondrocytes were cultivated for
five days with chondrocyte proliferation medium in vitro. Afterwards the cells were trypsinized and
pellets of 2 x 10°cells were formed via centrifugation. The influence of ascorbic acid on the formation
of a cartilaginous phenotype of the pellets was investigated for up to 28 days. Groups without the
presence of ascorbic acid (w/o ascorbate) in the medium or with either 50 pg/ml or 100 pg/ml have
been split up. Samples of the different groups were harvested after 14 and 28 days of in vitro culture.
The constructs were stained for GAG with Safranin O (SafO) and for collagen type Il with

immunofluorescence. Results of the biochemical analyses are depicted in Figure 13B.

In the w/o ascorbate group the cell number decreased over the course of the cultivation period
as determined via pellet DNA contents after 14 and 28 days. A significant increase in cell number was
observed in both ascorbate containing groups after 14 days. The DNA content almost stagnated until
day 28 of the in vitro culture. In contrast to the ascorbate-deprived group significant increases in the
total GAG and collagen contents of the pellets was observed in the groups cultured with ascorbate
compared to dO values. In the 100 ug/ml ascorbate group, a decrease in GAG content from d14 to d28
was observed along with a sharp increase in total collagen content. At d14, the collagen content was
highest in pellets of the 50 ug/ml ascorbate group without any additional increase being observed. In
the 100 pg/ml, collagen deposition at d14 was less than in the 50 pg/ml group, but a strong increase
in the further course provided the highest total amount of collagen at d28 in this group. Normalized
to the DNA content, the GAG/DNA content was significantly higher in both ascorbate groups than in
the w/o ascorbate group. When both GAG and collagen synthesis are considered, the 50 ug/ml
ascorbate group showed a consistent increase already after 14 days, whereas collagen deposition in
the 100 pg/ml group picked up with a delay and was above the level of the 50 pg/ml group after 28
days, but with a weaker GAG signal. Also in the w/o ascorbate group, GAG and collagen deposition was
not completely eliminated, but due to the relatively lower cell number, the DNA normalized GAG and
collagen values should be interpreted with caution. The histologic and immunohistochemical images
(see Figure 13A) support the overall picture that ascorbic acid withdrawal from the medium prevents
pellet growth and hyaline ECM formation. Qualitatively similar increases in pellet sizes and their GAG

and collagen type Il content were detected in both ascorbate groups.
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Figure 13: Effect of varying ascorbic acid concentrations in 3D chondrocyte pellet culture.

Pellets were stained for GAG and collagen type Il (A). The effect on total DNA amount as well as total GAG and collagen per
sample (n=3 pellets) or normalized to DNA amount was examined biochemically after 14 and a are 28 days and compared to
the dO values (B). Data are presented as means * standard deviation (n= 3-5). (* = p < 0.05 between groups of different

concentrations, # = p < 0.05 to d0 and A = p < 0.05 between d14 and d28 of equal concentrations).
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4.1.4 Discussion

Articular cartilage damage is a major problem in the population and even small defects can
degenerate into osteoarthritis if left untreated. For decades, new treatment approaches were solely
tested in animal experiments. With the development of better cell and tissue culture facilities and the
fabrication of in vitro cartilage defect models, the spectrum of scientific methods has been greatly

expanded.
In vitro cartilage models

As in vivo models better mimic the natural surroundings of the knee joint, they are well suited for
observing the overall effects of a treatment. However, the non-defined environment with cellular and
molecular influences from the surrounding tissue also has its drawbacks. Investigating basic influences
of single factors on cartilage regeneration or integration necessitates more defined settings. Regarding
the evaluation of cartilage integration typical in vivo models commonly rely on the rating with
histological scores based on maintained cellularity and tissue continuity at the defect interface 3%,
Alternatively, experiments have been conducted with subcutaneous implantation of cartilage explants
into mice 159200262 For those cases the implantation site does not correspond to the environment of
the synovial joint and the presence of highly proliferative cells such as fibroblasts could harness
integration strength increases without building up functional hyaline cartilage tissue. In general, the
use of animal models can have further negative aspects like ethical difficulties, the need for personnel
experienced in animal handling and financial expenses. in vitro approaches never quite match the
actual environmental conditions in the joint, but their use also offers great advantages. Additionally to
structural evaluation of tissue responses, these models facilitate the implementation of biomechanical
tests to quantify cartilage integration strength 160162164168.263 " Although biomechanical analysis of
integrative repair has also been performed on samples retrieved from in vivo defects in the knee
joint 2%, the high practical effort makes this approach unsuitable for most studies on integrative
cartilage repair. The variation of animals, particularly the different mechanical exposures makes it

additionally hard to compare the findings of concerning studies.

Construct harvesting for histology and other evaluation methods is far plainer from in vitro
cultivation and the possibility to isolate required tissue material from the abattoir makes it ethically
less questionable. Inclusion of cell culture techniques and cartilage in vitro models vastly contribute to
a better understanding of cartilage integration processes and thus also overall cartilage repair. Defined
in vitro studies help to understand influences of single factors in the context of cartilage integration.
Over the years, different test models have been developed and a large number of studies have been

conducted that have expanded the basic understanding of cartilage integration and alternative
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treatment options. While considering how best to objectify or measure the adhesion strength of a
cartilage adhesive as a main goal for further experiments, various experimental setups were
considered. An in vitro push-out model was chosen. On the one hand, other research groups have

. 2 or also Hunter et al. 2°*. On the other

successfully demonstrated this concept, e.g. Obradovic et a
hand, the measuring plunger hitting the specimen perpendicularly corresponds most closely to the
force exerted on the joint surface by the body weight and by the typical motion sequence 2. These
disc/ring constructs were used in experiments with in vitro culture for several weeks under variable
conditions and the model also allowed histological analysis of the lateral defect interface both in the
sagittal (cross-section) and the transverse plane (en face). The feasibility to obtain an interface
between the disc and ring that is perpendicular to both the top and bottom surfaces of the composites
has been approved, which assures the collinearity of the interface axis with the mechanical testing
device’s plunger and eliminates potential artifacts 21#%>%, Non-collinearity could yield an overestimated
stress measurement resulting from the disk being pushed at an angle along the surface of the ring. In

order to prevent misalignments in the fabrication of the disc/ring model and the mechanical testing,

custom-made tools were utilized, facilitating a more accurate and reproducible evaluation.
Tissue viability

For reproducible and meaningful results, however, there are fundamental requirements for
in vitro models in general. In the long term, integrative cartilage repair is dependent on the formation
of hyaline cartilage matrix. The introduction of foreign cell types, e.g. by microfracturing, can lead to
the development of fibrocartilage, which differs from hyaline cartilage in structural composition and
mechanical resistance. Native cartilage tissue is avascular and has comparatively low proliferation and
regeneration capacities. For this reason, maintaining the cell vitality of the tissue is of particular
importance. In healthy cartilage tissue, chondrocytes ensure a constant turnover of the extracellular
matrix and through their ability to regenerate cartilage-specific ECM components, they can also
contribute to defect closure. For studies on immediate cartilage integration strategies, e.g. by means
of adhesives, the vitality of chondrocytes is rather unimportant. For the investigation of cartilage
integration over time, however, a high vitality of the tissue is required in order to be able to consider

the effects of ECM formation and cell metabolism in the evaluation.

The starting material for both the generation of the in vitro test models and the isolation of
chondrocytes for the experiments performed was porcine cartilage from a local slaughterhouse.
During the isolation of articular cartilage from the knee, careful attention was paid to ensure that the
joint capsule was not previously damaged, leading to contamination, desiccation, and ultimately

devitalization of the cartilage tissue.
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MTT and Live/dead staining were used to verify whether the isolation procedure used results in
vital cartilage tissue samples and whether in vitro culture conditions used maintained cell viability. The
tetrazolium salt MTT forms a yellow solution that is reduced to purple formazan in living cells. Cell
viability staining with MTT is also suggested by ISO 10993-5:2009 for the assessment of cytotoxicity in
medical devices. More recently, similar to the method applied here, MTT staining on a 3D tissue
construct (reconstructed human epidermis models) was validated for irritation assessment of medical
devices and included in the 1SO 10993-23:2021 standard. The Live/dead staining is a assay for
determining the viability of a cell population based on plasma membrane integrity and esterase
activity. In contrast to the MTT staining, its evaluation is via fluorescence-based microscopy. The
analysis of the wound edge revealed a clear band of cell death up to a depth of about 100 um from
the wound edge with isolated dead cells down to a depth of 200 um. The necrotic area also roughly
corresponds to the band in which damage to collagen fibrils could be observed via CTX-ll staining. (see
Figure 11C). The CTX-Il neoepitope is generated after MMP cleavage (MMP1, 3, 7, 9, 13) in the C-
telopeptide domain of type Il collagen fibrils, gives information about cartilage damage and is also used

as a marker for the progress in OA as CTX-Il levels are increased in the serum of patients 2223,

This is consistent with results for experimental wounding of cartilage in the literature 15>16>214.265,
It was shown that the extent of the necrotic zone also depends on mechanical influences. Wounds
made with a sharp scalpel showed restricted cell death compared to blunt wounds made with a
trephine 4. The problem of necrotic cells also exists in the treatment of large defects by cartilage
grafting and is comparable to the fabrication of the disc/ring model. Clinically, surgical preparation for
cartilage graft placement involves the removal of damaged cartilage that directly surrounds a lesion to
ensure that the graft is well shouldered by healthy tissue ®. The zone of cell death in isolated
osteochondral grafts has also been investigated comparing an isolation via a biopsy punch or via the
osteochondral autograft transfer system (OATS). In this study, the biopsy punch harvesting resulted in
a zonal death zone with a depth of 26 pum compared to 173 um with the OATS harvesting system °%,
However, when comparing the results of different studies and transferring them to the clinical
treatment of cartilage defects, various factors must be taken into account. Human articular cartilage
explants from healthy donors showed considerably less chondrocyte death in lesion edges than was
observed in bovine explants. Therefore, in human articular cartilage, the reduced amount of cell death
in reaction to wounding may require less adjustment for integrative repair. However, since
chondrocyte density in adult human cartilage is low compared with the cell density in most animal
models, increased densities of viable chondrocytes may improve integration in human cartilage as

well 163,
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The extend of cell death present in the clinical observation after trauma depends on the
magnitude and nature of load. Cell death after impaction on cartilage occurred around impact induced
cracks, but not in impacted areas without cracks 2. It is generally acknowledged that a decrease in
living chondrocytes is a major driving agent in the progress of osteoarthritis and stabilization of the
damaged area may prevent late sequelae that lead to OA. The in vitro cartilage disc/ring model
therefore well reflects the clinical situation of injured cartilage with the presence of cell death related
to tissue lesions and is a suitable model to investigate treatment approaches to improve regeneration.
The design of the disc/ring model also allows conclusions to be drawn about the integration
development of the damaged tissue via the possibility of microscopic and mechanical examination of
the wound interface. For example, by using this model it was shown that the number of viable cells
and improved cartilage-cartilage integration can be achieved by a brief activation of a catabolic

cascade via cytokines or the treatment with cell death inhibitors 1°%17%,
Culture conditions

Not only do harvesting or fabrication techniques of in vitro cartilage models influence cell viability
and ECM synthesis capacity, but also the conditions under which the constructs are cultivated. A
directly controllable factor in culture conditions is the composition of the medium. As a gold standard,
bovine serum is added to the medium for the culture of cartilage explants and chondrocytes. In
experiments with cartilage explants it was shown before that incubation in medium containing fetal
bovine serum stimulates the chondrocytes to increase synthesis and decrease degradation of matrix
proteoglycan. Reindel et al. additionally reported the filling of the defect gap in their used single-lap
model with an acellular matrix. After 3-6 weeks in vitro culture cells began to populate the newly
formed matrix. This effect was dependent on the medium being supplemented with serum. Lower
proteoglycan content and decreased integration strength was obtained when the explants were
cultivated in serum-free basal medium with or without 0.1 % bovine serum albumin. A combination of
basic fibroblast growth factor and transforming growth factor supplemented to the basal medium,

stimulated regeneration processes as a substitute for serum 1,

Growth factors that are present as a mixture in serum for medium supplementation, play a crucial
role in cartilage homeostasis and regeneration. For example, insulin-like growth factor-1 is the
component within serum that is predominantly responsible for stimulating chondrocytes to synthesize
proteoglycan 27268, However, the pathogenesis of cartilage loss in joint degenerative diseases is also
influenced in various ways by growth factors. Many of the signaling pathways identified in
endochondral ossification are also believed to be important in OA progression through regulation of
chondrocyte hypertrophy. Abnormal subchondral bone turnover and cartilage calcification affects the

integrity of the articular cartilage structure. In particular, hypertrophic differentiation of chondrocytes,
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leading to cartilage calcification, is a key event of the deep layer of the cartilage in early joint
deterioration 2%, Articular chondrocytes found in the articular joint surface represent a stable and
permanent phenotype which maintains joint function throughout life and produces all ECM
components of articular cartilage necessary to provide the tissues functional properties. The transient
chondrocytes found in the growth plates display a very dynamic phenotype, undergo proliferation,
maturation, hypertrophy and apoptosis followed by the replacement by bone cells during
endochondral ossification. Aggrecan expression increases as chondrocytes differentiate and become
hypertrophic. When terminally differentiated chondrocytes become hypertrophic, their expression of
articular cartilage-specific collagens decreases and the production of collagen X begins, a process that

is accompanied by massive ECM remodeling 27°.

In a conducted experiment within this work, the cultivation with medium containing 10 % FCS or
with a defined serum-free ITS containing medium were compared with isolated full-thickness cartilage
discs (see Figure 12). ITS is a defined mixture of insulin, transferrin and selenium that is used frequently
as media supplement to reduce or omit serum to better control culture conditions und decrease
possible variability e.g. via unknown serum component concentrations and serum batch differences.
After a three-week cultivation period, macroscopic differences between serum and ITS cultured
explants were clearly visible. The harvested explants were stained with MTT to demonstrate viability
of the tissue. A distinct increase in overall explant thickness was observed in the serum cultivated
group which was not or only strongly reduced visible in the ITS group. In contrast to the FCS group, no
size increase was seen in ITS explants. Strikingly, the increase in tissue size was not uniform in the FCS
group. Especially in deeper zones, an outgrowth both in the subchondral and lateral orientation could
be seen. In these areas, the dark MTT staining is particularly pronounced, indicating increased
metabolic activity or number of cells. Microscopic images show increased cell clusters with large
lumens in the deeper cartilage zones, indicating progressive hypertrophy. In addition, in outgrowth

areas the hypertrophy marker collagen type X is detectable via immunological staining.

Growth plate chondrocyte proliferation and hypertrophy in endochondral ossification are
regulated by pathways of the bone morphogenic protein (BMP) signaling, fibroblast growth factor
(FGF) signaling and systemic factors like thyroid hormone together with a negative feedback loop like
IHH/PTHrP. BMP2 is suggested to be a strong mediator of chondrocyte hypertrophy, which is
characterized by increased collagen type X and alkaline phosphatase (ALP) expression. In addition, the
effect of tri-iodothyronine (T3) on terminal differentiation of chondrocytes was confirmed.
Furthermore, ascorbic acid combined with B-glycerophosphate show a potency to induce chondrocyte
hypertrophy. Nevertheless, the detailed mechanisms of signaling pathways or factors modulating

chondrocyte hypertrophy in the pathogenesis of OA are still not completely elucidated 272
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Serum-free medium formulations containing ITS are frequently used for the maturation of
chondrocytes or mesenchymal stem cells in tissue engineering approaches. However, in most cases
growth factors (e.g. TGF-B) are additionally supplemented ?’2. In experiments with isolated human
chondrocytes, it was shown that in in serum-free ITS containing medium without addition of further
growth factors the cells were unable to grow. With a stepwise addition of FCS, chondrocytes
proliferated increasingly in response to the concentration of FCS 273, In most of the studies performed
in the literature, the cell culture of cartilage explants was done with serum. As previously discussed,
this also demonstrated increased ECM synthesis, which provides a better basis for well-developed
cartilage integration. For these reasons, in the course of further experiments in this work, in vitro
culture was performed with the addition of serum to the media. Despite the variable influence of
serum on the outcome, this approach allows a better comparison of the results with literature values.
To prevent falsification of measurement results, especially in biomechanical testing, constructs with
hypertrophic outgrowths had to be avoided during the course of the tests. New tissue formation is

generally desired for cartilage integration 16°

, a hypertrophic character with restriction to deep zones
of the constructs, however, would not correspond to the desired goal for the clinical treatment of
defects. In the fabrication of the cartilage constructs, specially fabricated devices were used to trim
both the superficial zone and the calcified deep zone of isolated cartilage cylinders. It was previously
described that by changing the geometry of the disc/ring constructs, overestimated integration
strengths can be measured in the push-out test 2!, To counteract this, during construct fabrication
sharp razor blades were used to make parallel cuts and obtain constructs of middle layers and without
curved surfaces. A standardized defect was placed at right angles to the trimmed surfaces of the
cartilage cylinders with a custom-made holder and sharp biopsy punches. Accordingly, a falsified
experimental read-out due to hypertrophic outgrowths was best avoided by cutting off deep zones.
Disc/ring constructs in which a discernible shape change occurred during in vitro culture were also
excluded from further investigations. For the biomechanical push-out test, custom-made fixtures were

also used, which allowed a precisely aligned orientation of the punch and avoided tilting of the test

specimens.

The integrative repair processes triggered in the presence of serum in the medium can partly be
attributed to an increased proteoglycan synthesis of chondrocytes. Insulin-like growth factor-1 is the
component within serum that is predominantly responsible for stimulating chondrocytes to synthesize
proteoglycan 1®°, The exact interplay of proteoglycan synthesis, structural and enzymatic factors, and
influences of other ECM components needs further investigation. In the basic structure of native
cartilage, proteoglycans provide the viscoelasticity of the tissue through their water-binding

properties. A framework of collagen fibers, in hyaline cartilage mainly type Il collagen, provides the
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mechanical stability of the tissue. It is therefore logical that a collagen scaffold spanning the defect is
required for successful defect healing and stable long-term integration. In experiments with chemical
crosslinkers, it has already been shown in vitro that re-linking of collagen fibers at the cartilage defect
interface leads to an increase in integration strength 17217, Without the use of chemical crosslinkers
or adhesives, natural regeneration requires synthesis of new collagen fibers that can fill the gap. 80-
95 % of the collagen fibers in hyaline articular cartilage consist of type Il collagen. The remaining
proportion is formed from type I, VI, IX, X, and XI collagen #’4. The anatomical arrangement of collagen

fibers in a triple-helix structure is responsible for its mechanical function.

Collagen type llinits final form consists of three molecular chains of equal size, which are arranged
helically and form a triple helix. The synthesis and formation of collagen fibrils happens in a cascade of
both intracellular and extracellular processes. Intracellularly formed polypeptide chains contain
specific sequences of the amino acids proline and lysine which are subsequently converted by the
enzymes prolyl and lysyl hydroxylase to form the procollagen molecule. The hydroxylation step
requires as co-factor the presence of ascorbic acid (vitamin C). Following, twisting of the procollagen
into a triple helix is allowed and is transported to the extracellular matrix by exocytosis. Subsequently
procollagen is converted into collagen by endopeptidases. The now insoluble molecules are further
covalently crosslinked via their hydroxylysine residues, which permanently fix the resulting collagen
fibrils in the course of fibrillogenesis. The final step is the formation of fibers, in which several fibrils

combine with the aid of intermediary matrix-specific enzymes to form collagen fibers 7.

The stability of collagen depends on the above-mentioned post-translational modifications. One
of the most important steps in this process is the hydroxylation of collagen by the enzyme collagen
prolyl 4-hydroxylase (CP4H). In this step, ascorbic acid is responsible for the reactivation of CP4H by
the reduction of iron in the reactive center of the enzyme from Fe(lll) to Fe(ll) %7278, In experiments
conducted in the course of a doctorate within our group, the disc/ring model and biomechanical
testing were utilized to investigate the influence of ascorbic acid on integrational strength %,
Additionally, ethyl 3,4-dihydroxybenzoate (EDHB) as inhibitor on mechanical crosslinking and the
production of collagen and glycosaminoglycans was utilized. EDHB is an inhibitor of CP4H, which was
used in cell culture experiments before 2°, Omission of ascorbic acid or alternatively addition of EDHB
to the culture medium resulted in decrease in integration strength and deposition of ECM in the defect
gap. It was also reported in literature that ascorbic acid at concentrations around 100 UM can protect
chondrocytes from oxidative stress in cell cultures and also inhibits the production of fibrocartilage,
which is not as resistant in the joint as hyaline cartilage. In contrast, at high concentrations above
150 pg/ml ascorbic acid, the induction of apoptosis of chondrocytes is also reported in the

literature 280282,
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To further investigate the influence of ascorbic acid on ECM synthesis, in vitro culture experiments
using a chondrocyte pellet model were used here. Pellet cultures with high cellular density are the gold
standard to keep chondrocytes in a differentiated stage and are well suited to investigate medium
supplements and their impact on ECM synthesis rates 22, For the pellets, just as for the disc/ring
cartilage model, porcine knee joints from the slaughterhouse were used for isolation. The isolated
chondrocytes were taken into in vitro culture for five days. In this way, cells that were necrotic or
apoptotic due to the isolation procedure could be removed via plastic adherence. Additionally, due to
culture-expansion the number of viable cells available for the creation of a tissue engineered graft
increases. A problem of 2D plate culture of chondrocytes is the increasing dedifferentiation of the
chondrocytes. Consequently, chondrocytes form a fibroblast-like character and gradually lose the
ability to synthesize articular cartilage-specific ECM molecules. However, this effect is contributed to
serial passaging of chondrocytes 2%, By limiting the culture period to a short period of several days,
potential dedifferentiation of chondrocytes is estimated to be at a minimum. Furthermore,
chondrocytes were found to have the intrinsic ability to redifferentiate when transferred to a 3D

culture system 284285,

In the literature different forms of ascorbate such as l-ascorbate, sodium l-ascorbate, and I-
ascorbate-2-phosphate are frequently reported for the cultivation of chondrocytes whereby different
concentrations ranging from 30 UM up to 600 uM are used. The different ascorbate forms are all
potent antioxidants. L-ascorbate is acidic in aqueous solutions such as culture medium. l-ascorbate-2-
phosphate is not only non-acidic, but also characterized by a longer half-life in aqueous solutions
compared to the other derivatives. It is internalized, dephosphorylated, and highly concentrated in the
aqueous phase of the cells %6, Due to the aforementioned advantages, the use of l-ascorbate-2-
phosphate in the culture of chondrocytes and MSCs for tissue engineering approaches is frequently
found in the literature. L-ascorbate-2-phosphate has become established for cell culture at an applied
concentration of 50 pg/ml. As the molecular weight of I-ascorbate-2-phosphate is 256.1 g/mol this
corresponds to a concentration of 195 uM and lies in between the range of concentration reported to
suppress oxidative stress and induce apoptosis, as mentioned before. By using the chondrocyte pellet
model, the goal was to evaluate and compare the effect of different ascorbate concentrations on in
vitro cartilage formation of porcine chondrocytes that were isolated from the same tissue source as

for the production of the disc/ring composites in other experiments.

In the evaluation of the pellet experiment (see Chapter 4.1.3), it was found that without the
addition of ascorbate, a small amount of GAG and collagen was present in the pellet after d14 and d28,
but no increase in size of the pellet and no increase in cell number per pellet was measured. Since,

apart from ascorbate, nothing was removed from the ordinary culture medium, it is confirmed that
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ascorbate is essential for cartilage neosynthesis. It is conceivable that the limited possibility of ECM
synthesis at ascorbate deficiency also prevents proliferation. Collagens are known to modulate cell
behavior and function singularly or through interactions with integrins and growth factor-mediated
mitogenic pathways. ECM collagens are known to both maintain cellular morphology and act as
conduits between extracellular stimuli and cells by regulating proliferation, migration, differentiation,
and survival %7, Therefore, by the inhibition of collagen formation via ascorbate deprivation, not only
the overall mass increase but also cell proliferation in the pellet is hindered. In articular cartilage,
aggrecan is entrapped in the randomly aligned 3D collagen network. The GAG compartment of
aggrecans strongly adhere to collagen fibrils via attractive mechanisms including van der Waals
contacts, hydrophobicity, hydrogen bonding, physical entanglements, and electrostatic attraction
between GAGs and the positively charged amino acids on collagen %8, Therefore, it can be assumed
that even if GAG synthesis itself is not compromised, no physical deposition will occur if there is no
intact collagen scaffold in the defect. Without interaction to an anchor point, it is likely that free GAG
will diffuse in the medium supernatant and no pellet growth is achievable. Transferred to the clinical
situation of cartilage defect healing, this means that the deposition of a defect-bridging collagen
scaffold or a capable biomaterial is needed to bind synthesized GAG at the interface that will

contribute to a closure of the defect.

In clear contrast, it was found that when 50 pg/ml or 100 pg/ml ascorbate was added, there was
a significant increase in pellet size and its cell number as compared to the initial values. After d28 of
in vitro culture, a significantly higher collagen content was found for the 100 ug/ml group compared
to 50 pg/ml. However, at d14, the highest collagen content was in the 50 pg/ml group. Normalized to
the DNA content of the respective pellets, there were no significant differences in collagen content
between the two applied ascorbate concentrations. However, at d28, normalized to the DNA content,
a significantly higher GAG value was detected for the 50 pug/ml group. Histological examination of the
pellets showed that tissue growth was based on the ECM components GAG and collagen type I, which
are specific for hyaline cartilage. This also confirms that the culture conditions used were able to
preserve the differentiated character of the chondrocytes. Based on the results of the pellet
experiment in combination with previous experience in other experiments within the research group,
a concentration of 50 pg/ml ascorbate was also used for the culture of native cartilage explants to
ensure sufficient ECM synthesis and concomitant defect integration. Even though in the further course
of this work a standard ascorbate concentration was used for the cultivation of chondrocytes and
cartilage cultivation, there is in principle the possibility to easily adapt culture conditions in in vitro
experimental models. Thus, potentially different clinical conditions in different patient populations or

different symptoms can be simulated via the medium composition in order to investigate specific
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influences on cartilage regeneration. For example, in the pellet model, the addition of cytokines to the
medium can be used to investigate cartilage neosynthesis and therapeutic options in the inflammatory
milieu 2%, In the future, it will be interesting to see which therapeutic approaches for cartilage
integration work under certain environmental conditions or where performance differences can be
expected. Findings from different culture conditions can be quickly transferred to other in vitro models
such as the disc/ring model. As representative examples, the further consideration of inflammatory

influences and the simulation of weight bearing can expand the versatility of in vitro models.

4.2 Lateral Cartilage Integration Facilitated by Fibrin Adhesives

In medical wound treatment the gold standard for wound closure is up to date still suturing.
However, tissue adhesives are emerging in this field as they have some intrinsic benefits over sutures,
for example by introducing a gap filling and thus tightening matrix at the defect interface. A frequently
used natural derived tissue adhesive is fibrin glue. In this chapter the potential of fibrin glue for the

enhancement of cartilage tissue integration will be evaluated on basis of in vitro models.

4.2.1 Application of Commercial Tissue Adhesives at Cartilage Disc/Ring
Test Model

In the course of the experiments a porcine disc/ring cartilage model was used. Starting
experiments were run with two different commercially available tissue glues. TissuCol (Baxter,
Unterschleilheim, Germany) is a marketed fibrin glue and was compared against BioGlue® (Cryolife,
Kennesaw, USA), an adhesive based on glutaraldehyde-crosslinked bovine serum albumin (BSA). Fibrin
glue is a two-component material consisting of fibrinogen and thrombin. In the presence of calcium
and factor XllI, thrombin converts fibrinogen (fibrin monomer) into insoluble fibrin, which has a stable
form 2% (see also Chapter 1.1.5.1). BioGlue® is composed of 45 % BSA and 10 % glutaraldehyde.
Glutaraldehyde exposure causes lysine molecules of bovine serum albumin, extracellular matrix
proteins, and cell surfaces to bind to each other creating a strong scaffold 2°°. The basic reaction

principle of both adhesives and the application to the in vitro model is also illustrated in Figure 14.
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Figure 14: Application of adhesives to the disc/ring model.

Overview of the reaction mechanism of A) fibrin glue (see also Chapter 1.1.5.1) and B) BioGlue®. C) The premixed glue
components are pipetted to the lumen of a cartilage disc before the cartilage disc/ring model is subsequently reassembled

and the glued composite is investigated in further evaluations.

After application of the glue the to the disc/ring composites and curing, in both groups the disc
was firmly attached to the ring. In untreated control constructs the plugged-in disc is loose and easily
detached from the cartilage ring. The fibrin glue formed a translucent matrix at the defect interface,
whereas BioGlue® immediately forms a yellowish glue matrix after mixing the two clear components
together (see also Figure 15A upper row). A biomechanical push-out test was conducted with the glued
constructs and referenced to non-glued controls (see Figure 15B). The measured strengths confirmed
the loose character of the control samples where bonding strengths of 3.57 + 1.78 kPa were obtained.
Constructs treated with TissuCol achieved an immediate bonding strength of 13.54 + 3.87 kPa. For
BioGlue® samples the immediate bonding strength was 122.79 + 43.91 kPa, which was significantly

higher compared to the control and TissuCol groups.

Additionally, samples were stained for cell viability in the cartilage tissue after one day of in vitro
culture (see also Figure 15A lower row). The untreated control group and samples treated with the
fibrin glue showed a strong dark coloration, which indicates a high cell viability of the constructs. In
clear contrast is the macroscopical impression of the BioGlue® treated constructs. The BioGlue® group
samples remained bright after the MTT staining procedure similar to thermally devitalized cartilage
constructs (freeze/thaw control). The cell viability was further evaluated colorimetrically by
solubilization of the accumulated MTT stain in the tissue and measuring of the light absorbance at
570 nm. In the underlying analysis, the MTT formation was significantly higher in the TissuCol and

control samples in comparison to the BioGlue® and freeze/thaw group (see Figure 15C).

84



Results and Discussion

>

Bioglue

Control TissuCol

unstained d0

Freeze/thaw

MTT d1

9]
N
3

O

* *
| —— ]

- I— 0,6
< 150- €

C
< o
5 ~
5 ©0,4-
% 1004 8
o
o ©
2 ?

0,2+
2 504 <
0 _*_— y 0,0- L . 1 .
Ctrl TissuCol  Bioglue Ctrl TissuCol Bioglue Freeze/thaw

Figure 15: Evaluation of TissuCol and BioGlue® in vitro.

A) Macroscopical captures of assembled cartilage disc/ring constructs after application of glue or without glue treatment
(control). Constructs were stained for cell viability (MTT) after one day in vitro culture. B) Immediate bonding strength values
measured in a biomechanical push-out test. C) Colorimetrical evaluation of construct viability (MTT absorbance) after one
day in vitro culture and MTT solubilization. Data are presented as means + standard deviation (adhesive strength: n= 10-19;

MTT absorbance n=3-4). (* = p < 0.05 between groups).

4.2.2 Application of Long-Term Stable Fibrin at Cartilage Disc/Ring Model

To further assess the integrational capabilities of fibrin, additional experiments were conducted

with the introduction of long-term stable fibrin gels as adhesives. In comparison to TissuCol the two
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used long-term stable fibrin gels used are not commercially marketed but were established by our
group. The crosslinking chemistry remains identical to TissuCol, however adaptions in the content of
mainly calcium led to increased form stability in vitro when cultivated with cells 8117118122 The aim
was to investigate the influence of long-term stability of fibrin both on immediate bonding and the
course of cartilage integration in vitro. In addition, the influence of total fibrinogen content in the final
adhesive hydrogel (25 vs. 50 mg/ml, stable fibrin (25) and stable fibrin (50)) was to be tested. The
application and curing procedure of all tested fibrin formulations was identical. With the help of the
biomechanical push-out test, the immediate bonding strength but also the integration strength after

7 and 21 days in vitro culture of the whole constructs was measured (see Figure 16A).

On day O (directly after glue curing) both long-term stable fibrin gels achieved slightly lower

bonding strengths compared to TissuCol but still outperformed the untreated control group. The
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Figure 16: Assessment of bonding strength and long-term cartilage integration in TissuCol and two long-term stable

fibrin gels.

A) diagram of the achieved push-out strengths. B) captures of SafO stainings for stable fibrin (50) and control samples at
d21 in different magnifications. C) captures of immunofluorescence staining for collagen type Il after d21 in vitro culture.
Data are presented as means + standard deviation (n= 7-16). (* = p < 0.05 between groups of different concentrations, # = p

< 0.05 to d0 and ° = p < 0.05 between d7 and d21 of equal groups).
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immediate bonding strength for the stable fibrin (25) was 5.66 + 2.91 kPa and for stable fibrin (50)
6.74 + 2.82 kPa. After seven days in vitro culture a second push-out test was performed with separate
fabricated constructs. Remarkably, only in the three fibrin treated groups a clear increase in integration
strength could be observed. The integration strength of the fibrin groups similarly rose to a level of
slightly below 30 kPa (TissuCol at 28.84 + 16.05 kPa; stable fibrin (25) at 28.27 + 15.79 kPa; stable
fibrin (50) at 29.57 + 10.80 kPa). The control had a mean integration strength of 4.71 + 4.74 kPa. This
effect was even more pronounced after 21 days in vitro culture. Control samples remained with a low
integration strength of 3.50 + 2.18 kPa, whereas all three fibrin groups achieved significantly higher
integration strength compared to the control and d7 values of the same group. No significant
differences were obtained between the three different fibrin types. The highest strengths values had
the stable fibrin (50) group with 108.95 + 46.25 kPa. Stable fibrin (25) had a mean of 89.43 + 48.44 kPa
and TissuCol a mean of 88.70 + 51.97 kPa.

The biomechanical results were well reflected by histology where it could be demonstrated that
in all fibrin groups compared to the control a better filling of the interfacial defect gap with
extracellular matrix was achieved (representative images for stable fibrin (50) and the control on d21
in Figure 16B). The Safranin O staining revealed that the matrix filling the defect gap in fibrin treated
constructs is specific for articular cartilage and is rich in GAG. Other than in fibrin treated samples, in
the control group less ECM deposition at the defect interface was observed that was also less
frequently spanning over the complete defect interface. The remaining fibrin stains blueish to greenish
in the SafO staining and partly small fibrin strings that run more or less parallel to the defect surface
are visible. This leads to the assumption that fibrin serves as an anchor point for the interfacial
deposition of newly synthesized ECM rather than just being filled with it. Along with an ECM-filled
defect gap in fibrin treated constructs, there were also areas where cell migration into the defect zone
was visible. These findings were also confirmed by immunofluorescence imaging (see Figure 16C). In
all three fibrin glue groups an increased filling of the defect gap with articular cartilage specific collagen
type Il was observed. This again was accompanied by observations of cells that are in the process or

already migrated into the filled defect gap.

4.2.3 Course of Integration Strength and Interfacial ECM Deposition

In a separate experiment the goal was to visualize the kinetics of interfacial ECM formation and
cell migration in cartilage disc/ring constructs. For this, stable fibrin (50)-treated constructs were

harvested immediately after gluing or after cultivation in vitro for 3, 7, 10, 14 and 21 days.
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Figure 17: Histological staining for GAG and immunofluorescence staining for collagen type Il on stable fibrin (50)-

d21

treated cartilage disc/ring constructs.

Samples were evaluated for GAG (A) and for collagen type Il (B) immediately after glue treatment (d0) and after day 3, 7, 10,

14 and 21 of in vitro culture.

Histological analysis was conducted by means of Safranin O staining for glycosaminoglycans (see
Figure 17A), immunofluorescence staining for collagen type Il (see Figure 17B) and aggrecan (see
Figure 18A). To investigate the formation of hyaline cartilage unspecific collagens, immunofluorescent
staining for collagen type | was conducted (see Figure 18B). Representative images were chosen for

illustration in the graphs.
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In fibrin-treated composites, ECM deposition at the defect site was already obvious at day three
and increased further over time. Interestingly, cell invasion was not detected before day ten to day 14

of in vitro culture. After three weeks cell invasion was even more distinct in many areas.

In the SafO images the fibrin glue stains bluish to greenish and it is visible that the fibrin glue is
not totally attached to both opposing defect interfaces. The images also indicate that ECM synthesized
from the cartilage tissue and secreted into the gap bind to the fibrin and, in the course of cultivation,
increasingly enclose the fibrin glue. In parallel, the amount of remaining fibrin glue in the gap decreases
over time. After 21 days in vitro culture, the defect gap is almost completely filled with articular
cartilage specific ECM as confirmed by stainings for collagen type Il and aggrecan. In addition, no
positive staining for the chondrocyte dedifferentiation marker collagen type Il was observed over the
whole course of cultivation. In the DAPI signal of cell nuclei it was further recognizable that migrating
cells originate from the surrounding bulk cartilage tissue and in this process initially form buds at the
tissue/gap interface (for example see d21 in Figure 17B and Figure 18B). The increasing interfacial cell

count from d14 to d21 indicates the capability of proliferation of these chondrocytes.

A B

d14 dz21 d21

Figure 18: Immunofluorescence staining for aggrecan (ACAN) and collagen type | on stable fibrin (50)-treated cartilage

disc/ring constructs.

A) Samples were evaluated for ACAN immediately after glue treatment (d0) and after day 7, 14 and 21 of in vitro culture. B)

Immunofluorescence staining for collagen type | after dO and d21.
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4.2.4 Discussion

In traumatic cartilage defects such as lesions, damage occurs in the mechanically supporting
scaffold of extracellular molecules. Stable regeneration requires a re-linking of these extracellular
components, since progressive mechanical influences can mean an increasing deterioration of the
defect up to arthrosis 2. These processes can be initiated by age-related wear or by trauma to the
cartilage. It is reported that even with current treatments more than 40 % of people who suffered
traumatic knee joint injuries will develop OA 3. Vital cartilage tissue is in a constant state of
remodeling, and chondrocytes are able to build up new crosslinks by synthesizing and modulating
macromolecules. However, this turnover occurs slowly and traumatic events can further reduce the

cell density around defects and thus the intrinsic regenerative capacity of cartilage 4.

It appears obvious that the production of ECM is vital for integrative cartilage repair and it was
shown that chemical inhibition of ECM synthesis or modulation inhibits the cartilage-to-cartilage
integration. For example, collagen fibril formation is dependent on ascorbate and enzymatic actions.
If the complex interplay in collagen formation is disturbed, cartilage integration is also strongly

19 in Chapter 4.2.4.3). These results indicate that not only the

affected %1% (see also results from
synthesis of cartilage specific ECM but also the formation of collagen crosslinks in cartilage explants is

critical in integrative cartilage repair.

4.2.4.1 Push-Out Testing

In the underlying work, assessment of integration strength was done biomechanically by
implementation of a push-out test with the cartilage disc/ring model. Another frequent applied model
for biomechanical testing of adhesion is the lap-shear test using cartilage blocks. However, as reported
in the literature, harvested cartilage blocks are approximately parallel to the articular surface.
Accordingly, the simulating cartilage defect may be more relevant to fissures that extend horizontally
in fractured or osteoarthritic cartilage. In contrast, human cartilage failure might occur more
frequently because of joint loads in normal direction. Furthermore, in vivo experiments frequently
highlight the missing cartilage integration at lateral defect interfaces 296062157213 Gince the zonal
structure of cartilage tissue and the orientation of collagen fibers may modulate the repair process, an
integration model that mimics a lateral cartilage defect and simultaneously considers the hierarchical
structure of cartilage tissue is very likely better suited for investigations on long-term cartilage repair

processes 212,

In 2001, Obradovic et al. presented the disc/ring cartilage integration model with the aim to adapt

the presentation of in vivo cartilage defects to better controllable in vitro conditions without systemic
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effects 12, These disc/ring constructs could easily be cultured for several weeks under variable
conditions and the model also allowed histological analysis of the lateral defect interface both in the
sagittal (cross-section) and the transverse plane (en face). To biomechanically quantify the integration
strength at the disc-ring interface of the tissue composites, a plunger is used to separate the central
disc from the cartilage annulus with a load cell recording the force until failure of the composite. One
challenge of the model is to obtain an interface between the disc and ring that is perpendicular to both
the top and bottom surfaces of the composites, which assures the collinearity of the interface axis with

the mechanical testing device’s plunger and eliminates potential artifacts 214,

Within the performed push-out measurements, all specimens were tested to failure with a
displacement rate of 0.5 mm/min. This is in accordance with reported data in literature and provides
a strain rate slow enough to ensure that equilibration of fluid essentially is achieved throughout the
test and that the stress distribution within the cartilage is governed by the elastic properties of the
solid matrix 1%, In order to allow evaluation of integration strength increases, a well-defined reference
is mandatory. Unglued control samples achieved reproducibly low bonding strengths of
3.57 £ 1.78 kPa, thus serving as a base line. The detection sensitivity of the load cell is high and
complete avoidance of detected adhesion is not possible due to capillary and frictional forces even in
non-bonded constructs. This also illustrates the delicacy of the manufacturing method of the
constructs, which uses special custom-made tools to enable precisely aligned cuts and punching
channels. This in turn avoids canting during push-out and reduces measurement artifacts. Using the

control group, the adhesive strength of a material on cartilage tissue can thus be well assessed.

4.2.4.2 Fibrin vs. BioGlue®

For an immediately resilient treatment and to prevent the progression of cartilage defects,
immediate bonding means a promising option. The principle to fuse opposing cartilage pieces by
chemical crosslinking the collagen fibers of the cartilage network was investigated in a single-lap
cartilage model. Different chemical crosslinkers were applied before, either alone or in combination
with a pretreatment of surface-degrading agents. Particularly crosslinking with glutaraldehyde and
EDC/NHS achieved high bonding strengths which could be clearly enhanced by enzymatic
pretreatment of the cartilage *’. Another early approach used a photochemical crosslinking approach
to achieve immediate bonding in a disc/ring cartilage model %, However, within the respective studies
the outcome of bonding strength was highly dependent on the application of an additional
compressive load during the bonding procedure, which underlines the necessity of direct contact of

individual collagen fibers for successful bonding. Considering the scale of individual collagen molecules
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and fibrils, an approximate distance of 1.3 -1.7 nm becomes the critical parameter for crosslinking
using chemical reactants without a supporting molecular layer 21, Regarding this, the possibility to
apply load on the overlapping integration area during fabrication proved advantageous when chemical
crosslinkers of small molecular size are used and intimate contact between both cartilage blocks is
needed. Additionally, the application of small chemical reactants rises concerns regarding potential

cytotoxic properties.

The use of an adhesive matrix in contrast to small crosslinkers allows not only the bridging of larger
defect gaps, but also the spatial filling of defects. Binding crosslinkers in a matrix can also reduce the
free diffusion of potentially critical reactants into the tissue. In clinical use, there are several surgical

adhesives and sealants that vary widely in composition and reaction chemistry.

The combination of a chemical crosslinker with a protein matrix is applied in the commercially
available BioGlue®. BioGlue® consists of two components: glutaraldehyde and bovine serum albumin.
The main field of application of this substance is cardiothoracic surgery and the treatment of large
vessels 290292 After mixing, the components polymerize within a few seconds, which requires rapid
intraoperative application. BioGlue® is acknowledged to provide very good shear and tensile strength.
Glutaraldehyde is present in a concentration of 10 % (w/v) and bovine serum albumin (BSA) in 45 %
(w/v) in respective pecursor solutions. The syringe delivery system assures mixing of both components
in a ratio of one part glutaraldehyde component to four parts BSA component. Glutaraldehyde
corresponds to the reactive component and causes polymerization, in which BSA serves as a substrate.
The reactive aldehyde groups crosslink the amine groups of albumin proteins with each other, leading
to the formation of a stable matrix. In addition to these compounds, the adhesive is also able to bind
to the surrounding endogenous tissue and the amine groups present there, thus achieving good tissue
adhesion even on a moist substrate 2°°. Despite the proven positive effects in vascular and cardiac
surgery, the use of BioGlue®, according to the recommendation of Bhamidipati et al, remains limited
to a selected patient clientele and should not be performed routinely 2°3, This is due, on the one hand,
to the known toxicity of glutaraldehyde and, on the other hand, to the inflammatory reaction that can
potentially occur during application. In principle, the adhesive also appears suitable for other

applications and was therefore included in experiments on immediate cartilage bonding.

Fibrin glue was the first agent approved as a hemostat, sealant and adhesive by the FDA 2%,
Because of its natural origin and accompanying advantages, fibrin has become a prominent and well-
known material for wound closure and tissue engineering applications. A number of crosslinking steps
are involved during fibrin clot formation. In addition to its self-polymerization, the fibrin molecules
crosslink with both collagen and adhesive glycoproteins at the wound site. The clot formation in fibrin

glue also resembles the final step in physiological coagulation (see also Chapter 1.1.5.1). Via
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attachment of plasmin inhibitors like a2 plasmin inhibitor (a2-PI), a2- macroglobulin, and plasminogen
activator inhibitor 2 (PAI-2) to the a chain of fibrin, the clot is strengthened and fibrinolysis is reduced.
Both autologous and homologous fibrin sealants have been developed based on whether the plasma
is obtained from the same patient or another person, respectively. Fibrin glue was reported to be
biocompatible, resorbable, and not causing tissue necrosis, fibrosis, or inflammation. The degradation
time of fibrin glue can vary from a few days to months depending on the composition. Despite the use
of fibrin glue as a hemostatic agent from xenogeneic sources for a range of surgeries and despite
components undergo a battery of screening analysis and inactivation steps, the risk of virus
transmission still prevails 2%. For the use in medical devices high quality and purity standards such as
requested by Regulation (EU) No 722/2012 and ISO 22442-1 need to be fulfilled by materials of animal

origin.

The mechanical strength of the fibrin clot is in general a function of the fibrinogen concentration,
whereas the thrombin concentration directly relates to the speed of clotting. Therefore, an optimum
concentration of both components is necessary to achieve rapid hemostasis as well as satisfying
adhesion and mechanical properties. Adhesion strength of the fibrin glue depends on the substrate,
composition of the glue, method of fibrinogen preparation, presence of water, fat, or collagen, and

setting time, making it redundant to deduce a universal value for the adhesion strength of fibrin glue *.

In the here described comparative experiment, the immediate adhesive strength on cartilage
tissue of the two commercially available tissue adhesives TissuCol and BioGlue® were tested. Although
an increase in integration strength as compared to the control group was obvious, the immediate
bonding strength of TissuCol with 13.53 + 3.87 kPa was significantly below the value achieved with
BioGlue®, for which immediate bonding strengths of 122.79 + 43.91 were achieved. The values
achieved for TissuCol are consistent with literature values for fibrin glue 2%°. The high concentration of
the very reactive crosslinker glutaraldehyde in BioGlue® suggests that a large number of covalent
bonds have occurred between adhesive components and the cartilage surface, leading to a sharp
increase in integration strength. In contrast to the rather rigid appearance of cured BioGlue®, fibrin
retains an elastic character, which can be attributed on the one hand to a lower number of covalent
crosslinks within the adhesive and on the other hand to the fibrillar structure of the proteins. Although
an existing elasticity may be beneficial to distribute mechanical forces to the adhesive matrix, it
requires sufficient bonding to the tissue surface to prevent detachment of the adhesive from the

interface.

Coupled to the enormous reactivity of small crosslinker molecules such as glutaraldehyde in the
case of BioGlue®, is the high risk of toxic effects on cells and tissues. To investigate the influence of the

adhesive materials and possible leachable substances on tissue viability, the disc/ring constructs were
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stained with the viability dye MTT after the adhesive application. After only one day, it was noticeable
that cartilage constructs treated with BioGlue® had enormously lost vitality. Since the vitality of the
tissue not only decreased in the immediate vicinity of the adhesive interface, but extended over the
entire construct, it can be concluded that considerable amounts of unbound glutaraldehyde were able
to diffuse into the cartilage tissue. This process is probably enhanced by the very high water content
in the cartilage tissue compared to other tissues. The European Chemicals Agency (ECHA) provides a
toxicological database for chemical compounds. The approach for toxicological evaluations of medical
devices is described in the ISO 10993-17 guideline. Generally speaking, to assess the toxicity of a
compound, for example derived no effect levels (DNEL) can be determined for specific exposure
routes, up to which concentration no toxicological hazard to the human body has to be expected. With
regard to the parenteral application of adhesives to cartilage tissue, the derived DNEL by ECHA for the
oral exposure route most closely reflects the clinical situation from a toxicological perspective. The
DNEL of 70 pg/kg bw/day corresponds to a total amount of just 4.2 mg for a representative 60 kg adult,
above which a risk for systemic toxicities is assumed. Under the simplified assumption that 1 ml of the
final BioGlue® corresponds to 1000 mg and the final concentration of glutaraldehyde is 0.025 % (after
1:4 mixing of the 10 % stock solution), then already 1 ml of the adhesive contains a total amount of 25
mg glutaraldehyde. Of course, most of the crosslinker is chemicaly bound in the glue matrix and no
immediate exposure as a leachable is probable, however this reflection underlines the high toxic
potential of this substance not even considering local toxic effects (e.g. tissue irritation).
Glutaraldehyde is classified as cytotoxic and as a strong irritant by the ECHA, whereby irritating

properties have an enhanced effect in tissues that have a low regenerative capacity.

The here utilized viability stain MTT is also used as a dye in cytotoxicity tests for medical devices
according to the ISO 10993-5 standard. Only recently, the principle of viability staining with MTT has
also been approved for the in vitro irritation testing of medical devices. The ISO 10993-23 guideline
describes in vitro irritation testing using MTT in a recombinant 3D skin model. However, the
corresponding procedure may be transferred to other tissue models to better simulate clinical use.
Thus, MTT staining in the disc/ring model well reflects the potential clinical use of the adhesive on
cartilage defects. In addition, subsequent dissolution of the MTT dye allowed quantifiable analysis of
cytotoxic or irritant properties of the adhesive material. According to ISO 10993-5, a reduction of cell
viability by more than 30 % is classified as severe cytotoxicity. Although experience has shown that the
presence of tissue components in a 3D model is protective against cytotoxic properties compared with
2D cell culture testing, a drastic decrease in viability was observed in BioGlue®-treated constructs
similar to thermally killed constructs (freeze/thaw). In sharp contrast, the TissuCol treated constructs

show viability on par with the untreated control constructs both macroscopically and quantitatively.
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As expected, due to the physiological origin of the fibrin glue, no toxicological risk could be detected
with the detection methods used. Assuming a high purity of the adhesive components used, no
biological hazards are to be expected, as the components of fibrin are produced and metabolized
physiologically in the human body. Also, the risk from transmissible viruses can theoretically be
avoided by the possibility of autologous isolation. Successful long-term cartilage integration requires
vital tissue to strengthen the bond at the defect interface through regenerative processes and to
prevent cartilage defects from advancing. Due to the drastic toxic effects of BioGlue® at the application
site, successful tissue regeneration of a cartilage defect with this treatment seems to be excluded
despite the high adhesive strength. In contrast, the biological compatibility of the fibrin glue TissuCol
allows potential cartilage regeneration and the development of long-term integration in treated lateral
cartilage defects can be investigated in further experiments with the disc/ring model in combination

with in vitro cultivation.

4243 Long-term cartilage integration with fibrin glues

Repair tissue that forms at opposing cartilaginous surfaces can be defined as an adhesive, a
material at “the surfaces of two solids [that] can join them together such that they resist
separation” 2. A prerequisite for repair tissue formation is the presence of viable cells at the
application site. Experiments conducted before showed good biocompatibility of the commercial fibrin
glue TissuCol by simultaneously providing a biomaterial matrix with immediate bonding capacities at
the cartilage defect interface. As a natural material in physiological wound healing, fibrin can be

remodeled by the body and intrinsically has the ability to be the basis for newly formed tissue.

One goal in tissue engineering is to use cell carriers that have a turnover rate that corresponds to
the new synthesis of tissue. This would provide a balance of degradation and remodeling without, for
example, causing spatial stress or tissue loss at the application site. Due to its properties, fibrin is
frequently used not only as an adhesive but also as a cell carrier or hydrogel in tissue engineering
approaches. Adjustments to the formulation of the fibrin components allow the mechanical properties
as well as the resistance to degradation to be modified and adapted to the specific requirements of
the intended use. Although fibrin is frequently used in treatments of cartilage defects, the specific

requirements for fibrin stability to match optimal cartilage regeneration are unknown.

Within our research group, different formulations of long-term stable fibrin hydrogels for tissue
engineering of cartilage and adipose tissue have been established. Mainly by adjusting the calcium and
aprotinin concentration, transparent and long-term stable hydrogels can be produced, which allow a

significantly better and longer shape stability when colonized with cells. The mechanical strength of
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fibrin hydrogels can also be adjusted via the proportion of fibrinogen 84117118122 |n the experiments
performed with chondrocyte-populated fibrin gels, one of the observations was that cell proliferation
and the amount of synthesized cartilage-specific ECM varied with fibrinogen content. Decreasing the
fibrinogen concentration also reduced the stiffness of gels. Using a mechanically too strong fibrin gel,
however, may immure the single chondrocyte, inhibiting cell proliferation and migration, and
subsequently preventing ECM development. Only fibrin formulations with a final fibrinogen
concentration of 25 mg/ml or higher, a Ca?* concentration of 20 mM and a pH between 6.8 and 9 were
transparent and stable for three weeks. Related to the intended use as cell carrier for volume stable
hydrogels for in vitro cartilage tissue engineering, optimized formulations had a final fibrinogen
concentration of 50 mg/ml, a Ca®* concentration of 20 mM and a pH of 7.0. In comparison, commercial
TissuCol has a final fibrin concentration of 35-50 mg/ml, a Ca®* concentration of 20 mM and a pH of 7.4.
In the experiments to develop long-term stable fibrin, TissuCol was tested as a comparator, but
colonized hydrogels of this material were completely dissolved after three weeks of culture 22, To
transfer these varying properties of different fibrin formulations to long-term integration in the
disc/ring cartilage model, the optimized long-term stable fibrin gel with 50 mg/ml fibrinogen (stable
fibrin (50)), a modification with 25 mg/ml fibrinogen (stable fibrin (25)) as well as TissuCol were applied
as adhesive to the defect model and the course of integration over three weeks was evaluated. The
goal was to determine if the potentially higher stability of the long-term stable formulations is superior
for the development of repair tissue at the defect site. It was further to be shown how the interaction

of the adhesives with synthesized ECM is and in what time course ECM is deposited at the defect gap.

In contrast to TissuCol, slightly lower immediate bonding values were obtained with the long-term
stable formulation. Both stable fibrin formulation achieved similar values, stable fibrin (25) with
5.66 + 2.91 kPa and stable fibrin (50) with 6.74 + 2.82 kPa. Separate adhesive-treated cartilage
constructs were transferred to in vitro culture and additional push-out tests were performed after
seven and after 21 days. After seven days, there were no significant differences between the tested
fibrin types and all showed an increase in integration strength to just below 30 kPa. In the further
course until 21 days in vitro culture there was a steady increase of the integration strength. At the end
of the test period, both TissuCol and stable fibrin (25) achieved values of about 90 kPa. The highest
integration forces were observed with stable fibrin (50) at 108.95 + 46.25 kPa, but the differences
between the fibrin groups were without significance. However, it is striking that from day seven the
increase in integration strength was significantly higher to untreated control constructs. Without the
use of an adhesive, there was no significant increase in integration strength in the control group, which
already indicates that the presence of a fibrin matrix in the defect gap has a positive effect on

integrative repair processes. The group of Martin reported for comparable unglued samples
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integration strengths of about 30 kPa up to 160 kPa after six weeks ##?'>, however, much of this
performance could be contributed to additional tissue layers that were deposited on top of the
samples during the culture period. Restoring the disc/ring cylinders with smooth surfaces by selectively
trimming the attached layers without compromising the actual punched defect surface provided a

halving of the integration strength.

Using a single-lap model and bovine cartilage explants, integration strengths of 30-40 kPa were
obtained in untreated constructs after three weeks in a serum-containing in vitro culture. However, in
these experiments, the adhesive interface was weighted with a porous plate to ensure direct contact

160,189,295 Additionally, differences in integrations strength of

of the opposing cartilage surfaces
untreated samples can be attributed in part to the difference in the orientation of the interface (lateral
in disc/ring model vs. transversal in single-lap model) and to the differences in mechanical testing
(push-out in disc/ring model vs. lap shear in single-lap model). The influence of collagenase treatment
at the defect interface was investigated in a disc/ring model with cartilage isolated from calves of
different age. Both the untreated control group and the collagenase-treated samples increased the
histological integration score and integration strength values over a time course of four weeks in vitro.
Interestingly, the additional enzymatic treatment initially slowed integration, but then had an
accelerated increase after two weeks to levels similar of the control group and partly even higher after
four weeks. However, both the histological integration increase and the increase in integration
strength were strongly dependent on the age of donor calves. In cartilage explants from young calves
(one to two months old), an integration strength of approximately 7 kPa was measured after two
weeks and 28 kPa after four weeks in the control group. Constructs from older calves (six to eight
months) already had values of approx. 33 kPa and 44 kPa after the same time in each case %4 Moretti
et al. also used the disc/ring model, however with a total in vitro cultivation time of 6 weeks. In their
experimental set-up they compared the adhesive strength of untreated samples to samples from
which the formed capsule of repair tissue formed on the surface of the cartilage cylinders was
trimmed. Since in the biomechanical test the adhesive strength between cartilage explants must
stretch or fracture any potential encapsulating layer on top of the composite’s surface, the mechanical
properties of this tissue would contribute to the actual stresses measured 2**. These examples show
that even in the same experimental model with the culture over several weeks, variability in the
integration increase is possible, which can arise, for example, from deviation in the age of the donor
animals or the species 2%, but also from changes in the test specimen geometry. The disc/ring model
was also applied for meniscal tissue where integration strength with different adhesive materials were

tested and in vitro cultivation of four weeks was conducted. The authors included fibrin as test material
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and interestingly the initial integration strength of fibrin (about 20 kPa on meniscus) was reduced to

less than half after 28 days 2*’.

Comparison of results obtained between publications using different starting material, different
culture periods, or even different models is therefore difficult and co-testing of control samples within
an experiment is essential to interpret the possible benefits of a treatment. No comparable in vitro
long-term results in the disc/ring model with fibrin glue and similar culture conditions are available. In
in vivo experiments, fibrin was used to fill osteochondral defects in the femoral grove of rabbits. In this
experiment the fibrin treatment impaired the natural repair. Chondrocytes were observed to
continuously grow on the fibrin adhesive but no cell migration was seen into the fibrin 2%, Contrary,
the usage of fibrin adhesive for the treatment of chondral and osteochondral injuries in human
patients was reported as beneficial earlier 7. In the performed clinical follow-up examination it was
found that for all observed injuries where fibrin adhesive was used, the wounds healed after twelve
weeks, whereas in untreated group a distinct gap was still visible at the wound sites. In more detail,
the fibrin stopped the retraction of the wound edges and the remaining gap was soon filled with a new
matrix. These results are consistent with our findings observed at the scale of the in vitro model within

three weeks.

As was already mentioned before, one necessity for successful long-term cartilage integration is
the presence of viable tissue in the surrounding of the defect. Living chondrocytes within the native
tissue secrete precursors of collagen and their subsequent deposition near the repair interface
contributes to functional integration #. The fact that there is no or strongly reduced integration in
vital cartilage tissue without additional support, e.g. in form of an adhesive matrix, has also been found
in other studies. No signs of integration in a cartilage disc/ring model were reported in untreated
samples after 28 days of culture. In these samples, either a gap between the wound edges was

observed or the surgical cutting line remained visible 6°

. In an approach to facilitate cartilage
integration via enzymatic treatment (lysyl oxidase), gaps were seen after histological processing in the
control group 2Y. In another publication where a cartilage disc/ring model was utilized, no sign of
integration was observed in the group without enzymatic treatment and a gap remained visible after
four weeks of in vitro culture. In contrast to that, integration was observed in the enzymatic treatment
(collagenase and thermolysin) group, and outgrowth of tissue in the interface was also noted. In
addition, a higher cell density was found in the integrative interface 1. Transmission electron
microscopy analysis of disc/ring constructs after six weeks of culture indicated that interfacial collagen
fibrils were well integrated into the collagen network of the cartilage disk and ring, whereas molecular

bridging between opposing disk/ring cartilage surfaces was less pronounced and restricted to regions

with narrow interfacial regions that have a gap width of less than two mm. At interfacial regions with
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gaps of 1-1.7 mm in width, larger diameter fibers at a higher density were seen to bridge into the

cartilaginous collagen network of the disk and ring 24,

In the experiment with different fibrin glues performed here, defect filling with ECM components
was also found after 21 days, whereas a clear gap remained detectable in the control group similar to
reports in the literature. Based on immunofluorescence and safranin O staining, the newly deposited
ECM can also be assigned to cartilage-specific collagen type Il and GAG. Histologic images also revealed
the presence of cells in the defect interface in all three fibrin groups, which was pronounced to varying
degrees at different sites of the defect regardless of fibrin type. The images show that chondrocytes
from the surrounding cartilage tissue are moving into the defect interface. However, it remains unclear
whether the cells in the interface result solely from migration from the surrounding tissue or also from
proliferation in situ. The results show a clear dependence on fibrin as a filling matrix for increasing both
integration strength and ECM deposition in the interface. However, the variance in biomechanical
results also increases with the progression of culture duration. One reason for this may be the
biological variability of the donor animals. In the experimental approach, cartilage from different
animals was pooled. The starting material was obtained from a local slaughterhouse. Accordingly, it
cannot be ruled out that there are variations in the processing time and age of the animals. In addition,
the processing of the cartilage constructs with the fibrin glue is a potential source of variability. Once
the fibrinogen and thrombin components are mixed, curing begins immediately. In practice, the small
size dimension of the disc/ring constructs may result in temporal differences in the assembly of the
two glued parts. It cannot be ruled out that certain variations in the curing or distribution of the fibrin
glue components may occur due to differences in the spatial presentation of glue precursors combined
with the fast reaction mechanism and thus directly influence the bonding capacity to the tissue. During
the gluing process, the fibrin was mixed in the lumen of the cartilage ring and then the cartilage disc
was inserted. During insertion, the cartilage disc inevitably pushes excess adhesive out of the defect
interface. This can result in significant variations at the microscopic level in the local remaining
adhesive thickness in the gap, and thus areas of more and less thick fibrin layers in the interface even

within the same construct.

Due to the good outcome with the stable fibrin (50) in terms of integration strength and ECM
deposition development as well as cell migration, further experiments were conducted with a focus
on this material in the course of the presented experiments. The results shown here with
stable fibrin (50) were also used as a basis for further experiments by a medical student in our research
group . In this work, a focus was set on the influence of collagen synthesis on the integration. The
synthesis performance was modulated in two ways. In the disc/ring model the function of ascorbic

acid was investigated. In addition, ethyl-3,4-dihydroxybenzoate (EDHB), which is a structural analogue
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Figure 19: Assessment of the integration process in stable fibrin (50) gels as a function of ascorbic acid and when

collagen formation is blocked by EDHB.

A) diagram of the achieved push-out strengths at different observation points. B) captures of immunofluorescence staining
for collagen type Il after d21 in vitro culture. C) captures of SafO stainings in the different test groups at d14 and d21. Data

are presented as means + standard deviation. Figure adapted from1%.

to ascorbic acid and can thereby block prolyl-4-hydroxylase-mediated collagen formation 2% was
included in the experimental set-up. The test group with 50 pug/ml ascorbate corresponds to the
stable fibrin (50) group described previously. Although over the 21-day in vitro culture the increase in
integrating strength was less than in the results described earlier with stable fibrin (50) (see above),
significant increases were observed after 14 and 21 days (see Figure 19A). The variation in outcome
repeatedly shows that even in the standardizable in vitro model, other factors such as donor animal
variability or handling may influence the results even if trends are reproducible. Both the withdrawal
of ascorbic acid from the medium and, depending on the dose, EDHB significantly prevented the

formation of integrative repair. Histologically and immunohistochemically, the groups without
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ascorbate supplementation and with high-dose EDHB also showed significantly reduced ECM synthesis
with failure to fill the defect zone with type Il collagen and a glycosaminoglycan matrix during
cultivation (see Figure 19B and C). In the groups without ascorbic acid supplementation or with high-
dose EDHB, there were no signs of collagen synthesis and/or integration, either biomechanically or
immunohistochemically. Thus, in the disc/ring model, ascorbic acid as a cofactor of collagen synthesis
was shown to be an essential additive for cartilage tissue integration. This emphasizes the urgent need
for interfacial ECM deposition to bridge defects for successful integrative repair. The development of
biomaterials and cartilage adhesives must therefore focus on ensuring that this property is not

inhibited or even favored.

4.24.4 Time course of lateral cartilage integration in fibrin glue

As a follow-up to the long-term integration experiment conducted with different fibrin
formulations, stable fibrin (50) treated disc/ring constructs were cultivated similar to the experiment
before, but constructs were harvested at additional timepoints to better track the regenerative
development occurring at the defect. In a series of histological examinations, it was found that starting
at day three of in vitro culture after assembly of the glued constructs a first interfacial ECM deposition
occurs visible. At this time point no chondrocytes within the defect were observed. This means that
the newly formed ECM molecules were secreted exclusively from the surrounding native tissue and
can be enriched in the cleft. Since this effect was observed to a much lesser extent in control samples
in previously performed experiments, it can be assumed that the fibrin matrix in the defect gap is
conducive to the deposition of ECM components. In the SafO stain, the fibrin glue is bluish to greenish
in color and can be distinguished from the orange-stained surrounding cartilage tissue (see also
Figure 17A). It can be seen that already at the beginning the glue does not show a continuous
connection to the opposite cartilage surfaces, which may be a reason for the relatively low immediate
bonding strength values. In the further course of the in vitro culture between day three and day 14,
ECM filaments increasingly form a bridge between the cartilage surface and the intermediate fibrin
layer. It appears that the fibrin glue acts as an anchor point for secreted ECM components and thereby
allows for better ECM deposition. This results in increased closure of gaps where the fibrin previously
did not bind to the cartilage surface. Protein polymers and cartilage ECM molecules can adhere to each
other and build strong interactions. ECM precursor molecules are secreted by the chondrocytes and
assembly to the final three-dimensional network takes place in the extracellular space 2%°3%, Between
GAG und collagen molecular adherence was reported that is based on van der Waals contacts,

hydrophobicity, hydrogen bonding, physical entanglements, and electrostatic attraction between
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GAGs and the positively charged amino acids on collagen 2%. It is probable that the interfacial fibrin
interferes with synthesized ECM components via identical attraction mechanisms and thus foster
deposition of matrix components at the defect site. With proceeding culture duration this effect can

facilitate defect filling and annealing of opposing cartilage surfaces.

From day ten, the first occurrences of chondrocytes in the gap can also be observed. In the further
course, there is increased remodeling of fibrin as the defect progressively closes with newly
synthesized ECM. At d21, only remnants of the original fibrin glue can be seen. It can therefore be
concluded that using this in vitro model over the three-week period, the rate of degradation of fibrin
corresponds to the capacity of tissue regeneration. A core aspect in tissue engineering is the balance
of degradation of a biomaterial and concurrent tissue development. In this experiment, it was shown
that the initial repair processes are initiated by secretion of macromolecules from the surrounding
native tissue and that repopulation of the defect with cells is delayed. This initial effect is inevitably
localized and thus limits the magnitude of potential defects that may take the observed integration
course via application of cell-free fibrin glue. However, it can be stated in advance that fibrin in
principle has the potential to be colonized with cells, which could enhance and accelerate the
regenerative capacity in the disc/ring model when treated with fibrin glue. However, it must also be
taken into account that degradation and regeneration processes in situ in the patient can be influenced

by many other factors and that in vitro results can only be partially transferred.

Particularly in the immunofluorescence staining for aggrecan and collagen type |l (see Figure 17A
and B), it can be seen that cells from the surrounding cartilage tissue migrate into the defect gap. In
some cases, the pericellular matrix surrounding a chondrocyte can be seen to bud into the defect gap.
Due to the necrotic margin that is formed on the tissue during the creation of the defect, it can be
ruled out that living chondrocytes were initially present in this region of the cartilage model. Since at
this stage the gap has a less compact network of macromolecules compared to the native cartilage
tissue, the environment there may favor the proliferation of chondrocytes once they have migrated
into the defect. However, because a three-dimensional structure of ECM components is present,
dedifferentiation of chondrocytes into a fibroblast-like cell type is prevented like it was reported
before 1°2, Without the presence of defect-filling ECM molecules, migrating chondrocytes could
potentially also initially proliferate on the surface of the cartilage tissue at the interface. However, this
is similar to the conditions found in a 2D culture of chondrocytes. In those cultures, dedifferentiation
of chondrocytes including a change in secreted molecules and development of a hypertrophic

phenotype was observed .

Over time the migration or proliferation of cells on surfaces of, or in gaps within the disc/ring

composites principally may contribute to the repair process. This was also observed in another in vitro
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model before where the effect was dependent on the serum content of the culture medium. It was
reported in those experiments that outgrowth of chondrocytes from the cartilage tissue and
repopulation of a laceration with cells after a timespan of three to six weeks was present. However,
the magnitude of cellular response was discussed to be dependent on specific interactions between
the cells and extracellular surfaces '*°. The benefit of a cell-adhesive scaffold was also demonstrated
in a publication by Pabbruwe et al. Chondrocytes that were sandwiched between two cartilage discs
improved fusion of the tissue specimens. The study showed that when cells alone were seeded to the
interface there was some space filling with proliferating cells but little or no extracellular matrix to
bind the pieces of cartilage together. However, when combining the chondrocytes with a collagen
scaffold the histological analysis showed tissue continuum across the cartilage-scaffold interface and
a drastically increased biomechanical integration strength. Also in scaffold-only constructs the
migration out of the cartilage into the collagen scaffold was observed %8, Improved cartilage tissue
fusion that is based on the presence of matrix-bound chondrocytes is reported frequently in literature.
Experiments using osteochondral explants and cell-seeded biphasic constructs also reported
increasing integration strengths with ongoing in vitro culture. Unlike autologous osteochondral
implant controls that were inserted into the explant, the tissue engineered constructs allowed for cell
migration and therefore better integration with the surrounding host cartilage tissue %°. This study
expanded the findings of a previous in vitro work with an annulus-based explant model. There, calf
chondrocytes were seeded to hyaluronan meshes that were press-fitted into adjacent rings of cartilage
or bone tissue. Integration strength increased in all groups during in vitro culture. The authors
suggested that cell migration out of the mesh is a main factor for tissue fusion and that the dense
extracellular matrix, especially the high glycosaminoglycan content hinders cell mobility 2°. These
results highlight that interfacial chondrocytes play a crucial role for the development of a functional
repair tissue in means that they increase the availability of the molecular building blocks of

extracellular matrix that is deposited at the defect interface and accelerate defect healing.

Especially in cell-free approaches of adhesives, glue materials that attract cells and simultaneously
allow for cell proliferation would provide in theory a huge benefit concerning the speed of defect
healing compared to inert materials. Using various growth factors, it has already been shown that the
cell concentration at cartilage wounds interface can be specifically increased by cell
migration 1°8:201,202,301.302 " yawever, for fibrin glue an intrinsic chemotactic potential was described.
Using a co-culture assay to mimic matrix-induced ACI (MACI), chondrocytes were found to migrate
from collagen membranes towards fibrin and the migration stimulation could be contributed to the
thrombin component of the fibrin sealant. The molecular mechanisms underlying these thrombin-

induced effects were triggered by activation of protease-activated receptors (PARs), established
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thrombin receptors 3. Contrary, higher amounts of thrombin result in a network of shorter and
thinner fibers and smaller pores which again is a known inhibitor for cell invasion in fibrin gels. Thus,
with varying thrombin concentration in available fibrin formulations, it is important to consider that
not all fibrin adhesives equally allow cell invasion. Differences in cell invasion observed in varying fibrin

formulations may have resulted from different degrees of fibrin crosslinking mediated by factor Xllla,
which requires thrombin for its activation. Factor Xllla covalently links a-antiplasmin to fibrin and this

renders the clot less resistant to plasmin degradation. A highly crosslinked fibrin clot may impede cell
invasion by reducing the ability of cells to degrade the fibrin 3%. Moreover, it has been demonstrated
that plasmin activity is a requirement for cells to migrate into fibrin gels 3%. Additionally, the protease
inhibitor aprotinin can vary between fibrin formulations. Aprotinin is typically added to slow
fibrinolysis and its action can accordingly influence cell migration as well. It is also open to debate
whether or not cytokines present in the fibrin glue function as chemotactic stimuli and further
clarification is needed to which extent chemotactic agents form during fibrin formation and
degradation 3943%_ Cell density at the defect interface is affected not only by chemotaxis, but also by
the dense network of native cartilage, which enormously affects the ability of cells to migrate.
Especially glycosaminoglycan chains were reported as being an inhibitor for chondrocyte
migration 321 |n contrast to the observations in our experiments, Andjelkov et al. found no cell
outgrowth in particulated cartilage biopsies that were embedded in fibrin und cultivated in vitro up to
five weeks 3. The authors included non-treated as well as collagenase treated samples for their
observation. However, there are also many conflicting reports in the literature about existing cell
migration from native cartilage tissue that support our findings. Within those reports, different
approaches aiming in softening of the native ECM in order to increase cell mobility and cell density at
the defect were investigated, including enzymatic treatments, but also short-term inflammatory

conditions 162-167,179,207

One of the major difficulties of in vitro models is the translation of results for potential treatment
approaches. The multitude of influencing factors on cartilage regeneration that may prevail in situ may
also differ from patient to patient and cannot be completely simulated in vitro. For example, age and
potential inflammatory reactions can have a major individual influence on the metabolism in cartilage
tissue but also on the conversion of a biomaterial or adhesive. In vivo, fibrin is gradually degraded
during wound healing by fibrinolysis and replaced by mature ECM. In this process, the fibrin matrix is
locally degraded by the proteolytic activity of metalloproteinases and plasmin. Concentration
differences of these factors between in vitro and in vivo inevitably cause differences in the outcome of
a treatment. One potential adjustment of a material, as in this case with fibrin, is the rate of

degradation, which can be controlled e.g. by incorporation of protease inhibitors. The influence of the
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adhesive degradability was further demonstrated by our group with a fibrinogen-polyoxazoline hybrid

adhesive (see discussion in Chapter 4.4).

4.3 Improvement Strategies for Cartilage Integration in Fibrinogen-Based
Adhesives
Fibrin glue is a naturally derived adhesive that incorporates enzyme-driven crosslinking
mechanisms that also take place in blood clot formation. For the application on cartilage defects with
the respective mechanical requirements in the knee joint, particularly a high immediate bonding
strength is desirable. Therefore, the goal of the following chapter was to investigate approaches to
increase the interfacial bonding of fibrinogen-based adhesives by means of different crosslinking-

mechanisms.

4.3.1 Diazirine Functionalization of Cartilage Tissue

In order to increase the immediate bonding strength of fibrin (here stable fibrin (50)), the goal was
to increase the number of covalent bindings between the fibrin and the surrounding bulk cartilage
tissue (see Figure 20A). Diazirines are heterocyclic organic chemical substances containing a triple ring
consisting of two nitrogen atoms and one carbon atom, the two nitrogen atoms forming an azo group
(-N=N-). Here, a bifunctional Sulfo-NHS-LC-diazirine was used to functionalize the cartilage tissue

surface with reactive diazirine moieties (see also working principle illustrated in Figure 20B and C).

In order to functionalize the surface of the cartilage tissue preliminary tests revealed that an
enzymatic pre-treatment facilitates binding of the diazirine molecule via the NHS moiety. Therefore,
the cartilage disc/ring samples were incubated with Chondroitinase ABC (Ch-ABC) that is expected to
erase superficial GAG and expose the collagen network of the cartilage tissue. Upon irradiation with
ultraviolet light at 365 nm, the tissue-bound diazirine forms reactive carbenes, which can insert into
C-H, N-H, and O-H bonds to build up covalent connections with the fibrin glue. Constructs treated with
Ch-ABC (1 U/ml Ch-ABC for 20 min) with or without additional diazirine-functionalization were tested
either in combination with fibrin glue (stable fibrin (50)) or without (Ctrl). The immediate bonding

strength was determined in a biomechanical push-out test (see Figure 21A).

The enzymatic digestion of superficial GAG alone increased the immediate bonding strength both
in the control and the fibrin samples. The mean integration strength of the Ch-ABC treated control was
12.87 £ 4.34 kPa. In the Ch-ABC treated fibrin samples a mean adhesive strength of 25.58 + 8.45 kPa

was achieved.
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The introduction of the diazirine moieties in addition to the Ch-ABC treatment led to a further
increase in bonding strengths of both the fibrin and control group. The immediate bonding strength of
control samples with Ch-ABC and diazirine treatment was 20.51 + 11.31 kPa. In the corresponding
fibrin group 58.01 + 19.02 kPa were measured. The combinational treatment of Ch-ABC digestion and
diazirine functionalization led to significantly higher bonding strengths than without any defect
treatment. Only when combined with fibrin glue this combinational treatment also resulted in

significantly higher values than when treated with Ch-ABC alone.
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Figure 20: Enhancement of the immediate bonding strength of fibrin glue to cartilage tissue via functionalization of the
tissue surface with diazirine.

A) Schematic illustration of the bonding mechanism B) Bonding mechanism of the bifunctional diazirine molecule to the
cartilage surface via stable amid-bond formation after reaction of the molecule’s NHS ester with primary amines of the
tissue. C) Upon irradiation with UV light the diazirine forms reactive carbene species that possess different binding

possibilities with the fibrin glue molecules.
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The chondrocyte survival and viability in the surrounding of the defect after the different
treatments was analyzed by means of live/dead and MTT staining (see Figure 21B). Resulting from the
defect creation, a small necrotic band was formed at the defect edge (see also Chapter 4.1.1). No
increased cell death or reduced viability was observed after Ch-ABC or diazirine treatment in

comparison to the untreated control samples. The histological analysis well confirmed the impression
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Figure 21: Immediate bonding of non-glued or fibrin-glued (stable fibrin (50)) disc/ring composites after treatment with

Chondroitinase-ABC (w/ ChABC) or combinations thereof with Sulfo-NHS-LC-Diazirine (w/ Diazirine).

A) Immediate bonding strengths determined by a push-out test. B) Assessment of tissue viability at the defect interface by
live/dead and MTT staining. C) Histological images (SafO) of the defect interface after treatment. Data are presented as
means + standard deviation (n= 6-13). (* = p < 0.05 between non-glued control and fibrin-glued samples of otherwise same

treatment, # = p < 0.05 to same group w/o treatment, ° = p < 0.05 to same group w/ Ch-ABC treatment).
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of the push-out test (see Figure 21C). In the SafO images it was identifiable that both the treatment of

Ch-ABC and diazirine led to a firmer contact of opposing tissue surfaces.

4.3.2 Photocrosslinkable Fibrinogen as Cartilage Adhesive

An adhesive hydrogel with a fibrinogen content of 50 mg/ml utilizing the photoinitiator tris(2,2-
bipyridyl)dichlororuthenium(ll) hexahydrate ([Rull(bpy)3]** complex (abbreviated as “ruthenium” or
“Ru” in the course of this document) and sodium persulfate (SPS) was established. The curing was
initiated via blue light to form di-tyrosine linkages in the fibrinogen (see also Figure 23A). The resulting
hydrogel material was named RuFib50. For comparison of hydrogel stiffness with previously tested
adhesive hydrogels, cylindrical hydrogels were cast. RuFib50, two formulations of long-term stable
fibrin, namely stable (25) and stable fibrin (50), as well as the commercial fibrin TissuCol (see also
Chapter 4.2) were included in the testing. Stable fibrin (50) contains the identical total fibrinogen
content as RuFib50, however a thrombin-based crosslinking is used for curing instead of ruthenium. In
a screening approach, the Young’s modulus of the respective hydrogels (n=2 -4 per group) were

obtained after manufacture (d0) and after seven days submerged in PBS (d7) in a compression set-up.

Young's modulus (kPa)

do | a7 o | d7 do | 47 do d7

Stable fibrin (25) Stable fibrin (50) TissuCol RuFib (50)

Figure 22: Determination of the Young’s modulus of different fibrinogen-based hydrogels.

Samples were evaluated directly after fabrication (d0) and after seven days storage in PBS (d7). Data are presented as means

+ standard deviation (n = 2-4).

Since no previous experience with the RuFib50 was available, this experiment was used to get an
impression of differing physical properties and potential degradation over time in comparison with
known materials. However, due to limited number of test samples, no statistic evaluation was

applicable. Nonetheless, a trend of differences between the test groups is clearly visible
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(see Figure 22). Ruthenium-crosslinked fibrinogen with a content of 25 mg/ml (RuFib25) showed
visible solidification of the material, however no stable hydrogel cylinders were obtained after the
irradiation. Accordingly, no RuFib25 hydrogels could be included in this evaluation. The lowest stiffness
at dO was obtained for RuFib50 with a mean Young’s modulus of 0.71 + 0.10 kPa. Both long-term stable
fibrins resulted in higher Young’s moduli (stable fibrin (50) with 6.11 + 0.80 kPa, stable fibrin (25) with
2.61 +0.38 kPa) than TissuCol (1.29 + 0.21 kPa).
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Figure 23: Cartilage adhesion of ruthenium-crosslinked fibrinogen (RuFib).

A) Schematic illustration of the bonding mechanism. After blue light irradiation a ruthenium complex mediates dityrosine
bonds between fibrinogen and surface proteins of the cartilage matrix. B) Immediate bonding strength (d0) and adhesive
strength after seven days (d7) of RuFib25 and RuFib50 determined by a push-out test. Data are presented as means +
standard deviation (n= 6-7). (* = p < 0.05 between same group at different time points). C) Assessment of tissue viability at

the macroscopic level and microscopically at the defect interface by MTT staining.

The most pronounced reduction from the Young’s modulus from d0 to d7 was seen with stable

fibrin (50) (4.04 £ 1.60 kPa at d7). Stable fibrin (25) almost stagnated with 2.51 £ 0.23 kPa at d7. TissuCol
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was initially softer than both long-term stable fibrin formulations, but the Young’s modules raised to
2.85 + 0.44 kPa during the seven-day incubation accompanied with visible shrinkage of the hydrogel

cylinders. The softer RuFib50 resulted in decreased stiffness values of 0.35 + 0.08 kPa at d7.

For the application as cartilage adhesive at the lateral defect site in the disc/ring model, both the
RuFib25 and RuFib50 formulations could be tested, since in this set-up sufficient solidification of both
materials for proper handling of the glued constructs was obtained. The immediate bonding strength
after push-out testing was 32.04 + 9.86 kPa for RuFib25 and 42.59 + 15.32 kPa for RuFib50. The
adhesive strength decreased significantly for both tested formulations after 21 days in vitro culture.
The detected adhesive strength was 11.78 + 5.16 kPa for RuFib25 and 15.51 + 3.91 kPa for RuFib50 at
d21 (see Figure 23B). MTT staining was performed to assess the chondrocyte viability in the glued
constructs. High cell viability of the entire disc/ring construct was observable after MTT staining. In the
thin section, no additional induced necrosis could be detected directly at the defect interface and thus

in close proximity to the applied adhesive (see Figure 23C).

Histological staining with SafO was performed followed by sectioning of the constructs and

microscopical evaluation of the defect interface. In the treated disc/ring constructs a qualitative

A

RuFib (25)

RuFib (50)

B Cartilage sandwich

6 week culture Stable fibrin (50)

Figure 24: Histological captures (SafO) of the defect interface after RuFib treatment.

Disc/ring samples were evaluated directly after fabrication (d0), after seven (d7), 14 (d14) and 21 (d21) days in vitro culture

(A) Sandwich construct samples were evaluated after six weeks in vitro culture (B).
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decrease and to some extent delamination of the adhesive material from the cartilage surface was
observable after 21 days in vitro culture. No significant deposition of ECM or migration of chondrocytes
into the adhesive matrix was evident in cultured disc/ring constructs (see Figure 24A). As an additional
approach for histological evaluation, sandwich constructs of 6 mm discs were prepared and cultured
in vitro over a six-week period. Sandwich constructs were also fabricated with stable fibrin (50) to
compare the long-term integration of the different materials in this in vitro model. Those constructs
were vital after a total cultivation duration of six weeks. In both groups migrating cells from the
surrounding native tissue into the respective hydrogel material was visible at the end of the
observation period. ECM accumulation in both gap-filling hydrogels was visible. A qualitative overall
tissue regeneration was observed in both groups without a clear difference between RuFib50 and

stable fibrin (50) (see Figure 24B).

4.3.3 Discussion

In Photocrosslinking approaches, photons are absorbed in the presence of an activated
photoinitiator and the formation of radicals is stimulated, which in turn covalently crosslink molecules

by radical polymerization.

Due to their high reactivity, free radicals have a short half-life, on the order of milliseconds to
seconds. However, even within this short lifetime, free radicals react with almost any polypeptide
chain in the vicinity, immediately forming new covalent bonds. Free radicals are generally considered
harmful because they contribute to cellular aging. However, proteins covalently immobilized by free
radicals were found to retain their protein conformation and exhibit higher functionality 3%. This is an
important factor for bioadhesives that aim incorporation of biological functions e.g. cell adhesion or
coil flexibility capacities from biomacromolecules. In addition, lower local tissue toxicity and
inflammation is likely with higher retained protein conformation. Although bioadhesives based on
covalent binding of free radicals are promising, the complexity of plasma ovens and the short half-life
of radicals themselves (most radicals are likely quenched upon entry into the atmosphere) make this
plasma generation method impractical. This means that plasma treatment is a cumbersome and
expensive procedure that cannot be performed in the clinical setting. To take advantage of covalent
free radical binding and prevent toxic tissue attachment, a mechanism is needed that generates the
radicals in situ (at the precise time and place where soft tissue binding is desired). For this purpose,
radical activation by photoinitiators seems to be the right solution. For the activation of a
photoinitiator in photocrosslinking approaches, a light source is required, for which UV light is usually

used. Photocrosslinking has far-ranging applications including the development of drug delivery
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vehicles, implant coatings, and tissue engineering scaffolds. Photocrosslinking also enables fast
processing, as these reactions are often quite rapid. Furthermore, the use of focused light sources and
photomasks facilitates exquisite spatial and temporal control of crosslinking reactions. Furthermore,
many photoreactions have been proven cytocompatible, which allowed direct photo-encapsulation of

ceIIs 146,148

Many photoactivatable compounds and functional groups that generate free radicals when
activated by light, such as azides, diazo compounds, benzophenone, anthraquinone,
diaryldiazomethanes, diazirine and psoraline, are known and commercially available. Nevertheless,
careful selection of one of these compounds for soft tissue adhesion is not an easy task. The ideal
photoactivatable compound should be biocompatible (i.e., have low variability, high purity, and no
detectable biological reactivity as determined by biocompatibility testing). Diazirine molecules are
considered biocompatible and allow in situ formation of a carbene, which can be viewed as a type of
free bi-radical, without toxic by-products for relatively harmless covalent attachment to the protein
scaffold (e.g. collagen of the cartilage ECM). Dankbar et al. 3% found that amongst several candidates
diazirine has the highest photolinking efficiency with the fastest reaction times, which is a very strong
argument for its utilization in a bioadhesive. It is rapidly converted to carbene and harmless nitrogen
gas when exposed to long wavelength UV light (in the range of about 320-370 nm). The high reactivity
of the carbene, which is similar to that of free radicals, allows immediate covalent bonding to a pre-
existing C-H bond. This type of C-H insertion is relatively harmless within protein backbones, a fact that
makes diazirines popular for photoaffinity labeling to study ligand-protein interactions 31311, A
diazirine-based mechanism of adhesion has all general benefits of photocrosslinking and accordingly
has many advantages over other adhesion mechanisms. For example, cyanoacrylate adhesives and
BioGlue® cannot be cured on demand, their polymerization is moisture-sensitive and they have toxic
properties (see also Chapter 4.2.4.2). Photoactivatable acrylate or epoxy polymerization-based
bioadhesives tend to have high front temperatures (causing thermal damage) and can leave toxic

312

monomer byproducts ***. The photoactivatable diazirine functional group leaves no monomer

byproducts and does not require a separate photoinitiator for cure.

In previous discussed experiments with fibrin glues, a promising long-term colonization with ECM
and cells was observed in principle. Via introduction of additional binding sites via diazirine groups, the
aim was to obtain additional adhesion capacity to the relatively low intrinsic adhesive property of fibrin
without changing the fibrin glue itself and its biological properties. Therefore, an approach was chosen
in which the surface of the native cartilage tissue is functionalized with diazirine instead of the
polymeric components of the adhesive. Additional functionalization of fibrinogen with diazirine would

lead to an altered crosslink density within the adhesive matrix, which in turn would have a strong
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impact on the regenerative performance of the fibrin and would not allow comparability with previous
results. Heterobifunctional diazirine molecules are commercially available for many research
applications including the study of protein:protein interactions, isolating cell surface proteins and
preparing labeled probes. Succinimidyldiazirine (SDA) reagents are a new class of crosslinkers that
combine proven amine-reactive chemistry with innovative and efficient diazirine photochemistry for
the conjugation of amine-containing molecules with virtually any other functional group via the
diazirine residue. Six different SDA crosslinkers are commercially available (Thermo Fisher Scientific)
that differ in spacer arm lengths between the two different functional groups, ability to cleave the
crosslinked proteins, and the presence or absence of a charged group for membrane permeability. For
the underlying experiments, Sulfo-NHS-LC-diazirine was chosen, since the negatively charged sulfate
group improves water solubility and reduces cell membrane permeability, allowing them to be used
for crosslinking extracellular proteins and in theory minimizes cytotoxicity. The longer spacer arm
length (12.5 A) in this structure may support approximation to a binding molecule. The NHS ester
group reacts with primary amines at pH 7 to 9 and in this way the Sulfo-NHS-LC-diazirine is bound to
the collagen framework of the cartilage to "functionalize" it. The diazirine compartment of the
molecule subsequently reacts efficiently with each amino acid side chain or the peptide backbone of
adjacent fibrin fibers in the presence of the fibrin glue upon activation with long-wavelength UV light
(330 to -370 nm). Theoretically, two adjacent cartilage surfaces can also be directly bonded via this
reaction mechanism, but this requires immediate molecular proximity of the collagen fibers, which

cannot be assumed for lesions and larger chondral defects.

For integration approaches with small chemical crosslinker molecules (“zero-length process”) it
was reported that an approximate distance in the magnitude of only 1.3e!” nm is the critical parameter
for crosslinking individual collagen molecules and fibrils 2°1. The reactive capacity of the NHS functional
group to cartilage tissue was demonstrated before and it was also utilized as the adhesive moiety in
adhesive hydrogel polymers. In 2010 the group of Jennifer Elisseeff described a chondroitin sulfate-
polyethylene glycol adhesive hydrogel (CS-PEG) for cartilage applications. They functionalized the
chondroitin sulfate with N-hydroxysuccinimide (NHS) that can react with primary amines to form
amide bonds. This reaction facilitates both bonding to the cartilage and polymerization with an amine-
functionalized PEG (see Figure 25). In a lap-shear test the adhesive strength of the material with
cartilage tissue was shown to be ten times higher than that of fibrin glue. Furthermore, the authors
demonstrated good biocompatibility of the material and the possibility to encapsulate cells within the
hydrogel 28, NHS reaction chemistry is thus in principle suitable to achieve strong adhesion to cartilage
in a biocompatible context. However, the approach of Strehin et al. described above differs in that a

synthesized polymer is used as the adhesive matrix and both the adhesion and cohesion connections
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are completed in one step via NHS. For an advanced conjugation of the cartilage with subsequent on-
demand reactivity, it requires a second functional group, which in our approach is enabled by the light-

activated diazirine.
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Figure 25 Tissue adhesion mechanism via NHS functional groups.

The NHS activated carboxyl groups of CS-NHS (A) react with the primary amines of PEG-(NH>)s (B) and the primary amines of

proteins in tissue (C, reactive groups circled). Modified with kind permission from?208,

In a similar approach, Li et al. reported a design of a two-layer adhesive based on modified alginate
and chitosan. The adhesive surface layer can bond to the tissue substrate through electrostatic
interactions, covalent bonds, and physical interpenetration. In cylindrical defects of explant porcine
cartilage rings filled with the adhesive material it was possible to recover the compressive properties
of the healthy native cartilage. However, interfacial bridging to the adhesive material relied on the

cartilage priming with the chemical crosslinkers EDC/Sulfo-NHS to covalently bind their materials 28,

The push-out experiments with disc/ring cartilage constructs have shown that conjugating the
cartilage surface with diazirine prior to treatment with fibrin glue can significantly enhance the
adhesion strength. However, additional enzymatic pretreatment with chondroitinase ABC was
necessary to allow considerable binding of the Sulfo-NHS-LC diazirine to the cartilage. This enzyme is
capable of specifically digesting GAG components in the cartilage matrix and the results suggest that
present GAG prevents NHS binding to the collagen scaffold and thus additional adhesion

enhancement. Enzymatic digestion with chondroitinase ABC alone was able to significantly increase
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the adhesion strength of fibrin-glued constructs as well as control constructs. Light-induced diazirine
binding was then able to further enhance this effect, and the combination of chondroitinase ABC
digestion, diazirine conjugation of cartilage, and fibrin glue achieved the highest adhesion strength in
the experiment. Compared with unglued controls and fibrin glue alone, the adhesion force was
significantly increased and multiplied. The histological images support the outcome of the
biomechanical analysis and indicate improved gap bridging when enzymatic digestion alone or in
combination with the diazirine linker were applied. Furthermore, the performed Live/dead and MTT
imaging indicated that no cytotoxicity was introduced by neither the enzymatic treatment nor the
diazirine coupling followedby the corresponding UV-irradiation. However, the necessary digestion step
makes clear that the GAG in the native tissue functions as an anti-adhesive. Despite the spacer arm of
the utilized Sulfo-NHS-LC-diazirine molecule, the chain length may be too short to overcome distances
to the binding partner. The same effect was observed in another photochemical bonding approach on
cartilage tissue by Sitterle et al.?'!. This group also utilized chondroitinase ABC treatment in
combination with a photosensitizer molecule and hypothesized that enzymatic surface treatment of
the tissue for proteoglycans removal and collagen exposur was required to form a photochemical bond
to articular cartilage tissue. In contrast, meniscal tissue, with its significantly lower proteoglycan
content, required no such modification. Furthermore, this group also observed that while
chondroitinase ABC treatment was consistently effective, treatment with hyaluronidase did not
facilitate tissue bonding. Besides for adhesive approaches, chondroitinase ABC was investigated in the
context of cartilage regeneration before. Lee et al. demonstrated the utility of digestive rinses for
improving cartilage integration by showing that treatment of cartilage explants with chondroitinase
ABC for 5 to 15 minutes leads to enhanced chondrocyte adhesion, as measured by a micropipette
micromanipulation system 313, The biosafety of such enzymatic treatments has been investigated by
Quinn and Hunziker with regard to changes in cell density, structure, and cell-mediated matrix
deposition that result from chondroitinase ABC treatment 314, While chondroitinase ABC exposure did
appear to further decrease cell densities of the cartilage tissue within 100 um of the defect surfaces,
the decrease was small in relation to the effect of the defect itself and was contained to the area
immediately adjacent to the defect (within 100 um), demonstrating that digestive treatments can be
spatially controlled to break down matrix within the zone of chondrocyte death. This is also consistent
with our results, where no additional cell death was evident except for the inevitable necrotic margin
mechanically induced by the punching defect. The ECM loosening effect by enzymes may theoretically
also provide additional benefits for long-term cartilage integration by facilitating cell migration locally

and enhancing repopulation of defects 8.
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Despite the promising results and the potential favoring of cell repopulation by enzymatic
treatment, there are some severely limiting factors to consider for the use of the combination
presented here for adhesion enhancement. The Sulfo-NHS-LC-diazirine is actually used on a small scale
in research for conjugation of certain proteins and antibodies. For such purposes, only small amounts
of this cost-intensive molecule are needed. In contrast, much larger amounts of the molecule are
needed to achieve full-coverage coating of the cartilage surface in larger defects. The experiments
carried out are initial proof-of-concept experiments. In order to investigate the adhesive mechanism
and its influencing factors (e.g. the interplay between different concentrations of diazirine and
enzyme) in detail , a large number of experimental groups would be required. The number of samples
needed for statistical significance and different experimental groups would increase the complexity.
The replicability of the results would also have to be checked. The required scale of downstream
experiments e.g. with different incubation times and long-term culture times limits feasibility of
further investigation due to ecological concerns. The combination of the two costly compounds
diazirine and chondroitinase enzyme is not economically available in sufficiently large quantities. In
fact, even under consideration of upscaling factors, the high cost for this approach is also a huge
obstacle to commercial clinical use. The scientific focus on more economical alternatives was
recognized more goal-oriented, which is why other approaches were pursued further in this thesis
instead. Nevertheless, the diazirine group with its versatile reactivity remains a very promising
candidate for the development of novel tissue adhesives. One option to be investigated proactively
for cost reduction in experimental approaches would be the replacement of the enzyme used.
Commercial production of chondroitinase is usually of recombinant nature and costly. Trypsin is an
abundant enzyme and could be a cost-effective alternative, especially since it has already been shown

that short-term trypsin digestion can be used to selectively remove GAG from cartilage tissue 7.

The check for cytotoxicity by Live/dead and MTT staining was without any abnormalities.
However, a large number of other toxicologically effects are relevant for such novel organic molecules
without experience of safe clinical application. Surgical adhesives are generally classified as medical
devices with long-term patient contact and the biological safety assessment of various endpoints must
be checked in accordance with the ISO 10993 standard series. For the diazirine molecule used, no
toxicological data are available in the prominent databases (e.g. European Chemicals Agency (ECHA)
Database, US National Library of Medicine (NLM), OECD Chemical Database etc.) on the toxicological
risk for local effects (e.g. irritation and sensitization), systemic toxicities and potential mutagenicity. In
order to get a rough estimate of the potential toxicity of a substance, open source in silico tools such
as ToxTree can be used. On the basis of the molecular structure, a classification according to Cramer

can be carried out in order to derive limit values for daily exposure in humans 3%°. Integrated models
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of the quantitative structure-activity relationship (QSAR) can help to identify structure-related risks of
a molecule. According to ToxTree analysis, non-genotoxic carcinogenicity cannot be ruled out for the
sulfo-NHS-LC-diazirine. In addition, the Cramer prediction classified the compound as Cramer Class lll,
for which significant toxicity has to be assumed without the availability of further data. Tolerable intake
amounts of released substances can be derived in accordance to the regulatory requirements of
ISO 10993-17. For Cramer Class Il substances daily exposures are to be restricted to a maximum of 90
ug/day for adult, 15 pg/day for pediatric and 5.25 pg/day for neonatal patients. Within the current
experiments 10 pl of a 10 mM sulfo-NHS-LC-diazirine solution were applied to the lumen of a disc/ring
construct. Based on the molecular weight of 440.4 g/mol this correlates to an applied amount of
44.04 pg for which a toxicological risk can therefore not be excluded, especially since no information
on release kinetics are available and also larger cartilage defects that require higher amounts of this
compound may need to be treated in clinics. Accordingly, further pre-clinical evaluation would need

to be gathered to allow biocompatibility assessment and a safe clinical application of this approach.

The attachment of diazirine groups to larger carrier molecules is a possible approach in which
potential toxicological properties could be achieved through the reduced ability of the molecule to
migrate within the tissue. Diffusion of a reactive substance into the inner tissue away from the defect
interface also reduces the presence of essential components for the adhesive reaction and thus the
adhesive force. In addition, the density of functional groups on polymer backbones, degradation rates
and other parameters can be controlled more specifically using chemical syntheses in suitable
polymeric building blocks (see also Chapter 4.4). Grafting of diazirine molecules onto polymer chains
offers many new possibilities for biomaterials design and processing. Good example of such technology
was reported by Raphel et al. 3%, The Authors have demonstrated that diazirine conjugated elastin-
like proteins can be produced in different forms such as micropatterned surfaces and porous scaffolds.
In a further publication plasma post-irradiation grafting made it possible to graft diazirine onto PLGA
substrates 3Y7. The polymeric adhesives were biomechanically tested on pre-wetted ex vivo swine
aortas and adhesive strengths of up to 500 mN/cm? were achieved that correlate to 5 kPa, which is
roughly in the same dimension of fibrin glue. Another study reported a hydrogel bioadhesive system
based on poly amido amine (PAMAM) dendrimer, conjugated with diazirine. The diazirine grafting to
the surface amine groups of PAMAM was achievable in a one-pot synthesis. The adhesive performance
was tunable and as expected, adhesion strength and storage modulus both increased with diazirine
conjugation percentage. Maximum adhesion strengths of almost 40 kPa to porcine blood vessels were
obtained 3%, However, a direct comparison of the adhesive strength with the results presented here
cannot be made, as there are significant differences between the tissues used as substrates. The

severely higher proportion of water in the cartilage usually makes the bonding of adhesive
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components more difficult and different mechanical properties must be taken into account.
Nonetheless, it has been shown that diazirine bound to polymer chains can be a versatile approach for
tissue adhesives and the door is open to developing potent cartilage adhesives, taking into account

the relevant adaptation requirements.

In order to test the advantages of a photocrosslinking mechanism with another approach and to
obtain as much overlap as possible with the previously tested fibrin glues, a way to crosslink fibrinogen
using a photoinitiator instead of thrombin was investigated. Usually, fibrinogen, the precursor
molecule of fibrin, is crosslinked by means of thrombin and factor XI according to the physiological
model during blood clotting to form hydrogels and tissue adhesives. This reaction occurs
spontaneously as soon as the components are mixed together, with only the thrombin concentration
having a significant influence on the speed of curing. To achieve on-demand curing of a hydrogel,
photoinitiators are often used 319319322, Most commonly UV light-activated crosslinking using the
photoinitiator Irgacure 2959 is applied ?2. However, this offers several disadvantages: it is oxygen
sensitive, requiring the use of airtight barriers, which is clinically impractical, and the use of UV light
carries the risk of inducing DNA damage in cells 323, For these reasons, other crosslinker systems that
absorb light from the visible spectrum are being investigated, for example, lithium phenyl 2,4,6-

) 324, eosin 3%, or riboflavin 326, However, these photoinitiators may

trimethylbenzoyl phosphinate (LAP
possess disadvantages in terms of handling, reactivity, or toxicity 32432, Another crosslinker system
consists of a water-soluble ruthenium (Ru) photoinitiator and sodium persulfate (SPS) and is activated
by light from the visible spectrum. Lim et al. demonstrated that higher cell viability and metabolic
activity can be achieved with this system, compared to UV light-activated systems such as Irgacure
2959, even at high Ru/SPS concentrations 3*. The method and mechanism behind it was first described
by Fancy and Kodadek 328 and involves two steps: The [Rull(bpy)3]** complex absorbs photons in the
visible spectrum. Photolysis places it in an excited state where it can donate an electron to the
persulfate, resulting in cleavage of the O-O bond. The products are the oxidized Ru(lll), the sulfate
radical, and a sulfate anion. In a second step, Ru(lll) induces the formation of a tyrosine radical;
polymerization is initiated by oxidative bonding of two tyrosines to form a di-tyrosine. This reaction
process can be utilized to crosslink tyrosines originating from proteins within a hydrogel precursor
solution, for example gelatin, collagen, or even fibrinogen 32°, This not only allows polymerization of a

proteinaceous gel but also adhesion by means of covalent bond formation, since tyrosines from

surrounding tissue are simultaneously targeted in the reaction.

Fibrinogen has already been used as bioactive supplement in hydrogel formulations 2°6319330 byt

the use of ruthenium as photoinitiator to crosslink fibrinogen fibrils directly eliminates the need for

additional use of other polymeric hydrogel ingredients. In contrast to collagen/gelatin and other
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fibrillar proteins, fibrinogen has a relatively high content of tyrosine. This is a prerequisite for
adaptations of the mechanical strength via the crosslink density without the necessity of additional
chemical modification to the protein. Two of the three protein chains of fibrinogen are particular rich
in tyrosine (B-chain 4.9 % tyrosine; y-chain 5.6 % tyrosine; a-chain 0.65 % tyrosine) and it was also
reasoned that, because of its propensity to interact with other extracellular matrix proteins, fibrinogen
is a superior candidate for ruthenium crosslinked proteinous adhesive hydrogels #3>%31332_ E|yin et al.
found the mechanical properties of dumbbell-shaped strips of cross-linked fibrinogen compare
favorably with the strength of a fibrin gel formed by treatment of fibrinogen (fibrinogen content
70 mg/ml) with thrombin/CaCl,/Factor XllI, which had a tensile strength of 28 kPa and a strain at break
of 104 %. The photochemically crosslinked fibrinogen material was stiffer and slightly less elastic than
the comparative fibrin gels. In addition, the authors hypothesized that the binding capacities of
fibrinogen to both fibronectin and vitronectin as well as collagen contributes to improved adhesion
since fibrinogen chains are highly structured and relatively constrained in the degree of molecular
associations possible between a-, B-, and y- subunits in the native fibrin. It can be speculated that these
intermolecular protein associations in combination with subsequent covalent dityrosine crosslinking
of fibrinogen to various ECM proteins, could account for the superior adhesive properties of this
photochemically-cured fibrinogen tissue adhesive. However, although the authors reported improved
adhesion strength compared to ordinary fibrin glue, a direct transfer of the results to the performance
as cartilage adhesive cannot be made. It should again be noted that the tissue type used can have an
enormous influence on the adhesion strength and, in addition, the capacities for cartilage remodeling
must also be appropriate. The group of Elvin et al. used relatively high fibrinogen concentrations
(mostly 100 mg/ml) for application as a photo-crosslinked adhesive. In order to transfer the reported
successful adhesion and crosslink mechanism to the application on cartilage tissue, a fibrinogen
concentration of 25 and 50 mg/ml (named RuFib25 and RuFib50) were chosen in our experiments,
which corresponds to the same final fibrinogen concentrations in the previously tested long-term
stable fibrin glues (stable fibrin (25) and (50)). The aim was to determine whether the tyrosine density
of the fibrinogen at those concentrations was sufficient to achieve both stable adhesion to the native
cartilage and leads to sufficient intrinsic mechanical stability of the gel. In the mentioned fibrin gels
with those fibrinogen concentrations, good repopulation of the defect interface with chondrocytes
and newly synthesized ECM was observed in the disc/ring model (see Chapter 4.2). The exchange of
the reaction mechanism at constant protein concentration thus theoretically allows a direct
comparison of both approaches with respect to biological regeneration in addition to biomechanical

properties.
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To get a first impression of the material stability, a small group of different cylindrical test gels was
prepared and observed over seven days in PBS to detect possible hydrolysis. The Young's modulus was
determined from the gels initially and after seven days (see Figure 22). The results allow interpretation
of a trend, but reproducibility and statistical significance would need to be tested in the future with a
higher number of samples. For long-term stable fibrin gels, a higher fibrinogen content (25 vs.
50 mg/ml) resulted in higher strength, as was expected. However, a more pronounced reduction from
the Young’s modulus was also seen with stable fibrin (50). TissuCol was initially softer than both long-
term stable fibrin formulations but hardened during the seven-day incubation, possibly due to
shrinkage of the gel because it is not a dimensionally stable formulation. Relative to the fibrin gels,
RuFib50 is a rather soft gel, which may indicate a lower crosslink density but may also be an advantage
for cell invasion. Unfortunately, despite that for RuFib25 gelling was observable, the hydrogels were
to soft to allow proper handling and determination of the Young’s modulus. Incubation in PBS further
worsened hydrogel integrity and accordingly no mechanical data could be obtained. In contrast to the
fabrication of bulk hydrogels, application at the defect interface of both RuFib formulations resulted
in stabile bonding of the cartilage disc, which allowed handling, biomechanical testing and further
processing of the constructs. Because of the small volume in the gap and in proportion the large
reaction surface of the native cartilage with its collagen content, it was assumed that sufficient

reaction partners are present to obtain a cohesively stable adhesive matrix as well.

Dityrosine bonds that are also the resulting linkage in the applied ruthenium mechanism are easily
formed in vitro via multiple physiologically relevant reactions, that are amenable to the incorporation
of cells or in situ crosslinking for tissue regeneration. The reactivity of the phenolic side chain of the
amino acid tyrosine, and its unique chemical reactivity, fosters its involvement in a number of
molecular interactions. It has been known for decades that dityrosine bonds are a key component to
many biopolymer materials in native tissues, however, these motifs are exploited in the development

of new biomaterials only since few years 333

. While dityrosine-crosslinked proteins have been
documented, the consequences of the dityrosine link on the structure and function of the thus
modified proteins are yet to be understood. Tyrosine residues on the surface of the protein can form
both intra- and intermolecular bonds. It was demonstrated that the structural stability of dityrosine-
crosslinked molecules is lower than that of the parent native monomer 334, However, the biphenyl
bond that links two tyrosine molecules is generally acknowledged as chemically quite stable. In the
marine environment for example such substrates can be degraded enzymatically only by select
bacterial populations or through photoinduced scission of the biphenyl bond 3%. A precise cause for

the decrease of adhesion strength in RuFib after in vitro culture cannot be stated with certainty. Even

if the dityrosine bond has a high resistance to hydrolysis and enzymatic degradation, it cannot be
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excluded that the mechanical stability of the individual fibrinogen chains suffers and thus the
mechanical resilience of the adhesive matrix was reduced. It is therefore also conceivable that the

biomechanically determined force values were limited by a cohesive rather than an adhesive failure.

Similar to previously conducted experiments with fibrin glue, the tissue regeneration at the glue
interface is of particular interest for a potential suitability as cartilage glue. In histology it was observed
that over a period of 21 days in vitro culture there was a qualitative decrease in defect bridging.
Delamination of RuFib25 and RuFib50 adhesives from cartilage tissue was evident. Despite the lower
stiffness of the RuFib material compared with fibrin, no significant deposition of ECM or migration of
chondrocytes into the adhesive matrix was evident in cultured disc/ring constructs. Again, the altered
structure of the fibrinogen molecule due to the formed intra- and intermolecular dityrosine bonds may
be a trigger for the decrease in biological interaction with ECM components or cell adhesion receptors.
As an additional approach for histological evaluation, sandwich constructs of 6 mm cartilage discs
layered with the adhesive were prepared in one experiment and cultured in vitro over a six-week
period. In contrast to the disc/ring construct, approximately twice the amount of native cartilage tissue
per composite is transferred to in vitro culture. However, this also changes the direct comparability,
since it must be assumed that secreted ECM components and also, for example, enzymes can have a
different effect on adhesive metabolism or its colonization. It should also be noted that the interface
considered in the sandwich model is not a lateral but a sagital defect and that cartilage regeneration
may differ fundamentally, e.g. because of the different orientation of collagen fibers in the tissue. In
principle, sagital cartilage defects are of higher clinical relevance, but here the sandwich model was
utilized because of the advantage for easy application of larger adhesive volumes and an adjustable
gap size. This, in turn, may facilitate histological assessment of cartilage regeneration and interaction
with the bulk material. However, to allow a direct comparison of the RuFib50 material, sandwich
constructs were also made with stable fibrin (50). In the evaluated sandwich constructs, the range of
the defect width was significantly increased compared to the disc/ring constructs. After six weeks of
culture, the sandwich constructs of both groups were vital and a very clear cell migration from the
native tissue into the glue-filled gap, as well as ECM accumulation in the glue hydrogel were visible.
Although there was no significant difference between fibrin (stable fibrin (50)) and RuFib50, these
results show that ruthenium crosslinking does not, in principle, destroy the regenerative capacity from
fibrinogen. The underlying kinetics and differences to fibrin glue concerning cell and ECM interactions

in the lateral defect of the disc/ring model remain unknown and would need further investigation.

However, the good biocompatibility of the adhesive materials and the visible-light-induced
reaction mechanism attracted positive attention. Staining with MTT showed very good viability of the

entire disc/ring construct in both RuFib variants. In the thin section, no additional induced necrosis
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could be detected directly at the defect interface and thus in close proximity to the applied adhesive.
This reflects the findings in similar applications where identical concentrations of ruthenium and SPS
were used. Since it is a very strong oxidizing agent, SPS can be assumed to be the most critical
ingredient in terms of compatibility. However, SPS is tolerated by exposed cells even at levels far
exceeding than used in the protein adhesive formulation 2*°. Kodadek et al. mentioned that the
ruthenium complex is of cell permeant nature but that the persulphate anion is of cell impermeant
nature 3%, Since both of these water-soluble reagents are either consumed during the reaction, or
diffuse from the hydrogel following crosslinking, the local concentrations of the low molecular weight
components would be expected to drop rapidly when applied in vivo. In several in vivo studies, no

compound-related incompatibilities were reported for those glue compartments 329:331,:332.337,

From a toxicological perspective, in contrast to organic crosslinkers (e.g. like the described sulfo-
NHS-LC-diazirin) the metabolic pathways and clearances of inorganic compounds are better
characterizable, which allows derivation of allowable threshold limits for compounds designated to a
distinct element. Within the ICH Q3D guideline the toxicological data for elemental compounds is
summarized and permitted daily exposure values (PDEs) for medical and pharmaceutical products are
reported with regard to different exposure routes 3%, For ruthenium compounds no health hazards
are to be expected for the parenteral exposure of up to 10 pg/day. For long-term exposures above this
daily limit, toxicological risks cannot be excluded. Based on the molecular weight of the ruthenium
complex (640.53 g/mol and the final molarity of 2 mM) an adhesive volume of 500 ul would exemplary
contain approximately 640 ug of the ruthenium complex. Accordingly, further investigation would be
required if potentially hazardous amounts of this compound can migrate out of the applied adhesive
under its clinical use and get exposed to the patient in order to exclude systemic and genotoxic effects.
Unlike other photoinitiators, ruthenium is not excited via UV but with light in the visible-blue
wavelength range. This means that no harmful effects from energy-intensive radiation are to be
expected. No special equipment is required and curing can also be carried out via ordinary plant
growth lamps. The experiments performed clearly show the potential of ruthenium crosslinking as a
basis for adhesion chemistry. The mechanism also allows the easy use of abundant proteins such as
fibrinogen and collagen or gelatin, whereby their versatile biological and mechanical advantages can
be used directly in an adhesive material without complex synthesis steps. The irradiation with visible
light results in fast on-demand curing with good adhesion capacities, which addresses limitations of
current fibrin sealants that typically have relatively slow curing times and relatively low bonding
strengths. The use of higher concentrated fibrinogen in combination with ruthenium crosslinking can
potentially enhance mechanical properties, thus affecting integrative repair in the disc/ring cartilage

construct. Appropriate experimental approaches have been pursued within our research group and
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are described accordingly in the context of another doctoral thesis (see dissertation of Johannes

Maximilian Meister 339),

The versatility of the dityrosine bond and the inspiration from crosslinking reactions in the byssus
thread of mussels and in the chitin shell of insects has also stimulated researchers to develop a tissue
adhesive that is light-inducible and achieves good adhesion results even on moist tissue. Jeon et al.
reported a mussel protein-based bioadhesive (LAMBA) crosslinked via a ruthenium complex.
Compared to fibrin, LAMBA exhibited substantially stronger bulk wet tissue adhesion accompanied by
good biocompatibility in both in vitro and in vivo studies. The glue was shown to be easily tunable and

340 In naturally

to allow an effective on-demand wound closure that facilitated wound healing
occurring dityrosine forming, functional transformations include the enzymatic conversion of tyrosine
into L-3-4-dihydroxyphenylalanine (DOPA), which acts as a precursor for crosslinking with other amino
acid residues and provides adhesion to surfaces. The general mechanism of dityrosine formation
involves removal of the hydrogen atom from the hydroxyl group on the phenoxy ring to form a free
radical. For the DOPA-intermediate mechanism, oxidative conditions are required to generate a free
radical allowing for the coupling of the residues 333, Therefore, in approaches utilizing DOPA chemistry
for adhesive formulations oxidizing chemicals are most frequently used in contrast to ruthenium
crosslinking. However, DOPA can be easily attached to different synthetic polymeric molecules which
offers a great toolbox for adapting an adhesive hydrogel. Such an approach was also undertaken in the
context of this work and is discussed in detail in Chapter 4.4. In addition, synthetic hydrogel
compartments can be loaded with drugs and other active proteins. It was only recently shown that
chemical synthesis steps can also be used to attach antibacterial agents to hydrogel components,
thereby improving wound healing 3*!. The connection of chemically modifiable polymers with the

properties of fibrillar proteins is therefore probably the most promising approach to combine targeted

adaptation options and biological functionalities in adhesive hydrogels.

4.4 Synthetic Polyoxazolines Functionalized with Catecholic Adhesion
Moieties and Equipped with Tunable Degradation for Cartilage
Integration

As discussed in the previous chapter, chemically modifiable polymers possess various benefits that
can be utilized for adhesive material formulations. The versatility in the design opportunities for
polymeric backbone molecules promise adaptability to specific requirements like adhesion mechanism

and strength, mechanical stability and cell interaction. The goal of the following chapter was to
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investigate the potential for lateral cartilage repair of functionalized and modifiable POx polymers

especially in combination with fibrinogen as bioactive agent, similar to prior experiments.
Parts of this chapter have been published in:

Oliver Berberich, Julia Bléhbaum, Stefanie Holscher-Doht, Rainer Meffert, Jorg TeRmar, Torsten
Blunk, Jurgen Groll; Catechol-modified Poly(oxazoline)s with Tunable Degradability Facilitate Cell
Invasion and Lateral Cartilage Integration, Journal of Industrial and Engineering Chemistry 2019, 80, p.

757-769. Copyright © 2019 The Korean Society of Industrial and Engineering Chemistry

Data and excerpts from the publication are used with the kind permission of the journal and are

described in the following.

4.4.1 Hydrogel Preparation

Chemical synthesis and potential design possibilities for POx polymers was conducted in
cooperation with the Department for Functional Materials in Medicine and Dentistry (FMZ), University
Hospital Wirzburg. The chemical synthesis was part of a chemistry PhD thesis and details were

published elsewhere 241342,

Vinyl side chain functional poly(2-alkyl)oxazoline copolymers were synthesized by randomly
copolymerizing MeOx or EtOx with ButEnOx in a microwave reactor. The polymers were successfully
functionalized at the side chain double bond via thiol-ene reaction. Those intermediate products were
then further functionalized with a self-synthesized catechol with protected hydroxyl functionalities.
The protected catechol building block was synthesized with a free carboxylic acid that could react with
hydroxyl or amino side functional polymers creating ester or amide linkages between the polymer side

chain and the catechol moiety.

Under the presence of excess catechol and reagents the side chains could be functionalized with
the protected catechol molecule to a degree of 58 to 70 %. The synthesis for the MeOx copolymers
was slightly adapted by means of incorporating an additional carboxylic side functionality due to the
high hydrophilicity and the accompanied limited binding of the catecholic dopamine residue. With this
approach, 85.4 % of all side chains could be successfully functionalized with dopamine. Here, it was
observable that it played a crucial role whether MeOx or EtOx is used as co-monomer regarding the

solubility of the final catechol-functionalized copolymer. The catechol moiety increases the overall
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hydrophobicity of the polymer so that synthetization of water-soluble polymers with a catechol

functionalization was reduced based on the less hydrophilic co-monomer EtOx.

A

[ PEOD or PMOD
v Fibrinogen

Figure 26: Hydrogel formation mechanism of hydrogels based on catechol-functionalized POx.

(A) Reaction scheme of hydrogel formation using catechol-functionalized POx polymers either alone or in combination with
fibrinogen using sodium periodate and (B) hydrogel solution before (colorless, liquid) and after addition of sodium periodate

(brown, solid).
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Table 9: Overview of synthesized catechol functional POx availalbe for hydrogel formulations.

Polymer Precursor No. of % Vinyl % Catechol Catechol Abbreviation
repeating functionality functionality chemistry
units
PEtOx-co-ButEnOx 91.5 6.6 4.6 amide PEODamide
PEtOx-co-ButEnOx 91.5 6.6 4.3 ester PEODester
PMeOx-co-ButEnOx 79 10 8.7 amide PMODamide
PMeOx-co-ButEnOx 79 10 5.3 ester PMODester

For initiative evaluation of the hydrogel formation capacity, the different catechol-functionalized
POx polymers were used to form hydrogels either with or without addition of fibrinogen to the
precursor solutions under oxidative conditions using sodium periodate (NalO,) in PBS (see Figure 26).
Starting from the colorless precursor solutions, the hydrogel formation was initiated by the addition
of colorless NalOs, the color immediately changed to brown as the catechol groups were oxidized and
NalO4 was reduced to iodine. The formation of the hydrogel network took place within less than three

minutes.

4.4.2 Mechanical Characteristics of Hydrogels

Hydrogels with and without fibrinogen were prepared in PBS using NalO, as oxidizing agent. To
determine the influence of fibrinogen on the elastic modulus and to evaluate the right ratio of polymer
to fibrinogen for the intended application, hydrogels with 12.5 w/v% PEOD,mige Of PMODamige Only as
well as 5, 7.5 and 10 w/v% PEODamige Of PMODamide combined with 5 w/v% fibrinogen (denoted as
PEOD-Fib and PMOD-Fib, respectively) each were prepared. During mechanical testing, it was
observed that hydrogels without fibrinogen were less elastic than those containing 5 w/v% fibrinogen

and were already destroyed after compression to 69 % of their original height (see Figure 27A).

The Young’s modulus of the hydrogels with 12.5 w/v % pure synthetic polymer was 9.7 + 0.6 kPa
for PEOD and 49.0+9.1kPa for PMOD in contrast to 6.9+2.4kPa for 7.5% PEOD-Fib and
15.3 £ 2.2 kPa for 7.5 % PMOD-Fib. These values show on the one hand that the almost doubled
functionalization degree of the more hydrophilic PMOD (8.7 % catechol), compared to PEOD, results
in gels which are five times stiffer. On the other hand, the addition of fibrinogen increased the
elasticity, as expected, which obviously impacted the hydrogels made of PMOD to a greater degree
than those based on PEOD. Compositions of only 5 w/v % PEOD-Fib were too soft to be analyzed.
Hydrogels with the same composition, but based on PMOD were stable enough to be characterized
and displayed a Young’s modulus of 6.2 + 0.7 kPa. As to be expected, the elastic modulus could be
further increased using 10 w/v % polymer. 10 % PMOD-Fib hydrogels became rather stiff with a
modulus of 45.1+3.8kPa compared to 10% PEOD-Fib with a modulus of
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12.5 + 2.1 kPa (see Figure 27B). Based on these results, we decided to continue our experiments with
the formulation containing 7.5 % of the synthetic polymers and 5 % fibrinogen as these hydrogels had

shown an adequate elasticity and stability whilst keeping the material content as low as possible.
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Figure 27: Compression specification of hydrogels based on catechol-functionalized POx.

A) Hydrogel with 12.5 w/v % mass content consisting of only synthetic polymer (top) and with 5 w/v% fibrinogen (bottom)
illustrating an increased elasticity due to incorporation of fibrinogen and B) Young’s moduli of PMOD or PEOD with and
without fibrinogen after 24 h incubation at 37 °C. Because hydrogels were too soft, values of 5 % PEOD-Fib hydrogels could
not be determined (n.d.) Data are presented as means * standard deviation (n=3). (* = p<0.05 between groups of different

concentrations, and A = p<0.05 between PEOD and PMOD of equal concentrations).

4.4.3 Tunable Hydrogel Degradation

For the degradation study hydrogels with 7.5 % PEOD-Fib containing 0, 25 and 50 % PEODester in
the polymeric phase were prepared and incubated in PBS at 37 °C for 21 days. Precursor solutions
solely consisting of PEODester sShowed instant clotting at the pipet tip used to transfer the NalO4 solution
for initiation of crosslinking. Similar problems occurred for other hydrogels consisting of more than
50 % PEODester. Moreover, up to 50 % PEODester content in the polymer phase of the gels, no significant
changes in swelling and gel morphology could macroscopically be observed over a time period of three
weeks, while gel specimens completely consisting out of PEODester disintegrated to a large extent (see
Figure 28). Due to their rapid loss in shape fidelity, it was also not possible to record the change in

Young’s moduli over time for compositions with more than 50 % ester polymer.
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Figure 28: Macroscopical captures of cast 7.5 % PEOD-Fib hydrogels with different concentrations of PEODester.

Samples were evaluated after d1, d7, d14 and d21 in PBS at 37 °C. All hydrogels showed initial swelling. The higher the

concentration of PEODester the more prominent is the mass loss due to hydrolysis over time

For this reason, quantitative degradation studies were conducted only for ester contents of 50 %
and lower, which avoided clotting and inhomogeneity. It was observed that with proceeding hydrogel
degradation higher contents of iodine diffused from the hydrogels to the supernatant. Thus, the
release of iodine was recorded in UV/Vis measurements for 7.5 % PEOD-Fib hydrogels containing 0, 25
and 50 % PEODester over a time course of 21 days (see Figure 29). Most iodine was released for the
hydrogel specimens with 50 % PEODester. The release of iodine followed a steep increase during the
first seven days reaching a plateau after 14 days for hydrogels without ester and with 25 % ester
polymer. This implicates that the network degradation under physiological conditions is fast during the

first seven days and then continues slowly until all ester bonds have been dissolved.
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Swelling of separate hydrogels (both PEOD and PMOD variations with 7.5 % total POx content)
was measured using gravimetric analysis and referenced to their initial weight before incubation in
PBS over the time frame of three weeks. All hydrogels increased in mass after 24 h of incubation at
37°C reaching their equilibrium swelling. The higher the amount of degradable ester polymer, the
higher was the observed mass increase. Hydrogels without and with 25 % PEODest.r did not further
increase in mass after one day, whereas hydrogels with the highest PEODester content still increased in

mass until week two (see Figure 30A).
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Figure 29: Release of iodine analyzed by UV/Vis absorption of 7.5 w/v % hydrogels consisting of PEOD-Fib with 0, 25 and

50 % ester content.

Samples were evaluated over the course of three weeks. Data are presented as means + standard deviation (n=3).

A similar trend, but less initial swelling, caused by a denser network due to the higher polymer
functionalization, could be observed for the hydrogels based on PMOD-Fib (see Figure 31A). In
addition, the hydrogel specimens were further mechanically analyzed. In general, the elasticity of the
hydrogels appeared to decrease over the course of three weeks, although this trend was not
statistically significant (see Figure 30B). The same trend could be observed for hydrogels based on
PMOD-Fib, see Figure 31B. Clear differences were observed between groups, with the hydrogels
having the highest PEODester content showing the lowest Young’s moduli. There was no initial
difference between hydrogels without ester and 25 % ester, but the elasticity was significantly

influenced when 50 % ester was added to the polymeric phase.

The results showed that the incorporation of ester-containing polymer alters hydrogel swelling

and mechanical properties.
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Figure 30: Time dependent mass and compression specification of PEOD-Fib hydrogels.

A) Mass change and B) Young’s modulus of 7.5 w/v % hydrogels consisting of PEOD-Fib with 0, 25 and 50 % ester content

over the course of three weeks. Data are presented as means * standard deviation (n=3), (* = p<0.05).
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Figure 31: Time dependent mass and compression specification of PMOD-Fib hydrogels.

A) Mass change and B) Young’s modulus of 7.5 w/v % hydrogels consisting of PMOD-Fib with 0, 25 and 50 % ester content

over the course of three weeks. Data are presented as means * standard deviation (n=3), (* = p<0.05).
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4.4.4 Cartilage Tissue Adhesion of POx Crosslinked Fibrinogen

The adhesive strength, i.e. immediate bonding, of the hydrogels on cartilage tissue was assessed
biomechanically via a push-out test. Upon initialization of the curing reaction by NalO,, a stable
hydrogel formed from the POx and fibrinogen molecules that adhered to the cartilage tissue due to

dicatechol crosslinking (see mechanism in Figure 32A). Thereby, it was examined how the catechol
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Figure 32: Cartilage tissue adhesion of catechol-functionalized POx in combination with fibrinogen.

A) Schematic illustration of the bonding mechanism. B) Adhesive strength of different compositions of PEOD-Fib, PMOD-Fib,
and fibrin to cartilage tissue after one day in tissue culture. Data are presented as means + standard deviation (n= 3-5),
statistically significant differences between POx adhesives and fibrin are denoted with *(p< 0.05). C) Scanning electron
microscopy of a cartilage disc treated with 7.5 % PEOD-Fib (25 % PEODestr as representative). Adhesive is firmly integrated
with cartilage surface (upper image). At higher magnification, collagen fibrils crossing the interface and fixed inside the

adhesive hydrogel can be identified (lower image, highlighted with arrows).
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functional POx, the presence of hydrolytically cleavable ester bonds, and the degree of

functionalization have an impact on the adhesive properties (see Figure 32B).

As it has been shown in literature that catechol crosslinking can take up to several hours 33, the
samples were allowed to cure overnight prior to testing. Although the solidification is relatively fast,
the continuous oligomerization via catechol reaction can further increase stiffness and crosslink
density as well as adhesion to the cartilage surface. After complete crosslinking of the different
polymers, no significant differences were observable when the amide-containing polymer was
substituted with the polymer containing hydrolyzable side chains (ester), both in PEOD-Fib and PMOD-
Fib (see Figure 32B). This generally means that the reduced Young’s moduli corresponding to
increasing ester content did not significantly compromise the adhesive strength of the cartilage
adhesive. The highest adhesive strength value was reached with 7.5 % PMOD-Fib solely containing
PMODamide (20.08 + 3.57 kPa). For 7.5 % PEOD-Fib the highest value was obtained when 25 % PEODester
were substituted (14.70 + 3.82 kPa). It was observed that when applied on cartilage tissue, all tested
adhesive compositions, at least by trend, resulted in higher adhesive strength than fibrin, with
significant increase for 7.5 % PMOD-Fib when 0 % or 25 % PMODe.r Were present. Due to the limited
yield of PMOD polymers in the chemical synthetization and since the functionalization of the amide-
and the ester-containing polymer was more consistent in PEOD compared to PMOD (see Table 9),
further experiments on the integrative interaction and cytotoxicity assessment were restricted to the

7.5 % PEOD-Fib adhesive group.
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Figure 33: Scanning electron microscopy of a cartilage disc treated with 7.5 % PEOD-Fib (0, 25 and 50 % PEODester ).
Irrespective of ester content adhesives are firmly integrated with cartilage surface. In all groups, collagen fibrils crossing the
interface and fixed inside the adhesive hydrogel can be identified. No differences in network structure related to the ester
content of the adhesives could be detected immediately after adhesive application.

The fine structure of the bonding interfaces was further visualized by scanning electron
microscopy (SEM). Independent of the ester content, all examined PEOD-Fib compositions revealed a

tight and continuous adhesion to the fibrous collagen network of the cartilage ECM (see Figure 32C
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and Figure 33). High magnification images revealed that the adhesive material smoothly penetrated

the cartilage surface and that single collagen fibers were firmly attached within the hydrogel.

4.4.5 Evaluation of Cytotoxicity

The in vitro cytotoxicity of various PEOD-based adhesive hydrogels was determined using the MTT
viability stain and microscopic evaluation. Potential cytotoxic effects within the cartilage tissue at the
application site were examined microscopically (see Figure 34A) but the deposited MTT dye in the
tissue was also quantified colorimetrically (see Figure 34B). Constructs without any adhesive
treatment, the fibrin control and 7.5 % PEOD-Fib, irrespective of ester content, showed excellent cell
viability. Remarkably, even cells in adjacent contact to the tested adhesives stained positive for viability
(dark cell-associated MTT stain). In contrast, as a negative control, thermally devitalized constructs did
not show metabolically transformation of MTT dye. The quantification of the accumulated MTT in the
disc/ring samples confirmed the before mentioned evaluation. No adverse effects of PEOD-Fib on

tissue viability could be detected, irrespective of ester content (see Figure 34B).
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Figure 34: In vitro cytotoxicity evaluation of 7.5 % PEOD-Fib with different contents of PEODegter.

A) Adhesives were applied at the defect interface of disc/ring composites, stained with MTT viability stain and inspected
microscopically. Composites without adhesive treatment or with fibrin showed comparable viability. Thermally devitalized
cartilage as a negative control showed no MTT stain accumulation. B) MTT accumulated in cartilage constructs was
solubilized and optical density was measured at 570 nm. % Viability was calculated in reference to mean of w/o adhesive

control. Statistically significant differences to Freeze/thaw control are denoted with *(p< 0.05).
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Additionally, cast cylindrical hydrogels of PEOD-Fib and stable fibrin (50) as a control were
incubated in a chondrocyte suspension where good cell attachment was observable for gels containing
fibrinogen (see Figure 35). There were no signs of harmed cells that would occur in case of cytotoxic

byproducts in the sol content or leachable gel fractions.
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Figure 35: Calcein fluorescence images of cast hydrogels incubated in a chondrocyte suspension at d7.

Attached cells were stained with calcein. 7.5 % PEOD-Fib hydrogels with different concentrations of PEODester (Uupper row)
revealed good cell attachment on the hydrogel surface, comparable to that of fibrin hydrogels (lower row, right). In contrast,

7.5 % PEOD hydrogels without fibrinogen showed no chondrocyte attachment.

4.4.6 Influence of Adhesive Degradation on Long-Term Cartilage
Integration

To evaluate the influence of the different degradation and mechanisms on long-term in vitro
cartilage integration, different PEOD-Fib adhesives were applied on cartilage disc/ring constructs. After

three weeks in vitro tissue culture, biomechanical push-out tests showed an increase in adhesive
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Figure 36: Long-term cartilage integration with 7.5 % PEOD-Fib adhesives.

A) Comparison of biomechanical integration strength of 7.5 % PEOD-Fib with different concentrations of PEODegter after d1
and d21 in tissue culture. Data are presented as means * standard deviation (n= 3-5). B) Histological SafO-staining for
glycosaminoglycans (GAG) in 7.5 % PEOD-Fib with different concentrations of PEODester at d1 and d21 of tissue culture.
C) Immunofluorescent staining for cartilage ECM markers collagen type Il and aggrecan (red) at d21, epifluorescent signal of

PEOD-Fib is seen as green fluorescence.

strength for all tested compositions of 7.5 % PEOD-Fib, as compared to the bonding at day one
(see Figure 36A). The incorporation of 25 % PEODestr as well as of 50 % PEODester Of the total PEOD
amount achieved higher adhesive strength values (24.73+11.66kPa and 19.10+ 3.72 kPa,
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respectively), as compared to constructs where only PEODamige Was used (15.41 + 8.77 kPa), albeit
these differences were not statistically significant. However, strikingly, microscopic analysis clearly
demonstrated the benefit of an increased degradation for cell invasion and cartilage regeneration.
Histological staining for glycosaminoglycans (SafO, see Figure 36B) and immunofluorescent staining
for typical cartilage ECM components (aggrecan, collagen type Il, see Figure 36C) showed an impaired

cartilage integration after 21 days in vitro culture when the amide-containing adhesive was used.

In contrast, for the ester-containing adhesive, as the network of the hydrogel was loosened due
to hydrolyzable crosslinks via the incorporation of either 25 % or 50 % PEODestr, a turnover of the
adhesive along with neocartilage formation was observed. A homogeneous ECM deposition spanning
the defect in combination with a high number of invaded cells was detected in the defect gap in

adhesives with the hydrolyzable crosslinks.

4.4.7 Discussion

With the appropriate crosslinking chemistry, polymers have the ability to cure into hydrogels via
reactive groups and to adhere directly to tissue surfaces. Despite the progressive increase in
understanding of adhesion mechanisms, researchers face the extreme challenge to fabricate materials
with adhesion to wet and dynamic surfaces that are in compliance with biocompatibility demands.
Especially for the application on cartilage tissue with its wet environment and high mechanical forces,
adhesives are needed that can withstand the strain. For this reason, scientists are inspired by

organisms that achieve adhesion under the hardest conditions 3%,

Specific organisms that attracted the interest of researchers worldwide are blue mussels. These
small bivalves are capable of attaching to a wide range of organic and inorganic surfaces underwater
and even in the harsh intertidal line. Analysis of secreted proteins at the byssal threads revealed that
the underwater adhesive properties and the mechanical properties of the threads are linked to
repeating residues of the catecholic amino acid 3,4-dihydroxyphenyl-alanine (DOPA) which has been
reviewed before 3%, With the use of catechol-functionalized polymers it is possible to mimic the mussel
adhesion via oxidation of containing catechol groups or reduction with metallic ions. The catechol
group can form metal complexes in the presence of metal ions such as Fe3* or bind to inorganic surfaces
via hydrogen bonds. Under oxidizing conditions, the catechol group becomes highly reactive and forms
an o-quinone that can polymerize itself or react with a variety of nucleophiles such as amino or thiol
groups by Michael addition or Schiff base formation 2**. This makes DOPA or other catechol molecules
perfect candidates for reactions with nucleophiles (e.g. -NH,, -SH) such as cysteinyl, histidyl or lysyl

groups, which are present on many natural tissue surfaces 24>3%,
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The most common method is the polymerization of dopamine with other monomers. For example,
Mehdizadeh et al. polymerized citric acid with PEG and dopamine in a condensation reaction to form
a biodegradable polymer that could be used as a tissue adhesive for wound closure 3¥. Moreover,
catechol functionality has already been linked to amino- or NHS-functionalized PEG with 3,4-
dihydroxyhydrocinnamic acid or dopamine HCl 2*62%7_ |t has also been bound to biomacromolecules,
for example, to carboxylated silk fibroin 2*8 or to gelatin by simple EDC/NHS chemistry #1°. Moreover,
it has already been polymerized as dopamine acrylamide or dopamine hydrochloride to form three-

dimensional networks 2°%2°1,

A possible alternative are water soluble synthetic polymers like poly(2-alkyl-2-oxazoline)s (POx),
which have become increasingly popular in the biomedical field due to their improved and accelerated
synthesis using microwave heating. In contrast to the more prominent poly(ethylene glycol) (PEG), POx
do not only offer end-terminal functionalization via functional initiators or terminating agents, but also
allow for a tunable side chain functionalization, which can be varied through a range of different

236

functional monomers or further post-polymerization functionalization POx has also been

237

associated with good hemocompatibility, low cytotoxicity and low immunogenicity 23723, Accordingly,

hydrogels based on different POx derivatives were already used for drug delivery, as cell culture

scaffolds, or as hemostatic wound dressings 240241,

4.4.7.1 Hydrogel Preparation and Mechanical Characteristics

For the present experiments, POx polymers were prepared, differing essentially in two building
blocks used (MeOx vs. EtOx). The respective building block strongly affects the possibility of
functionalizing POx with DOPA via its own hydrophilicity. The susceptibility to hydrolysis of the binding
sites can also be adjusted via amide or ester binding to the DOPA residue. POx built on the less
hydrophilic co-monomer EtOx achieved a less high functionalization rate with DOPA (finalized POx
referred to as PEOD). However, the yield of functionalization was more consistent for PEOD containing
either amide or ester linkages in contrast to functionalized POx polymers based on the MeOx co-

monomer (PMOD).

The catechol-functionalized POx were used to form hydrogels under oxidative conditions using
sodium periodate (NalO,4) in PBS. As known from literature, catechol functionalities are oxidized to

247 Dicatechol

quinones, which will crosslink with other available quinones to form dicatechols
formation with the used POx polymers results in covalent intra- and intermolecular bindings and thus
contributes to curing into a hydrogel. For the application as biohybrid cartilage adhesive, fibrinogen

was added to the hydrogel precursor solutions. Besides adding a biological macromolecule offering
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several additional crosslinking points, we anticipated a better cell adherence on the hydrogel and only
mild cellular response to the implant as it had been observed by Berdichevski et al. for comparable
PEG- hydrogels in vivo 3%, To prove this assumption, we incubated cast hydrogels based on PEOD with
and without fibrinogen in a chondrocyte suspension. After seven days, all hydrogels with fibrinogen
were massively covered with cells and the specimen without fibrinogen did not show any attachment
of cells. Besides an improved cell attachment, the supplementation with fibrinogen raised the elasticity

of the hydrogel adhesive.

The biomechanical determination of the Young’s modulus showed on the one hand that the
almost doubled functionalization degree of the more hydrophilic PMOD (8.7 % catechol), compared to
PEOD (4.6 % catechol), results in gels which are five times stiffer. On the other hand, the addition of
fibrinogen increased the elasticity, as expected, which obviously impacted the hydrogels made of
PMOD to a greater degree than those based on PEOD. The added fibrinogen is composed of a long
a-helical coiled coil, which will convert into an extended B-strand conformation when force is applied,

making it a stretchable and soft fiber 3#°

and, thus, may improve mechanical characteristics of the
biohybrid materials. The ratio of free catechol groups from the POx to the fibrinogen concentration
directly affects the crosslink density within the gel and accordingly its mechanical properties. In
contrast to 5 w/v% PMOD-Fib, compositions of 5w/v % PEOD-Fib were too soft to be analyzed,
despite that the same fibrinogen concentration of 5 w/v % was present. This can be explained by the
fact that this polymer precursor contained only 4.6 % catechol groups due to less efficient
functionalization. In general, the assumption that a higher degree of functional catechol groups will
result in a denser network and hence in a higher Young’s modulus was confirmed. The results also
demonstrate that a range of elastic moduli can be produced depending on the functionalization
degree, which may be used to influence chondrocyte migration and neocartilage formation. Based on
these results, we decided to continue our experiments with the formulation containing 7.5 % of the
synthetic polymers and 5 % fibrinogen as these hydrogels had shown an adequate elasticity and
stability whilst keeping the material content as low as possible. For all tested formulations, the

formation of the hydrogel network took place within less than three minutes, which would be

favorable for the later clinical application.

4.4.7.2 Degradation

In general, the elasticity of the hydrogels appeared to decrease over the course of three weeks
which was shown by course of Young’s moduli determination. There was no initial difference between

hydrogels without ester and 25 % ester, but the elasticity was significantly influenced when 50 % ester
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was added to the polymeric phase. This can be explained with the increased swelling and additional
network inhomogeneities, which also lead to a reduced stiffness, which may be favorable for cell

invasion.

During the oxidative curing reaction iodine is formed that is deposited within the gel. It was
observed that with ongoing hydrolysis of the diverse produced hydrogel cylinders the supernatant PBS
solution darkened due to corresponding iodine release into the PBS solution. The UV/Vis absorbance
of iodine in the supernatant was taken as a measurement for the iodine release and therefore as an
indication for the degradation degree of the gel over time. The release of iodine followed a steep
increase during the first seven days reaching a plateau after 14 days for hydrogels without ester and
with 25 % ester polymer. This implicates that the network degradation under physiological conditions
is fast during the first seven days and then continues slowly until all ester bonds have been dissolved.
Constitution changes of hydrogel test specimens were also evaluated by means of macroscopic
observation and mass change. The higher the amount of degradable ester polymer, the higher was the

observed mass increase initially after fabrication of the gel and transfer to the PBS solution.

The results that the incorporation of ester-containing polymer alters hydrogel swelling and
mechanical properties over time due to hydrolysis. A different degradation dynamic in biological
settings in vivo or in vitro has to be considered, since the additional enzymatic degradation of
fibrinogen plays another important role. Furthermore, it should be noted that the fabricated hydrogel
specimens used for mechanical testing, iodine release determination and macroscopic evaluation
were prepared in much larger dimensions than it would likely be necessary in clinical applications when
used as an adhesive to fill cartilage lesions. From the obtained results we assumed that, when applied
as cartilage adhesives, the incorporation of ester-containing polymer in the tested concentrations may
be sufficient to create adequate space and, thus, facilitate cell invasion and ECM deposition, which

was tested in subsequent experiments with long-term in vitro cultivation of disc/ring constructs.

4.4.7.3 Adhesive Strength

As it has been shown in literature that catechol crosslinking can take up to several hours 3%,

therefore the samples were allowed to cure overnight prior to testing to take into account the full
reaction capacity. Although the solidification is relatively fast, the continuous oligomerization via
catechol reaction can further increase stiffness and crosslink density as well as adhesion to the
cartilage surface. After complete crosslinking of the different polymers, we could not observe
significant differences when the amide-containing polymer was substituted with the polymer

containing hydrolyzable side chains (ester linkages), both in PEOD-Fib and PMOD-Fib. This generally
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means that the reduced Young’s moduli corresponding to increasing ester content as described earlier
did not significantly compromise the adhesive strength of the cartilage adhesive. Compared to
PMOD-Fib, the reduced catechol functionalization in PEOD-Fib may compromise the adhesive
performance due to competing crosslinking reactions and less catechol that is needed for
intermolecular crosslinking and cohesive properties. A long-term stable fibrin formulation (stable fibrin
(50)) that was investigated in prior experiments served as a control group. The fibrinogen
concentration of the stable fibrin (50) is identical to the here examined POx adhesives as well as to
photopolymerizable RuFib50 described in Chapter 4.3.2 122, All tested POx adhesive compositions
possessed higher adhesive strength than the fibrin glue. The higher functionalized PMOD achieved the
highest adhesive strength where the formulations of 7.5 % PMOD-Fib with 0 % or 25 % content of the
hydrolyzable PMODester significantly outperformed the stable fibrin (50). The slight decline of adhesive
strength in the 7.5 % PMOD-Fib group with the highest amount of PMODestr (50 %) was most likely a
result of the uneven catechol functionalization between PMODamidze and PMODester (8.7 % vs. 5.3 %, see
Table 9). Nonetheless, these results clearly demonstrate that with the variation of the catechol
functionalization degree, both the mechanical strength of the bulk hydrogel and the corresponding

adhesive strength can be adapted.

When compared to other catechol-based hydrogels applied to tissues other than cartilage, the
range of adhesive strength values obtained with our approach was comparable or even
higher 245247:350-352 Here, we tested adhesive strength on cartilage tissue that is known for its anti-
adhesive properties due to its high GAG content °7*13, No enzymatic pre-treatment of the cartilage
surface was performed to expose potential binding sites on the collagen scaffold of the cartilage as
was necessary for diazirine functionalization (see Chapter 4.3.1) and photocrosslinking approaches in
the literature 21, In order to compare adhesive strength values, one must also consider differences in
the biomechanical test set-up. Most other studies have utilized a biomechanical lap-shear test,
whereas we have chosen to analyze integration in a disc/ring model, as the defect orientation

resembles the common lateral defect interfaces in cartilage repair.

Due to the high GAG content of native cartilage tissue, high amounts of water are present in the
disc/ring samples that are kept moist during fabrication steps. High magnification images from
performed electron microscopy revealed that the POx-fibrinogen adhesive material smoothly
penetrated the cartilage surface and that single collagen fibers were firmly attached within the
hydrogel. These observations suggest good tissue wettability by the hydrogels as it has also been
reported for other catechol-modified materials 3433, High surface wetting is necessary for intimate
contact between the polymer and substrate prior to bond setting. It has also been shown that low

molecular weight polymers favor interactions with a surface due to their higher mobility. However,

140



Results and Discussion

low molecular weight polymers may on the other hand lead to reduced cohesive strength of the
hydrogel due to a reduced chain entanglement 3% Therefore, increasing surface bonding at the
possible expense of bulk cohesion is an important design aspect of creating underwater or wet-tissue
adhesives and it has to be further clarified how the chain length of our POx derivatives influences this

balance.

4.4.7.4 Cytotoxicity

For cartilage defects, it has been shown that a hypocellular region surrounding the defect imposes
a significant hurdle for cartilage integration 1715, The mechanical stress after trauma to the cartilage
results in reduced cell viability. As demonstrated in Chapter 4.1 punching of the cartilage during
fabrication of the lateral defect interface in the disc/ring model resulted in a small necrotic band at the
defect site despite the usage of sharp biopsy punches. However, leachable substances from an
adhesive material can further decrease cell viability in the surrounding tissue and thus impede the
long-term success of regenerative repair. The main components of the here evaluated adhesives are
poly(oxazoline)s and fibrinogen that are generally considered as cytocompatible and are already
applied in biomedical applications 335535 The formation of a hydrogel network using catechol
groups and NalO,4 as curing agent has already been used by other research groups for different
applications. No cytotoxic effects were reported most probably because the potentially critical
oxidizing agent only needs to be applied at very low concentrations %! The final NalO,4
concentration in the adhesive formulations was 60 mM. Based on the molar mass of the single
iodine (1) atom (126.9 g/mol) an exemplary clinical applied glue volume of 500 ul would contain 3.8 mg
atomic I. lodine is a naturally occurring trace element that is vital for human health. It serves the body's
own build-up of the thyroid hormones thyroxine and triiodothyronine. These hormones control many

processes in the body such as growth, bone formation, brain development and energy metabolism.

The German Federal Institute for Risk Assessment (BfR) has prepared a guideline for iodine
exposure in humans and summarized existing health-relevant data %2, The recommendations of the
German Nutrition Society (DGE) for adequate iodine intake depend on age and increase from 40 to
80 micrograms per day for infants to 200 micrograms per day for adolescents and adults. Women need
more iodine during pregnancy and lactation, so intakes of 230 and 260 micrograms per day are
recommended. Data on the iodine supply of the German population were collected in the nationally
representative studies "Study on the Health of Adults in Germany" (DEGS) and "Study on the Health of
Children and Adolescents in Germany" (KIGGS). In Germany, a maximum daily intake of 500

micrograms of iodine is still considered safe, even for people who are sensitive to iodine exposure. As
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shown by the iodine absorbance data und macroscopic images of hydrogel specimens, the iodine
release is coupled to the degradation progress of the adhesive material and therefore iodine exposure
to the patient is distributed throughout the shelf-life of the adhesive with no single critical acute dose.
No toxicological risk has therefore to be expected for the released iodine from the adhesive in those
applied concentrations. The BfR assessment even concluded that about 30 percent of the population
still have an iodine intake below the estimated mean requirement and food supplementation e.g., via

the use of iodized table salt is recommended.

This toxicological risk evaluation is supported by other working groups with studies in other tissues
where DOPA-containing adhesives were cured with comparable doses of the oxidant sodium
periodate 24>247:352.360.361 - Additionally, the already described experiments with cast cylindrical
hydrogels of PEOD-Fib that were incubated in a chondrocyte suspension showed good cell attachment
(see Figure 35). There were no signs of harmed cells that would occur in case of cytotoxic byproducts
in the sol content or leachable gel fractions. As bovine fibrinogen was used for the presented adhesive
compositions, there would still be risks of blood-borne diseases or hypersensitivity that has also been
reported for commercial fibrin glue kits (e.g. Tisseel, Baxter, Inc.). Medical devices containing
derivatives of animal origin are required to validate the absence of viruses and transmissible
spongiform encephalopathy (TSE) agents in accordance with the ISO 22442 standard series. To bypass
suchrisks, there are several preparation methods described how to extract autologous fibrinogen from

patients 112226

, which could alternatively be used to allogenic fibrinogen. The good biocompatibility of
the prepared POx adhesives is further indicated by the tolerance and remodeling of the adhesives by
the disc/ring composites as observed in long-term cultivation experiments that will be discussed in

detail in the following chapter.

4.4.7.5 Long-term lateral cartilage integration

Three different compositions of 7.5 % PEOD-Fib with regard to the content of hydrolyzable ester-
based POx were included in long-term experiments in order to evaluate the influence of adhesive
degradation on the lateral cartilage integration at the defect interface. In sharp contrast to the results
obtained with the photopolymerized RuFib adhesive (see Chapter 4.3.2), the adhesive strength for all
tested PEOD-Fib formulations increased after three weeks in vitro tissue culture as determined by the
biomechanical push-out test. This already indicates that the dicatechol-based crosslinking of the
hydrogel via the POx polymers is superior for the long-term integration process compared to the
dityrosine formation via ruthenium activation. The increase in integration strength can thereby be

related to more stable intra- and intermolecular bonding and/or an improved cell-based integration
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via ECM remodeling. The tunable degradation rate of the PEOF-Fid adhesives by adaption of the
content of ester-linages in the POx polymers further influenced the outcome of long-term integration.
The incorporation of 25 % PEODester as well as of 50 % PEODester Of the total PEOD amount achieved
higher adhesive strength values and improved interfacial neocartilage formation as compared to
constructs where only the stable PEODamige Was used. Lacking remodeling capacity of an adhesive may
lead to delamination of the adhesive from the application surface when ECM synthesized in the bulk
cartilage tissue pushes against a non-interacting adhesive. The inability of a proper degradation results
in a barrier for migrating cells and gap-bridging neocartilage formation, as was also reported previously

by Murphy et al. 363,

A homogeneous ECM deposition spanning the defect in combination with a high number of
invaded cells was detected in the defect gap in adhesives with the hydrolyzable crosslinks. Synthesized
components of cartilage ECM that integrate with native cartilage and chondrocytes that can freely
migrate across the interface have been shown to enhance mechanical stability of tissue repair in
cartilage, both in short-term and long-term 8162.168.169,176,177.253 " Gimjlar properties were observed in
different fibrin glue formulations that allowed for cell migration and ECM deposition at the glue
interface (see Chapter 4.2). Itis likely that the formed repair tissue in the evaluated PEOD-Fib adhesives
still lack sufficient cohesive strength to bear strong mechanical loading at day 21 and therefore the
cohesive failure of the neocartilage limits the maximum stress in push-out experiments. However, as
seen in Figure Figure 36B and Figure 36C, the advanced repair in the ester-containing adhesives after
day 21 suggests a superior progress at later time-points of defect healing as compared to the adhesive
with non-hydrolyzable crosslinks despite the counteracting effect of increased hydrolysis on cohesive
strength. As the exact time course of hydrogel remodeling and development of cartilage ECM is still
not fully understood, it needs further investigation of optimal degradation and mechanical
characteristics of the hydrogels. The challenge will be to achieve a material composition with distinct
immediate integration strength and a balanced course of degradation to fully meet the demands for
successful long-term cartilage regeneration. Concerning this matter, the POx-based adhesives can
easily be further modified, i.e. by altering crosslink density and variable incorporation of hydrolysis
motifs, holding great potential for applications in wound closure or as sealant also in other types of
tissue. In combination with fibrinogen and oxidative conditions we could produce adhesive hydrogels
with tunable degradability. In principle, a higher functionalization rate of the POx polymers can lead
to increased immediate bonding strengths as was shown for adhesive formulations based on PMOD.
Higher available DOPA at the polymer backbone in combination with a suitable degradation kinetic
may benefit the overall outcome of the adhesive. However, the difficulties in chemical synthesis of

highly functionalized POx related to the high hydrophobicity of DOPA can limit the availability of
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functional groups for this approach. More detailed considerations would have to be made as to
whether maximization of the functionalization rate can be achieved by circumventing the polarity
problems with alternative polymers without the loss of the ability for long-term regeneration. A group
in Singapore already introduced a double crosslink mechanism of a gelatin-dopamine conjugate that
achieved immediate bonding strengths of up to 200 kPa in a lap shear test with stripes of either porcine
skin or cartilage 21°. However, despite the proven biocompatibility in in vitro cytotoxicity analysis and
subcutaneously implantation in mice, long-term results regarding the interaction of the material with
cartilage tissue remain missing. In future experiments on adhesive-mediated cartilage regeneration a
focus must be set on the evaluation of opportunities to chemically modify adhesive polymers with
regard to maximization of catechol residues and tunable degradation properties. Ideally, experiments
include the application directly on cartilage tissue either in vitro or in vivo. The in vitro disc/ring model,
however, provides the benefit of easily performable biomechanical assessment of integration strength
over the course of several weeks without solely relying on qualitative interpretation via microscopical

evaluation.

4.5 Lateral Cartilage Integration with Hydrogel Constructs

Besides the approach to enhance cartilage wound healing by means of gluing, there are other
strategies to improve cartilage tissue healing with adhesive hydrogels. Among other things, adhesive
hydrogel materials also offer advantages for larger defects, since the carrier material can be shape-
specific and fill larger wound spaces. In tissue engineering approaches, carrier materials are seeded
with cells with the aim to create newly formed tissue. Up to the formation of functional tissue,
numerous factors influence the outcome. Even if tissue engineering can successfully be used to
produce a tissue replacement that is similar in structure and function to the native tissue, it requires
good integration between the tissue engineering construct and the native tissue in order to maintain
long-term function. In the following, experiments are presented where different materials were used
for the creation of cartilaginous tissue engineering constructs. Factors influencing the outcome of
cartilage tissue formation within the constructs as well as their integration to the native cartilage were

investigated.
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4.5.1 Chondrocyte Isolation for Hydrogel Seeding

The enzymatical digestion of porcine cartilage samples allows isolation of chondrocytes. However,
the harsh conditions during this process can have a result on cell viability. After the isolation procedure
a relatively high number of dead cells was present that varied between different experiments.
Chondrocytes attach to culture flasks under static in vitro cell culture, which allowed skimming of dead
cells and non-adherent cell types via wash steps and/or medium exchange. In cell culture, after plate
adhesion, the expression changesd from a spherical shape to spindle-shaped. Thus, in vitro culture had
the possibility to increase the uniformity of living chondrocytes in addition to proliferation. The
limitation to a short-term culture period of five days avoided a greater influence of dedifferentiation
phenomena of chondrocytes in a 2D cell culture while at the same time it allowed the creation of a
more uniform cell population for an increase of comparability between different experimental
approaches. For monitoring the efficiency of the above described isolation, chondrocytes were labeled
for the surface receptor CD44 that is strongly expressed in this cell type. While much debris and CD44
negative cell material was seen in the directly isolated chondrocytes without subsequent cell culture,
the five-day cell culture increased the uniformity of the cell population with respect to CD44 expression
(see Figure 37). Because of the previously mentioned advantages, those short-time cultivated

chondrocytes were used for experiments with colonized hydrogels.
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Figure 37: Flow cytometry of porcine chondrocyte surface expression of CD44 directly after cell isolation (P0) and after

short-time in vitro cultivation (P1).

FITC intensity histograms are displayed. The gray-shaded histograms with dotted line represent the IgG control and the bold-

lined histogram the experimental sample.

4.5.2 Integration of Cell-Laden Fibrin Hydrogels

In addition to the adhesive properties that make fibrin a candidate for use as cartilage adhesive,

the material has further advantageous properties. As it is derived from natural wound closure, it is a

145



Results and Discussion

material that is compatible with cell colonization and is therefore also used clinically in the treatment
of cartilage damage since many years 2%, In previous experiments it was demonstrated that long-term
stable fibrin formulations allow the accumulation of cartilage-specific ECM when applied as an
adhesive to lateral cartilage defects (see Chapter 4.2). Long-term stable fibrin formulations were
already used before as cell carrier for cartilage tissue engineering constructs in vitro and in vivo 8122,
however it is has to be clarified if and how these constructs can integrate to native cartilage tissue. In

order to investigate cartilage tissue formation by the encapsulated chondrocytes without the presence

of native tissue, the hydrogels were cultivated in vitro for up to 21 days

4.5.2.1 Influence of native cartilage tissue on seeded chondrocytes

For the preparation of cell-seeded stable fibrin hydrogels, porcine chondrocytes were isolated and
cultivated in vitro for five days with chondrocyte proliferation medium. Afterwards the cells were
trypsinized and resuspended in fibrinogen solutions of different protein content. By addition of equal
volumes thrombin solution to 20 ul of the cell-fibrinogen solutions prepared in silicone molds the
crosslinking was initiated. At the end 40 ul hydrogels were obtained with approximately 6 x 10°
cells/gel and a final fibrinogen concentration of 15 (stable fibrin (15)), 25 (stable fibrin (25)) and
50 mg/ml (stable fibrin (50)). In order to investigate cartilage tissue formation by the encapsulated
chondrocytes without the presence of native tissue, the hydrogels were cultivated in vitro for up to 21
days and the presence of GAG within the hydrogels was analyzed biochemically and histologically over

the time course of the cultivation period.

Additionally, the DNA content of the hydrogels was determined. In none of the three experimental
groups a significant change of DNA concentration was observed between the dO, d14 and d21
timepoints. The GAG concentration increased in hydrogels of all three fibrinogen concentrations over
21 days. However, in the stable fibrin (15) group the increase in GAG was the most recognizable.
Already on day 14, in the stable fibrin (15) and (25) the increase in GAG content was significantly higher
than compared to dO constructs. The GAG content in the stable fibrin (15) constructs at d14 and d21
was significantly higher than in the two groups with higher fibrinogen concentration. In the stable
fibrin (50) group, the GAG increase was clearly lower that in the other groups and was significantly
higher to the dO value only at d21. This significance is lost when normalizing the GAG concentration to
the DNA content of the hydrogel. The biochemical analysis clearly shows a negative correlation of GAG
synthesis by encapsulated cells with increasing fibrinogen concentration in the hydrogels (see
Figure 38A). The amount and distribution of newly synthesized GAG in the hydrogels was also analyzed

via Safranin O staining. GAG synthesis was recognizable mostly pericellularly and more dominant in
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Figure 38: Time dependent ECM development in long-term stable fibrin hydrogels.

A) Biochemical analysis of the DNA and GAG content of in vitro cultivated long-term stable fibrin gels seeded with porcine
chondrocytes. B) Safranin O staining of chondrocyte-seeded hydrogels cultivated in vitro for 21 days as stand-alone gels
(upper row) or when prepared adjacent to two native cartilage discs (lower row). Data are presented as means + standard
deviation (n=3-4). (* = p < 0.05 between groups of different concentrations, # = p < 0.05 to dO value of same group, °=p <

0.05 to d14 value of same group).

surface regions of the hydrogels. Only in the stable fibrin (15) group a deeper GAG deposition in the
hydrogel could be observed, with an improved extracellular distribution of the GAG than in the other
groups. The histological staining well reflected the results of the biochemical analysis showing a
decrease of the GAG content with higher fibrinogen concentration in the fibrin gels (see Figure 38B,
upper row). To investigate the influence of the presence of native cartilage tissue on ECM formation,

separate experimental groups were cultivated simultaneously where the hydrogel solutions were
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cured adjacent to two 6 mm native porcine cartilage discs. Histological images of these layered
combination constructs (sandwich layering) clearly demonstrate a positive influence of contacting
native cartilage tissue on GAG content and distribution in the cell-seeded fibrin gels (see Figure 38B,
lower row). The best outcome was again obtained in the stable fibrin (15) group. But in sharp contrast
to the gels without cartilage contact, increased GAG deposition and improved distribution within the
gels can be observed even at higher fibrinogen concentrations when native cartilage tissue was

contacting the hydrogel.

4.5.2.2 Long-term integration of cell-laden fibrin hydrogels

In the experiment described before a positive influence of native cartilage tissue on ECM synthesis
within hydrogels was visible. Subsequent experiments aimed to investigate the differences between
cell-laden and cell-free hydrogels that have contact with cartilage tissue. For this purpose, the 6 mm
disc/ring model that was used before with native cartilage-only constructs was adapted. After
preparation of the disc/ring model the inner 3 mm cartilage disc was discarded. Instead, the outer
cartilage ring served as a mold for the preparation of cartilage-hydrogel composites. Stable fibrin (50)
hydrogels, either cell free or chondrocyte-laden, were cured within the cartilage disc and the whole
composite constructs were subsequently cultivated for 28 days. After the in vitro culture of 28 days
the integration strength of the hydrogels to the native tissue was determined by a push-out test.
Additionally, the DNA and GAG content of the pushed-out hydrogels were determined. Separate
constructs were sectioned and analyzed histologically and immunohistochemically. As determined
with the push-out test, only a slight non-significant increase in integration strength compared to dO
was obtained for both the cell-free and the cell-laden hydrogels on d28. Remarkably, an increase in
DNA content within the hydrogels was observable in both groups over the 28 day time course. In
addition, compared to the respective d0 value, a significant increase in GAG content was determined
in hydrogels that were either prepared cell-free or encapsulated with chondrocytes (22.9 + 10.8 ug/gel
and 43.8 + 24.6 ug/gel)(see Figure 39A). The increased accumulation of ECM in cell-seeded fibrin gels
was also illustrated by an increased turbidity at d28 of the gels. In addition, MTT staining showed that
both the native cartilage ring and the encapsulated cells were vital at the end of in vitro culture (see
Figure 39B). A higher cartilage-specific ECM concentration in stable fibrin (50) gels compared to cell-
free gels was also observable in the Safranin O and the collagen Type Il immuno staining (see
Figure 39C). Interestingly, even in the cell-free gels after 28 days a slight but relatively evenly
distributed GAG coloration of the gels was visible. In comparison to the cell-laden hydrogels, no

collagen type Il was detected in the cell-free hydrogels after 28 days. When looking at the d0 images,
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a gap is visible at the interface region of the hydrogels and the cartilage tissue, that resulted from a
condensation of the hydrogels during the crosslinking process. However, particularly at the interfacial
regions individual cells could be seen which migrated into the initially cell-free hydrogels at d28. In the
interface region between hydrogel and cartilage ring, a region of less than 100 um was also partially
visible, in which an increased concentration of GAG can be seen, in the cell-seeded gels additionally

collagen type Il
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Figure 39: Long-term cartilage integration of stable fibrin (50) hydrogel constructs.

A) Integration strength determined with a push-out test and DNA and GAG concentration of cell-free and cell-laden fibrin
gels cultivated in a cartilage tissue ring. B) Macroscopical images of an unstained and an MTT-stained cell-laden composite
construct at d28. C) Safranin O and Collagen type Il stainings of the interface region of cell-free and cell-laden hydrogel-
cartilage composites. Data are presented as means * standard deviation (n=4-5). (* = p < 0.05 between groups, # = p < 0.05

to dO value of same group.
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4.5.3 Integration of Cell-Laden Agarose Hydrogels

In another approach to investigate the integration of tissue-engineered cartilage constructs into
native cartilage tissue, agarose was used as cell carrier material. Agarose is a natural polysaccharide
polymer that, unlike fibrin, gelates simply by cooling due to its thermal hysteresis properties. Agarose
hydrogels are frequently used for cell encapsulation and for cartilage tissue engineering approaches.
In contrast to fibrin, chondrocytes have no possibility for cell adhesion on or enzymatic degradation of
agarose. These contrasts offer an interesting basis for the investigation of factors influencing the

integration of tissue engineering constructs with the surrounding cartilage tissue.

4.5.3.1 Long-term integration of cell-laden agarose hydrogels

For the preparation of cell-seeded agarose hydrogels, porcine chondrocytes were isolated and
cultivated in vitro for five days with chondrocyte proliferation medium. Afterwards the cells were
trypsinized and resuspended in a tempered agarose solution. For the experiments, a final agarose
concentration of 2 % w/v was used with a cell density of approximately 1.5 x 10° cells/ml. For the
preparation of the cartilage ring/hydrogel composites the agarose solution was transferred to the
lumen of the ring and the constructs were stored in the refrigerator for ten minutes in order to allow
gelation of the hydrogels. Simultaneously to experiments conducted with table fibrin 50 hydrogels,

cell-free and cell-laden hydrogels were used as experimental groups and cultivated in vitro for 28 days.

After the in vitro culture of 28 days the integration strength of the hydrogels to the native tissue
was determined by a push-out test. Additionally, the DNA and GAG content of the pushed-out
hydrogels were determined. Separate constructs were sectioned and analyzed histologically and
immunohistochemically. An increase in integration strength was only observable when the agarose
hydrogels were seeded with chondrocytes (3.8 + 0.7 kPa for cell-laden vs. 1.2 + 0.9 kPa for cell-free

gels).

As seen before with stable fibrin (50) gels, the GAG content in both the cell-free and cell-laden
hydrogels increased after the in vitro culture period. However, no increase in DNA content was
determined in the cell-free group. For the cell-laden group a significant loss of DNA content was
detected in the hydrogels at d28 compared to the dO constructs. Despite the reduced number of cells,
a significant increase of GAG was obtained in cell-laden agarose gels after 28 days (113.8 +1.1 kPa)(see
Figure 40A). The increased accumulation of ECM in cell-seeded agarose gels was also illustrated by an
increased turbidity at d28 of the gels. The MTT staining showed good cell visibility in both the native
cartilage ring and the encapsulated cells at the end of in vitro culture (see Figure 40B). The results as

described for the biochemical analysis of the hydrogels was confirmed by the histological and
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immunohistochemical staining. The agarose hydrogels have retained their shape and thus had almost
direct contact with the adjacent cartilage tissue at d28. A slight and evenly distributed GAG content
can be seen in the cell-free agarose gels after 28 days, whereas in the cell-laden constructs a strong
pericellular and a lower distributed GAG concentration is visible. The same pattern is recognizable for
the collagen type Il signal in the cell-seeded gels (see Figure 40C). No cell migration was observable in

the cell-free agarose gels.
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Figure 40: Long-term cartilage integration of agarose hydrogel constructs.

A) Integration strength determined with a push-out test and DNA and GAG concentration of cell-free and cell-laden agarose
gels cultivated in a cartilage tissue ring. B) Macroscopical images of an unstained and an MTT-stained cell-laden composite
construct at d28. C) Safranin O and Collagen type Il stainings of the interface region of cell-free and cell-laden hydrogel-
cartilage composites. Data are presented as means * standard deviation (n= 4-5). (*;° = p < 0.05 between groups, #=p <

0.05 to different time-point of same group.
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4.5.4 Integration of Cell-Laden HA-SH/P(AGE/G) Hydrogels

Experiments conducted before used the naturally derived materials fibrin and agarose as scaffold
material for cell encapsulation. Synthetically produced materials offer additional possibilities for tissue
engineering in terms of adaptability of material properties and the manufacturing process. A hydrogel
based on functionalized hyaluronic acid (HA-SH) and polyglycidol (P(AGE/G)) was produced as part of
the development of a bio-ink with the aim of 3D printed tissue engineered constructs for the treatment
of cartilage defects 1°1%°, The versatility of this material allows in principle the production of complex
structures and the starting material hyaluronic acid is a natural component of native articular cartilage.
As the material has only recently been developed, detailed knowledge about the potential for cartilage
regeneration using chondrocytes as cell type and the integration of the material with native cartilage
tissue is still missing. The following experiments used chondrocyte-laden HA-SH/P(AGE/G) hydrogels

for in vitro tissue formation and integration observation in comparison the reference material agarose.

4.5.4.1 Influence of oxygen on seeded chondrocytes

As was also demonstrated recently by members of our group, the oxygen concentration during in
vitro culture has an direct influence on cartilage tissue formation in agarose gels seeded with articular
cartilage progenitor cells (ACPCs) and/or mesenchymal stromal cells (MSCs) 3%4. Within the preliminary
experiment presented in the following both agarose and HA-SH/P(AGE/G) hydrogels were seeded with
chondrocytes (approx. 1.5 x 10° cells/ml) and cultivated either under normoxic or under hypoxic
conditions for 21 days to investigate the relation of oxygen concentration on the formation of cartilage
specific ECM. In both hydrogel types an increase in total GAG and collagen concentration per gel was
obtained after 21 days in vitro culture (see Figure 41). Surprisingly, the net GAG content was
significantly higher in agarose than in HA-SH/P(AGE/G) gels for both oxygen conditions, but the
collagen content resulted on similar concentrations irrespective of oxygen concentration during
cultivation. However, it has to be noted that DNA concentration in HA-SH/P(AGE/G) gels increased
over the culture period in contrast to agarose. When normalizing the net GAG content to the DNA it is
recognizable for cell-seeded HA-SH/P(AGE/G) hydrogels that a significant higher GAG amount per DNA
was achieved under hypoxic condition and the difference to the amount achieved in agarose gels of
both oxygen conditions was insignificant (see Figure 41A). When looking at the collagen concentration
a significant higher amount was obtained only in the DNA normalized values for agarose under

normoxic conditions.

Immunohistochemical staining was performed with sections of both hydrogel materials and the

different oxygen conditioning. It was obviously, that agarose not only had a higher cell number but
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also showed a much better distribution of aggrecan and collagen type Il over the complete gel area
(see Figure 42). In the HA-SH(PAGE/G) hydrogels in both oxygen conditions the deposition of the ECM
components remained in restriction to the pericellular area. Within the immunohistochemistry no
clear difference in cartilage specific ECM formation was found between normoxic and hypoxic
conditions in both hydrogel types, which is why following experiments where these two hydrogel

materials are compared against each other were performed under normoxic conditions.
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Figure 41: Biochemical analysis of ECM deposition in dependency of atmospheric oxygen concentration in HA-
SH(P(AGE/G) and agarose hydrogels.

A) GAG and collagen concentration determined in hydrogels normated to the respective DNA content. B) Total GAG and
collagen concentration in hydrogels after 21 days of culture. Data are presented as means = standard deviation (n= 2-4).

(* = p < 0.05 between values of same material group, # = p < 0.05 to different material group at same time-point)

153



Results and Discussion

Hypoxia

Figure 42: Histological analysis of ECM deposition in dependency of atmospheric oxygen concentration in HA-

SH(P(AGE/G) and agarose hydrogels.

Immunohistochemical staining for A) aggrecan and B) collagen type Il of agarose and HA-SH/P(AGE/G) hydrogels at dO or

after 21 days cultivation under normoxic or hypoxic conditions.

4.5.4.2 Long-term integration of cell-laden HA-SH/P(AGE/G) hydrogels

The gelation process of HA-SH/P(AGE/G) hydrogels is based on UV-initiated thiol-ene reaction °.
In contrast to the thermal solidification of agarose, this reaction has the potential ability to react with

surface molecules of the cartilage tissue, which would lead to a covalent binding of hydrogel

154



Results and Discussion

components with the cartilage and thus could directly initiate the integration to the native tissue. For
this reason, an experiment with HA-SH/P(AGE/G) hydrogels fabricated as a composite with an articular
cartilage ring was conducted to investigate the integration potential via push-out testing and histology
of the interfacial zone. As this material was developed as a bioink for 3D printing of cartilage tissue
engineering constructs where a double-printing approach with thermoplastic poly(e-
caprolactone)(PCL) is aimed to enhance the hydrogels mechanical resistance, separate constructs were
created where a PCL grid was placed inside the cartilage ring prior to the addition of the hydrogel
solutions and UV-irradiation. In a control group, hydrogels of the same diameter were prepared
outside of the cartilage (pre-cast) and then inserted into the cartilage ring. As reference group agarose
was used. Similar to experiments conducted before, a final chondrocyte density of approximately
1.5 x 10°%cells/ml was used in the final hydrogels. Curing for ten minutes under UV light of 365 nm led
to solidified HA-SH/P(AGE/G) gels in all groups. As expected, very low integration strengths were
detected for agarose and pre-cast constructions. In comparison to agarose and pre-cast constructs,
the HA-SH/P(AGE/G) without and with PCL reinforcement had a significant higher immediate
integration strength (16.1 + 0.9 kPa and 13.7 + 7.7 kPa). However, after 21 days in vitro culture a
decrease of the initial integration strength was observed for those two groups. A slight increase in

integration strength was obtained for the pre-cast group and for agarose a comparatively strong
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Figure 43: Long-term cartilage integration of HA-SH/P(AGE/G) hydrogel constructs in comparison to agarose.

A) Integration strength determined in a push-out test of agarose gels and HA-SH/P(AGE/G) that have either been crosslinked
in situ within a cartilage ring or have been transferred to the cartilage after gelation in an external mold (pre-cast). In one
group arigid PCL grid was placed in the cartilage ring before the hydrogel solution was applied aiming to enhance mechanical
properties. B) Macroscopical images of the hydrogel-cartilage composites after the push-out test. Data are presented as
means * standard deviation (n=6). (*=p < 0.05 between groups, # =p < 0.05 to dO value of same group, °=p < 0.05 to

agarose value at same time point.

155



Results and Discussion

increase in integration strength up to 40.0 £ 11.0 kPa was detected. The integration strength value of
agarose at d21 was significantly higher compared to its dO value but also to the d21 values of all three

groups using the HA-SH/P(AGE/G) hydrogel (see Figure 43A).

In sections of agarose-cartilage composites cell clusters in the hydrogel with a strong signal for
cartilage specific ECM components was observed. Outside the cell clusters an even distribution of
aggrecan and collagen type Il in the agarose was observed at d21. In contrast, all HA-SH/P(AGE/G)
hydrogels showed a lower cell concentration after in vitro cultivation. The collagen type Il deposition
in HA-SH/P(AGE/G) was strongly limited to the pericellular space. For aggrecan, a strong cell-bound

signal as well as an increased deposition within the gel material could be detected.

In the agarose group there were no recognizable connections between tissue and hydrogel at dO,
but at d21 numerous areas can be found where a good fusion of the tissue engineering construct with
the cartilage ring can be seen. In sections of HA-SH/P(AGE/G) it appears as if the gel strength is
decreased due to increased visible ruptures within the hydrogel. As expected, there is no immediate
integration after construction in the pre-cast group. In contrast, HA-SH/P(AGE/G) gels that were
crosslinked in contact with the native cartilage show an immediate firm connection to tissue. After 21
days, the integration of HA-SH/P(AGE/G) to the cartilage is less obvious and only fragments are
adherently bound to the tissue. Due to processing with organic solvents during the staining procedure,
the PCL Scaffold dissolves and could be recognized afterwards only as a negative with a sharp

demarcation to the hydrogel within the cartilage ring lumen (see Figure 44A).

The quantification of the amount of DNA in pushed-out gels showed an initially comparable
amount between the groups. After 21 days of in vitro culture, only agarose showed a significant
increase in DNA amount per gel. The detected amount was also significantly higher than in the in situ
prepared HA-SH/P(AGE/G) gels. However, an increase in DNA amount was also detected in the pre-
cast group and after 21 days this amount was also significantly higher than in the in situ prepared gels
of the same material. In the quantification of GAG and collagen a significant increase to dO constructs
was detected in agarose only and the d21 levels were significantly higher than in the HA-SH/P(AGE/G)
groups. However, at least for GAG, a significant increase in the amount was detected in the group

without PCL reinforcement and the pre-cast group (see Figure 44B).
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Figure 44: Histological and biochemical evaluation of ECM formation in HA-SH/P(AGE/G) hydrogel constructs in

comparison to agarose.

A) Immunohistochemical staining for aggrecan and collagen type Il of agarose and HA-SH/P(AGE/G) cartilage composites.
HA-SH/P(AGE/G) has either been crosslinked in situ within a cartilage ring or has been transferred to the cartilage after
gelation in an external mold (pre-cast). In one group a rigid PCL grid was placed in the cartilage ring before the hydrogel
solution was applied aiming to enhance mechanical properties. B) Biochemical determination of DNA, GAG and collagen
content in the hydrogels after a push-out test. Data are presented as means + standard deviation (n=6). (*= p <0.05 between

groups, # = p < 0.05 to dO value of same group.
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4,55 Discussion

Tissue engineering is a promising approach for articular cartilage repair. It also enables versatile
research into cartilage development, function and structure, which is essential for the development of
successful treatments for cartilage defects. In principle, tissue engineering of tissue replacement
implants requires a three-dimensional construct. Therefore, a widely used approach is the colonization
of a carrier material with a suitable cell type to build up tissue-specific matrix. In addition to solid
scaffolds, hydrogels are also frequently used as a carrier material, since their intrinsic properties

provide a good basis for tissue engineering.

Although hydrogels lack the mechanical properties of rigid scaffolds, the use of these comparable
softer materials has several advantages. Due to the direct encapsulation of cells, seeding efficiency is
high and the seeding procedure is simple, resulting in homogeneous cell distribution. In addition,
hydrogels can be used for delivery of sensitive molecules (e.g., bioactive peptides, growth factors, and
DNA), and delivery of oxygen, nutrients, and additives to the encapsulated cells is excellent because
hydrogels have high permeability to fluids. Various materials in different modifications are used for
cartilage tissue engineering, which illustrates the versatility of this concept. In addition to protein-,
polysaccharide- or protein-polysaccharide-based hydrogels or chemically modified proteins and
polysaccharides, a variety of synthetic polymers or hybrids of biopolymers and synthetic polymers

(composite hydrogels) are also being investigated.

However, hydrogels can be used not only for growing mature tissue under laboratory conditions,
but also as space-filling materials for defects after trauma or injury that will be transformed into
functional tissue over time. This treatment approach for cartilage defects is referred as matrix-induced
autologous chondrocyte transplantation/implantation (MACT/MACI) and different set-ups are already
approved for clinics 3¢>3%, Huang et al. extensively reviewed chondrocyte- and scaffold-based implants
for cartilage repair that are currently used in clinical approaches 3. Hydrogels are generally network
systems consisting of macromolecular polymers. Their hydrophilic residues bond with water molecules
and the hydrophobic residues expand with water to form crosslinked polymers that can absorb high
amounts of water. The network of physically crosslinked hydrogels is aggregated by molecular
entanglement, ionic bonding, hydrogen bonding, or hydrophobic interaction to form a reversible
structure that gradually degrades in water and is generally non-uniform. The network formed by
covalent bonds is called a chemically crosslinked hydrogel, which is stable, homogeneous, and difficult
to degrade. The source of hydrogels is usually natural or synthetic polymers. Natural polymers have
distinct biomedical applications and properties, such as nontoxicity and biodegradability, but poor
stability; synthetic polymers are just the opposite. The compressive strength of hydrogels used for

cartilage repair were reported to range from about 0.5 to 5.6 MPa. However, supplementation of
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hydrogels with artificial polymers such as polylactic co-glycolic acid (PLGA), polymethyl methacrylate
(PMMA), polycaprolactone (PCL), and poly(ethylene glycol) (PEG) can increase the compressive
strength up to 20 - 120 MPa 368,

The mechanical properties of hydrogels can affect the stability of the material and the behavior
of cells, including cell spreading, migration, and differentiation, by influencing the signal
transformation process; for example, the mechanical signals are converted into biochemical signals.
Thus, hydrogels with different mechanical properties can be chosen according to the specific
requirements and the effects of different mechanical strengths on the explored cell behavior. The
swelling rate of hydrogels is primarily determined by the hydrophilicity of the materials and the
internal crosslink density. As a rule, the harder the hydrogels, the lower the swelling rates. The internal
pore size and porosity of the hydrogels can directly affect the exchange capacity, swelling rate and
mechanical properties. Thus, hydrogels with low swelling rate, mass transfer capacity and high elastic
modulus have low pore size and porosity. Sufficient biodegradability is essential for the application of
hydrogels in tissue engineering and clinical tissue regeneration. Compared to non-degradable
hydrogels, the migration and intercellular interaction of cells are significantly enhanced in
biodegradable hydrogels. Due to the lack of blood vessels, nerves, and lymphatics, mature cartilage

cannot spontaneously heal the defects caused by osteoarthritis, aging, or joint injury 3,

Current cartilage tissue engineering strategies are not yet capable of producing artificial cartilage
that is indistinguishable from native cartilage in terms of zonal organization, extracellular matrix
(ECM), and mechanical properties. As an ideal strategy for repairing large chondral defects, the
structure of the cartilage and eventually the subchondral bone must be regenerated layer by layer 831,
Layered hydrogel constructs were shown to achieve promising results with regard to the creation of
hierarchical structures that can further be utilized in rapid prototyping via bioprinting 102364369 |n
addition to the reconstruction structures, cell seeding, cell differentiation, and long-term safety of the
implants are other difficulties that must be overcome. The usage of naturally derived hydrogels

components may favor those requirements.

Another strong advantage of hydrogel approaches is the ability to perform minimally invasive
surgeries by means of endoscopically filling precursor solutions into the defect and creating a defect-
filling construct via respective curing mechanisms. The fluid nature of the hydrogel solution allows
direct contact of the biomaterial to the complete articular surface, even with complex defect
geometries. If compatible, chondrocytes or other cell types can be added to the solution to promote
in situ maturation of new tissue in the hydrogel. Since integration with the cartilage is necessary for
the long-term success of the therapy, many research groups are pursuing the goal of developing

adhesive hydrogel materials that allow direct bonding to the native tissue, similar to the cartilage
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adhesives already discussed (see Chapters 4.2 - 4.4). Ideally, such a material should have a strong
adhesive strength to allow a certain mechanical stability and at the same time allow the deposition

and remodeling of biomacromolecules in order to seamlessly transition to the native tissue over time.

The group around Elisseeff et al. developed different hydrogel materials where functionalized PEG
polymers introduced a, reactive mechanism that both allowed tissue adhesion and hydrogel
solidification 88296298 Kazusa et al. described a biodegradable hydrogel glue that achieved 3.8 times
higher adhesive strengths on articular cartilage than fibrin in an ex vivo pull-out setup 3°. Their
adhesion mechanism based on the introduction of aldehyde groups into an a-glucan (e.g., dextran
(polysaccharide) and starch) through oxidation, followed by a reaction with polylysine. Although these
studies demonstrated high initial bond strength and good tissue regeneration in vivo, the chosen test

systems do not allow biomechanical or histological investigation in vitro in a controllable milieu.

The disc/ring model that was described earlier and was successfully established for biomechanical
integration strength assessment of cartilage glues allows also long-term in vitro cultivation. This model
can be easily adapted to investigate integration of bulk biomaterial constructs %2, The punched out
inner cartilage disc is exchanged for an appropriate material, resulting in an annular interface of the
construct with the surrounding cartilage ring. The integration force to the cartilage can be determined
biomechanically by means of a push-out test. In principle, pre-matured tissue-engineered constructs
can be used as the construct, and adhesive hydrogel materials can be pipetted in and cured in direct
contact with the cartilage. The successful application of this model to studies of hydrogel integration
with cartilage tissue has been reported previously in the literature. Broguiere et al. applied
functionalized hyaluronic acid hydrogels to a cartilage ring followed by biomechanical push-out
testing 22°. A further study using a cartilage disc/ring model adaption investigated the potential of the
metallo-enzyme lysyl-oxidase (LOX) to form collagen crosslinks at the cartilage defect interface. In their
experiments, the researchers used not only pure cartilage disc/ring constructs, but also pre-matured
tissue engineered constructs that were centered in the cartilage ring instead of the cartilage disc. The
investigators evaluated the bonding strength of the LOX-glued constructs over a four-week course in
vitro culture. The results show that collagen crosslinking is a decisive factor for cartilage integration.
However, a complete annealing of the opposing pieces was not achieved and histology indicated a
narrowing gap at the cartilage interface, which shows the limits of crosslinking without a gap-filling
matrix 2¥’. Therefore, approaches are needed to fill in deformities and cavities of cartilage damage and
hydrogels are the most suitable candidates. Similar to the experiments performed by other groups, it
was shown by here presented results that the disc/ring model is excellent for studying the interaction
of biomaterials with cartilage and the time course of integration. In tissue engineering experiments,

the capacity of tissue re-creation in a material is usually studied under simplified conditions and with
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stand-alone constructs. The combination of the material with the target tissue for clinical application,
as simulated here for cartilage defects, additionally allows the investigation of the influence of the
surrounding tissue on tissue development in the respective biomaterial. Secreted substances and ECM
building blocks from the cartilage can have a strong effect on the integration increase and
correspondingly on the cartilage new synthesis in the construct. This allows targeted optimization of

biomaterials in a standardized in vitro model closer to clinical application.

In the disc/ring model described, the surrounding tissue is exclusively articular cartilage and the
influence of other tissues such as the subchondral bone and synovium are excluded. Although this set-
up does not totally replicate the physiological environment and the multifactorial influence on
cartilage regeneration, it can be assumed that the adjacent cartilage has the greatest influence on
lateral integration. Supplementation of the culture medium can also be used to investigate specific
factors and their influence on integrative repair. The group of Tuan et al. et al. were able to
demonstrate that proinflammatory cytokines hinder the integration of cell-laden hydrogels to the

178 and that supplementation with growth factors can foster integration 2%, In

adjacent cartilage ring
addition to biomechanical determination of the integration strength, the expressed constructs can
subsequently be subjected to standard tissue development studies, e.g. biochemical quantification of
ECM molecules. In principle, the disc/ring model can also be adapted for other tissue types to
investigate interfacial integration at defects. Besides cartilage rings, Tognana et al. used vital and
devitalized bone rings to investigate integration of engineered constructs 3’1, An extension of the
disc/ring model described here with an attached subchondral plate has already been described in the
context of integrative cartilage repair 2227225372 Osteochondral plugs can easily be retrieved from donor
animals and chondral defect cavities can be created that reach up to the attached subchondral bone.
In order to assess the lateral integration strength of an inserted material to the adjacent cartilage
tissue, the chondral portions of the osteochondral explants can carefully be separated from the
subchondral bone prior push-out testing %4198 To achieve improved cartilage regeneration,
materials that resemble the natural cartilage ECM and allow cells to form and secrete new
cartilaginous tissue while replacing the scaffold material appear desirable. The aim of the experiments
performed was to investigate under controlled conditions in the cartilage disc/ring construct the
integration of hydrogels with adhesive (fibrin) or non-adhesive properties (agarose) known from
cartilage tissue-engineering, as well as a newly developed hyaluronic acid gel. The tested materials are
cell compatible and the influence of encapsulated cells on the integration process in the respective

hydrogel material was investigated.

In cartilage tissue engineering, different cell types are used to generate new cartilage tissue.

Chondrocytes derived from cartilage or stem cells that can be differentiated into chondrocytes are
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used to produce tissue that is intended to be as similar as possible to natural articular cartilage. When
the right combination of cell type, scaffold, and other stimuli are used, cartilage can be produced that
resembles natural tissue. MSCs are considered a potential cell source for cartilage repair because they
can differentiate into chondrocytes and, unlike chondrocytes, do not lose this chondrogenic potential
in with advancing in vitro expansion. However, they also tend to form fibrocartilage rather than
articular cartilage and may undergo terminal differentiation and hypertrophy. This can lead to
endochondral ossification and decreased functionality of the cartilage tissue 3’3. Multipotent articular
cartilage-resident chondroprogenitor cells (ACPCs) are a relatively new and promising cell source for
cartilage repair found in the upper layer of articular cartilage *’>. They have the same advantage over
chondrocytes as MSCs in that they can be expanded without losing their ability to undergo
chondrogenic differentiation 374, In addition, studies have found a high chondrogenic potential and no

tendency to terminal differentiation 37>37¢,

In the experiments reported here, chondrocytes were used to seed the hydrogels because they
can be isolated in large quantities from the same tissue of origin as the disc/ring model used. In
addition, ACPCs and MSCs require specific culture conditions, e.g. addition of growth factors to induce
chondrogenic differentiation 1°%3%4, |n turn, optimizing culture conditions for a particular cell type may
have implications or drawbacks for the native cartilage and its chondrocytes, which could complicate
interpretations, especially for hybrid constructs of a hydrogel and a cartilage ring. A good
understanding of the chondrocytes’ interaction with a carrier material is also important for integrative
cartilage regeneration. This assumption is further supported by observation in several here reported
gluing experiments that chondrocytes from the surrounding native tissue migrate into the defect and

contribute to regeneration.

4.5.5.1 Chondrocyte isolation and cultivation

When primary chondrocytes are grown in a monolayer culture, dedifferentiation occurs in which
they lose their phenotype and ability to form cartilage. Dedifferentiation is an obstacle to cell therapy
for cartilage degeneration. In vitro expanded human chondrocytes showed progressive changes in
gene expression, affecting e.g. BMP- and ERK-signaling. A general decrease in overall gene expression
was observed, which was both gradual and cumulative 3”7. Overall, as a rule of thumb, the longer
chondrocytes are kept under 2D culture conditions in vitro, the more they lose their chondrogenic

potential.

To investigate the ability of chondrocytes to regenerate cartilage tissue in vitro and in vivo,

researchers expanded chondrocytes in vitro up to a passage number of five, placed them on
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biodegradable polymer scaffolds, and maintained them in vitro or implanted them in the subcutaneous
areas of athymic mice for one month. It was found that passage two chondrocytes showed high
expression of collagen type Il and low expression of collagen type |. In contrast, passage five
chondrocytes showed low expression of collagen type Il and high expression of collagen type |,
indicating dedifferentiation of chondrocytes. Histological and immunohistochemical analyses of
cartilage tissue prepared in vitro and in vivo with passage one chondrocytes showed mature and well-
formed cartilage and the presence of highly sulfated glycosaminoglycans and type Il collagen, a type
of collagen produced by differentiated chondrocytes. In contrast, tissues prepared in vitro and in vivo
with passage five chondrocytes did not exhibit chondrocyte morphology or cartilage-specific
extracellular matrices (i.e., glycosaminoglycans and type Il collagen). The results of this study indicate
that chondrocyte passage number is an important factor influencing the quality of cartilage tissue

produced with chondrocytes and that chondrocytes 378,

Although the cell expansion step carries the risk of dedifferentiating isolated chondrocytes,
potentially reducing the regenerative capacity toward functional hyaline cartilage tissue, short-term
cell culture has major advantages. To allow efficient isolation of chondrocytes, tissue samples from an
articular surface are usually mechanically minced prior to enzymatic digestion of the extracellular
matrix. Even with the use of sharp instruments !4, this inevitably kills many cells, and the extent is
difficult to determine in advance. Without a way to specifically filter out the dead cells from the
resulting cell suspension, subsequently fabricated constructs can have a wide variation in overall cell
viability. However, tissue formation is dependent on the cell density present 2237° and comparability
of, among other things, cartilage neosynthesis between different experimental approaches is
hampered if a consistent cell density cannot be guaranteed. In addition, it remains unclear what
influence dead cells have on the experimental process, e.g. through the release of cytokines 178, Unlike
dead cells, vital chondrocytes have the property of plastic adherence under normal cell culture
conditions. Thus, dead cells can be easily removed with the supernatant from the culture by rinsing or
changing the medium and thus a homogeneous solution of vital cells is obtained after detaching the

2D cell layer.

However, it must be noted that the use of chondrocytes for use in tissue engineering approaches
also has limitations. A major advantage of other commonly used cell types, e.g. MSCs or ACPCs 3%, is
the possibility to obtain a high cell number from relatively little starting material via high cell culture
passages. This is limited for chondrocytes at least with standardized 2D culture due to their
dedifferentiation. In clinical applications, the use of autologous cells is a prerequisite. Conversely, this
means that healthy cartilage tissue must be removed from the patient for the isolation of chondrocytes

in order to treat a cartilage defect at a traumatized location. Even though the donor site is usually
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taken from non-load bearing articular surfaces, an additional defect is still set. The short-term
cultivation of isolated chondrocytes already allows the multiplication of the original cell number after
a few days, which at least reduces the required starting material to achieve a certain cell number. In
addition, several comparative studies revealed that chondrocytes cultured in vitro could produce more

collagen type Il than that of its stem cell counterparts 7°.

Articular cartilage consists to large amounts of hyaluronic acid and chondrocytes can interfere
with this extracellular component via the cell surface receptor CD44. The hyaluronan receptor CD44
serves as the critical link for the retention of hyaluronan-proteoglycan aggregates to the chondrocyte
cell surface. Disruption of chondrocyte CD44-hyaluronan interaction triggers a cascade of events
leading to activation of both catabolic and anabolic gene products. Fragments of hyaluronan generated
in free radical processes have the potential to enhance nitric oxide production in a CD44-dependent
mechanism. The data also support the emerging paradigm that CD44-mediated signaling influences
both chondrocyte survival and apoptotic pathways 3. Furthermore, it was shown that the expression
of collagen type Il and GAG is concomitant to a high CD44 signal on chondrocyte surfaces. The authors
concluded that CD44 can function as a marker that allows characterization of the capacity of

monolayer-expanded chondrocytes to form in vitro cartilaginous tissue 38,

For the experiments reported here, chondrocytes were isolated from porcine knees and used for
subsequent experiments. In this way, it was achieved that the cells as well as the 3D cartilage tissue
models used were taken from the same starting material from the local slaughterhouse. Although
joints from different animals were randomly used, at least the same species and age of the animals
can be assumed without large differences. Isolated chondrocytes were analyzed for CD44 by flow
cytometry both immediately after isolation (P0O) and after five days of in vitro expansion (P1). Both cell
populations showed strong CD44 signals. However, in PO chondrocytes, the CD44 signal was of lower
intensity than in P1 cells (see Figure 37). As previously noted, there is also a high amount of dead cells
and debris in the PO population after isolation, which may have a negative impact on signal detection.
Furthermore, it cannot be differentiated whether the enhanced CD44 signal is due to increased
expression of the receptor in these cells or the altered cell morphology and increased homogeneity of
the cell population after cell culture. However, due to the strong CD44 signal it could be assumed that
the short-term cultured chondrocytes have the strong expression of collagen type Il and GAG that is
associated with CD44 presence. This, together with the increased cell number, the ethically acceptable
porcine starting material and the possibility to obtain homogeneous cell populations, make the short-
term cultured chondrocytes an ideal cell type for in vitro experiments in tissue engineering and

regenerative cartilage research. Furthermore, for those porcine chondrocytes high synthesis rates of
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articular cartilage specific matrix components were already demonstrated by our group in cell pellet

experiments that investigated the influence of an inflammatory milieu on cartilage formation .

4.5.5.2 Chondrocyte-seeded fibrin hydrogels

Long-term stable fibrin was already tested as an adhesive in the disc/ring model with good results
regarding cell migration and ECM deposition in the treated defect gap. Fibrin is also a suitable material
for the filling of larger defects and the production of tissue-engineered cartilage, as it can be easily
colonized with cells and has also been used clinically for many years in MACI applications with

expanded chondrocytes 11%228,

In prior experiments using fibrin as cartilage glue material, no clear differences were observed
between various long-term stable fibrin formulations and the commercial TissuCol (see also
Chapter 4.2). For a successful treatment with a material, a solid integration of the material or construct
to the native tissue is a prerequisite %1% This in turn requires a certain dimensional stability of the
material. Excessive swelling or shrinkage can loosen connections at the interface and thus negatively
influence the course of integration. With the development of long-term stable fibrin formulations, it
was shown that fibrin gels can be produced that maintain their size and shape over a period of several
weeks 122, As an originally physiological material, cells can remodel fibrin relatively rapidly and,

particularly for cell-seeded TissuCol gels, severe shrinkage has been observed over time 117118,

It is also known that the stiffness of the hydrogels has a strong influence on the performance of
encapsulated cells 12, In general, cells feel more comfortable in a less packed matrix and an increased
expression of desired molecules is observed. However, softer gels are also less mechanically resilient
and a good balance must be found where the applied material has sufficient mechanical integrity while
maintaining high tissue synthesis. In the case of fibrin, the strength of the gels can be easily adjusted

by the amount of fibrinogen in the precursor solutions.

Studies on the interactions of different hydrogel parameters are usually performed under
simplified laboratory conditions by colonizing the different materials with cells and comparing the
outcome after in vitro culture. In clinical application, however, the material is in a very complex
environment and, in relation to cartilage defects, the adjacent cartilage tissue and synovium can have
a strong influence on the cells encapsulated in the material. For this reason, experiments were
performed in which long-term stable fibrin gels of different initial strength were seeded with
chondrocytes and cultivated either as stand-alone constructs or the gels were placed between two

discs of native cartilage and cultivated. The final fibrinogen concentration was either 15 (stable fibrin
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(15)), 25 (stable fibrin (25)) or 50 mg/ml (stable fibrin (50)) and the constructs were cultivated in vitro

for up to 21 days.

For the stand-alone gels biochemical analysis could be easily performed initially and after different
time points of cultivation. The DNA content measurement revealed that initial cell densities can vary
between the different stable fibrin gels. This may be due to varying viscosities of the respective
fibrinogen precursor solutions that are used to resuspend chondrocyte pellets prior to gel formation
and may thus complicate the homogenous distribution of the cells within the solution. Within the
cured hydrogels, the DNA content remained consistent, indicating a lack of proliferation of cells in the
fibrin gels. Nevertheless, it was obvious that despite lower initial cell densities, the GAG synthesis of
encapsulated chondrocytes in stand-alone gels significantly increases the lower the fibrinogen content
in the gel and thus the stiffness was (see Figure 38). This finding was also well reflected by the
Safranin O staining for GAG. Microscopical images revealed that the distribution of synthesized ECM is
not homogenous throughout the gels and with increasing fibrinogen concentration a trend is
observable that the deposition of GAG is limited to the pericellular region of the encapsulated
chondrocytes. The intensity of GAG signal was drastically higher in the softer stable fibrin (15) gels
compared to stable fibrin (50) and also stable fibrin (25). It was also noticeable that the highest GAG
intensity was found at the outer edge of the gels and was weaker towards the center of the gel. It is
highly probable that this effect is due to a lack of supply of nutrients and oxygen to the cells located
further in the interior. Due to the lack of capillary penetration of the hydrogels, the exchange of
substances is based exclusively on diffusion. Although native cartilage tissue is avascular, constant
compression forces promote hydrodynamic mass transfer even in deeper tissue layers. These
compression forces as they occur in joints are also the reason why stiffer gels with higher mechanical
load capacity would be an advantage for cartilage regeneration. Increasing stiffness of the hydrogel
itself can be achieved by increasing the hydrogel crosslink density for example. Unfortunately, this also
compromises formation of new tissue partly due to impaired diffusion coefficients of nutrients and

waste products through the hydrogel system 1,

The fibrinogen content has a direct effect on the stiffness of a gel, and the denser the matrix, the
more limited is the extent of diffusion of substances. In tissue engineering, various approaches are
therefore being pursued to improve the supply of tissue constructs with the aid of blood vessels or
inner structures and thus to circumvent a size limitation of the constructs. These approaches range
from the use of growth factors to accelerate the ingrowth of blood vessels 3%, to the use of co-cultures
with vascular cells 17, to the additive manufacturing of constructs 1°1%, However, it is clear that in
vitro cultures of stand-alone gel constructs allow only limited transfer to potential behavior under

physiological conditions at the clinical site. Surrounding tissue and physiological conditions can act in
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a variety of ways on a material and on interfacial cells and thus can also influence integration with the
cartilage tissue 204215219 DjMicco and Sah found that viable chondrocytes placed between to cartilage
strips foster interfacial integration when both or a single of the cartilage stripes was vital but
integration was completely hampered when the adjacent cartilage stripes were devitalized %,
Theodoropopoulus et al. investigated the influence of mechanical loading on the integration of tissue-
engineered cartilage constructs in vitro in a disc/ring model. Mechanical stimulation significantly
improved the construct’s integration to the native tissue and it was hypothesized that the correlating
increase was either purely mechanically induced or secondarily due to an improved diffusion of
nutrients 188, To investigate the influence of native cartilage on the stable fibrin gels with different
stiffness investigated here, additional constructs were made in which the respective colonized
hydrogels were applied between two cylindrical cartilage discs. This sandwich-layered model, in
contrast to the disc/ring model, allows an easy definable gel-filled interface via the amount of gel used
and the spacing of the cartilage discs. Such sandwich-like constructs have been used previously for
cartilage integration studies and in principle also allow biomechanical testing of integration
strength 188295 pabbruwe et al. investigated the integration of collagen/chondrocyte scaffolds
sandwiched between two cartilage cylinders similar to the approach here with cell-seeded fibrin gels.
With the model, excellent histological examination of the cartilage and scaffold continuum was
possible. It was subsequently reported that integration was dependent on both the cells and the
scaffold. Using originally cell-free scaffolds, it was demonstrated that chondrocytes from the
surrounding tissue migrated into the scaffold and had a positive effect on integration %, In the here
reported experiments of sandwich-like layered constructs with different stable fibrin formulations, a
very different outcome was obtained compared to the stand-alone gels. It was clearly demonstrated
that the surrounding cartilage leads to improved GAG deposition and distribution in the fibrin gels.
Although, the strongest GAG signal and the highest GAG distribution was still observed in the stable
fibrin (15), the negative effects of higher gel stiffness was strongly reduced. Histologic images show
that, similar to previously reported results with fibrin as a cartilage glue (see Chapter 4.2), cells from
the cartilage migrate into the interface and bud into the fibrin gel. However, gaps in the transition from
tissue to gel were observable in all groups. It is unclear whether this is due to mechanically-induced
detachment during histological preparation or a lack of material integration. Either way, this
observation indicates insufficiently stable integration after three weeks of culture, which probably
cannot withstand the strong mechanical forces under physiological conditions. Based on the
comparison to the stand-alone gels, each with identical fibrinogen content, the hypothesis allows that
surrounding cartilage tissue may cause an accelerated softening of the gels and thus a more

homogeneous ECM synthesis, e.g. via the release of enzymes or other degrading factors.
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To investigate the influence of surrounding cartilage tissue also on the material integration
progress in cartilage defects lateral of orientation, further experiments with different hydrogel

materials were investigated in the disc/ring model (see also the following subsections).

4.5.5.3 Lateral integration of different hydrogels

For the purpose of investigating the lateral integration capacity of different hydrogel materials,
the disc/ring model that was used before with native cartilage-only constructs was adapted. Instead
of assembling the in vitro model with both obtained cartilage parts, the outer cartilage ring served as
a mold for the preparation of cartilage-hydrogel composites. A set of different hydrogel materials was
chosen to include varying curing mechanisms and intrinsic gel properties on the integration outcome.
A focus was set on materials that allow for cell-encapsulation and thus the potential administration of
a cell-source to the cartilage defect. Due to gained experience in the course of prior conducted
experiments, stable fibrin (50) was considered in further experiments. The direct curing of the
hydrogels in the cartilage ring simulates a clinical application in which a liquid material is injected into
the cartilage defect in a minimally invasive manner. The adhesive property of fibrin to tissue can also
be accounted for in experimental observation in this way. The fact that stable fibrin (50) remains
dimensionally stable even under prolonged in vitro cultivation continues to be seen as a good basic
prerequisite for potentially maintaining the immediate bonding to the surrounding tissue and avoiding
detachment by shrinkage as far as possible. Unlike fibrin, agarose solely solidifies by cooling down a
pre-warmed hydrogel solution and does not require the formation of chemical crosslinks at the
polymer backbone. As a biomaterial, agarose proved to be widely applicable. It is non-degradable but
in general biocompatible, and with the same ease that a researcher can create a plate of agarose for
electrophoresis, a more complex gel geometry can be formed that will retain its shape over time. In
addition, agarose seeded with cells can be 3D printed in a variety of shapes 2. Although no immediate
covalent bonding of agarose to the adjacent cartilage can be expected, the material is known for its

excellent neocartilage formation when seeded with chondrocytes for many years 133,

A novel hyaluronic acid and polyglycidol-based hydrogel was included in experiments as third
material. The HA-SH/P(AGE/G) was developed by a cooperating working group as a bioink for 3D
printing of cartilage constructs 1°'4°, The allyl-functional linear polyglycidol can rapidly be polymerized
with a thiol-functionalized hyaluronic acid polymer to a three-dimensionally crosslinked hydrogel
network via UV mediated thiol-ene click reaction. It was hypothesized that free allyl and thiol groups
can also be present in the macromolecular compounds of the cartilage matrix and thus lead to

chemical bonding of the hydrogel to the adjacent tissue surface. Since only little experience of this
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material with encapsulated chondrocytes was available, an additional experiment was conducted
where chondrocytes were seeded to hydrogel cylinders either made of HA-SH/P(AGE/G) or agarose
for comparative reasons. The obtained stand-alone constructs were cultivated for up to 21 days in vitro

and newly synthesized ECM compounds were determined biochemically and histologically.

Under physiological conditions chondrocytes experience hypoxic conditions in their native
environment. Contradictory results can be found in literature regarding chondrogenesis influenced by
low oxygen tension in cartilage tissue engineering approaches both in agarose and hyaluronic acid

364383-385  Therefore, this initial test was performed with stand-alone gels both under

hydrogels
normoxic (21 % oxygen) and hypoxic (2 % oxygen) conditions with respect to chondrocyte-induced
cartilage neosynthesis. Although no uniform cell density was obtained between agarose and
HA-SH/P(AGE/G) gels in the experimental set-up and a direct comparison is unfortunately only possible
to a limited extent, clear differences were discernible. Normalized to the respective DNA content in
the gel, GAG and collagen type Il depositions increased significantly in both hydrogel types
irrespectively of the oxygen concentration. Agarose showed a much more homogenous distribution of
aggrecan and collagen type Il in the constructs (see Figure 42). In the HA-SH/P(AGE/G) hydrogels, the
deposition of the ECM components remained in restriction to the pericellular area. Overall however,
no clear difference in cartilage specific ECM formation was found between normoxic and hypoxic
conditions in both hydrogel types, which is why further experiments concentrated on the standard cell

culture with normoxic conditions, which was also applied in previous experiments and reflects the

standard conditions used in most published works.

As mentioned before, the disc/ring model is suitable to further analyze both ECM deposition inside
a hydrogel and the integrative process of the cartilage tissue with a filled biomaterial inside the
cartilage ring. It can be hypothesized, that the development of tissue regeneration more closely
resembles the clinical situation, since influencing factors of the native tissue are better considered

compared to stand-alone culture of tissue engineered constructs.

By using the disc/ring model the influence of encapsulated chondrocytes within stable fibrin (50)
gels on tissue formation and integration strength were directly compared to cell-free counterparts.
The performed push-out tests revealed only a slight non-significant increase in integration strength for
both the cell-free and the cell-laden hydrogels. However, it was observable in histology that large gaps
were already visible at dO at the transition from the fibrin gel to the cartilage, although the gels were
pipetted into the ring and cured there. It cannot be completely ruled out that the handling of the
constructs during histological preparation (e.g. fixation steps) leads to shrinkage accompanied by
detachment of the gels from the adjacent cartilage surface. Compared to the small applied material

amounts when gluing smaller defects, shrinkage would be even more pronounced in larger bulk
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constructs. Once the cohesive force of a gel exceeds the integration force, shrinkage inevitably leads
to detachment at the defect interface %*2. An enlarged defect gap, of course, significantly complicates
the fusion of tissue and material in the long-term 3%, The long-term stable fibrin gels were also
evaluated for their appearance and other physical properties 2. Thereby, all gels were visually
examined to assess turbidity and shrinkage, i.e., contraction directly after preparation as well as
degradation and/or dissolution over time. Depending on the formulation and pH, a more or less
pronounced shrinkage was observed in the different gels tested. Although the stable fibrin (50)
formulation used here, in contrast to commercial fibrin, was among the candidates classified as
dimensionally stable after manufacture, even minimal shrinkage of the material is sufficient to lose
direct contact at the defect interface and it can be doubted that visual inspection is sufficiently
sensitive to detect shrinkage in these relevant size dimensions. Despite the low increase in integration
strength, the tested fibrin gels showed promising results in regard to tissue formation. After four weeks
of in vitro culture an increase in DNA content within the hydrogels was observable in both groups. In
colonized gels, cell proliferation of the encapsulated chondrocytes can in principle lead to an increase
in DNA content. The increase in originally cell-free gels to the extent observed proved the migration of
cells from the surrounding cartilage tissue. Histological staining also showed the presence of cells
spanning over the whole previously cell-free gels, albeit at a much lower cell density than in the
colonized gels. The migration of chondrocytes from adjacent cartilage tissue into fibrin gels was
reported before 7. The investigators were also able to demonstrate accelerated and empowered cell
migration when the cartilage tissue was pre-treated with collagenase. Enzymatic softening of the
dense cartilage matrix is known to be of strong influence on chondrocyte migration and can contribute
to increasing integration strengths 1627166207 Seq| et al. further reported that the potential of cell
migration is dependent of the cell-layer in the surrounding cartilage tissue. Cells that migrated into
fibrin mainly originated from the cartilage surface and subchondral bone. They showed different
characteristics in terms of migratory and chondrogenic activity. The cells from the surface of cartilage
had a high migratory ability. They also discussed that even with enzymatic treatment the cell migration
is a rather slow process and significantly improved integration results are expectable when
chondrocytes are directly inserted into the fibrin gel during gel preparation. Other studies confirmed
the hypothesis of improved cartilage integration when cells are delivered to the defect zone within a

biomaterial 168,169,177,221

Histological images of the stable fibrin (50) constructs showed a slight accumulation of cartilage-
specific ECM after four weeks in the initially cell-free gels. In the colonized gels, a distinctly higher
concentration of ECM components within the gel was detectable both histologically and biochemically.

An increased GAG signal and cell density was also observed in areas adjacent to deeper zones of the
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explanted cartilage, again confirming the results of Seol et al. In the populated gels, a cell-free band
was partially pronounced at the edges, where there is also significantly less ECM deposited. It is likely
that this was due to the way the constructs were manufactured. The sequential pipetting of the two
fibrin components into the cartilage ring may have caused one of the fluid solutions to bind to the
edges by capillary forces and also partially migrate under the ring. Such effects can counteract
homogeneous mixing with the subsequent component and may locally lead to altered gel
characteristics at the edges (e.g. cell density, strength). By using collagen sheets placed between two
layered cartilage discs, Pabbruwe et al. confirmed migration of chondrocytes from the surrounding
tissue into the scaffold. More strikingly, they also demonstrated that when cells alone were allowed
to adhere to the cartilage surface there was some filling of the space with proliferating cells but little
or no extracellular matrix to bind the pieces of cartilage together. The alternative approach of

delivering the chondrocytes within the scaffold led to drastically improved gap bridging 6.

The limited increase in measured integrative strength to an almost identical level in both groups
supports the theory that shrinkage after gel curing creates a gap and the four-week culture period is
not long enough to establish a stable bond to the fibrin. It can be speculated that poorer integrative
results would be obtained with ordinary commercial fibrin or other fibrin formulations with observable
shrinkage effects. However, the results showed that the fibrin formulation used has in principle good
regenerative properties, especially in combination of encapsulated chondrocytes and the surrounding
native tissue. It would be worthwhile in the future to evaluate possibilities or approaches that
additionally prevent shrinkage of the gel material while supporting or even enhancing the positive

properties of the fibrin, for example by using hybrid gels with additional polymeric components.

Unlike fibrin, agarose does not harden via chemical reactions but is thermoresponsive and
solidifies by cooling. No shrinkage is to be expected afterwards and due to the lack of cell adhesion,
encapsulated cells cannot directly influence the dimensional stability of agarose gels. This solidification
mechanism also means that no firm bonds of the gel to the cartilage are to be expected despite curing
in direct contact with the cartilage tissue 2. This was also reflected in the measured immediate
bonding values of approx. 1 kPa. The lack of adhesion motifs and the possibility of metabolic
degradation of the agarose also prevent cell migration into the gel interior. Here, the difference to
fibrin became clear, as in cell-free agarose gels after four weeks of in vitro culture no increase in
integration strength was detected. The DNA measurement showed that there was no cell migration
into agarose and also in the colonized gels there was a decrease in cell density during the course of
the culture. However, the cell-free gels also showed a slight deposition of ECM after four weeks, but
this was significantly increased in the colonized gels. Therefore, unlike fibrin, the increase in integration

strength in the colonized agarose gels must have been mainly due to the encapsulated cells.
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In subsequent experiments agarose was used as a reference material to HA-SH/P(AGE/G)
hydrogels (see also Chapter 4.5.4.2). In those experiments, initial bonding strength of agarose was
again virtually non-present despite curing in contact with the cartilage ring. However, despite the
shorter in vitro cultivation period of 21 days, a dramatical increase in integration strength was
observable (up to up to 40.0 + 11.0 kPa, see also see Figure 43A). As in the prior experiment with
agarose hydrogels, similar ECM formation and chondrocyte behavior in the hydrogels was observable
after cultivation in presence of the adjacent cartilage ring. Both GAG and collagen type Il were
distributed over the whole gel, with particularly strong signal in formed cell clusters. These cell clusters
were particularly strong in the interface zone at the lateral cartilage defect. A significant increase of
DNA content in agarose gels after 21 days was also observed in this set of experiments (see Figure 44).
However, no evidence of cell ingrowth from native cartilage was seen in the histological images, again
illustrating that in this second approach with agarose, increased proliferation was stimulated within
the gel near the cartilage interface and the high local cell density massively enhanced annealing. In
contrast, within the first agarose approach the total amount of DNA in the gel decreased and the
increase in integration was less pronounced, which illustrates the great influence of the presence of
vital cells at the defect, apart from the material itself. However, it was also shown how variable
experimental results can turn out in the same model, e.g. due to donor variability of the cell source.
Conversely, this finding makes it difficult to compare different experiments and the use of

interexperimental control groups is recommended for direct comparisons.

Agarose was considered as material for the conducted experiments because of its excellent
intrinsic properties and positive experience in regenerative cartilage repair. Characteristics of agarose
were well reviewed by Roach et al. with a focus on cartilage tissue engineering 2. Already in 1998,
agarose was implanted with chondrocytes into a rabbit model for the treatment of full-thickness
defects. No graft-versus-host rejection was reported and hyaline tissue formation including the
preservation of the chondrogenic phenotype was observed 37, Especially a key study with
chondrocyte-seeded agarose applied to a canine defect model reported great overall biocompatibility
paired with the formation of functional cartilage tissue in the agarose grafts !%°. A hydrogel comprised
of both agarose and alginate was also injected to 20 human patients within a clinical trial in the
European Union 3%, In some of these patients, the hydrogel allowed for improved orientation and
organization of the engineered tissue upon implantation, with the collagen fiber orientation closely
mimicking that of native tissue. The group around Buschmann et al. concluded that the agarose
network allows transmission of compression to the encapsulated cells and respective pericellular
matrix, playing an important role in mechanotransduction 3. The group further confirmed that

chondrocytes cultured in an agarose hydrogel produce mechanically functional extracellular matrix 33,
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The results shown here principally confirmed the very good capacity of agarose to form cartilage
tissue. Encapsulated chondrocytes formed a pericellular halo of ECM, but also a homogeneous
distribution of GAG and collagen type Il can be observed throughout the gel. Compared to results that
were obtained with stable fibrin (50), the GAG content in the agarose gels (first experiment) was
almost tripled after four weeks of culture for the agarose group (ca. 44 pg/gel in fibrin vs. ca. 114 ug/gel
in agarose). In the second agarose experiment (comparison to HA-SH/P(AGE/G), see also Figure 44)
due to the increased cell proliferation and/or their performance even higher amounts of deposited
ECM were found already after three weeks represented by GAG contents of nearly 250 pg in the
pushed-out gels. The histological images are also consistent with data from the literature. For both
stand-alone agarose gels (see Figure 42) and the agarose gels that were cultivated within the cartilage
ring, obvious conglomerates of chondrocytes that indicate focal cell proliferation were observed (see
Figure 40C). It can be found in literature that initially the spherical shape of encapsulated cells is
maintained by the physical entrapment in the hydrophilic scaffold, rendering the cells unable to attach
to the polysaccharide molecules. With culture time and elaboration of the pericellular matrix,
however, cells can bind to the ECM that is trapped around them, which can influence cell behavior and

39 |n the long term, however, a non-degradable material may be problematic and

morphology
prevent a long-term balance of new synthesis and degradation by local chondrocytes. While it has
been shown that additional treatment with the enzyme agarase can remove portions from the agarose
scaffold to create new space for tissue formation, this approach is difficult to implement clinically and
carries further risks 3. In experiments with a disc/ring model with encapsulated mesenchymal stem
cells in either agarose or biodegradable methacrylated gelatine hydrogels and in vitro cultivation up to
six weeks, a superior progress of integration was reported for the gelatine-based gel after
biomechanical push-out testing ?21. Regarding biodegradability in situ, the addition of crosslinks that
are sensitive to cell-related enzymatic degradation to the agarose network may be required to
circumvent those issues. It could be shown for hyaluronic acid-based hydrogels that evolving networks
(hydrogels with mesh sizes that change over time due to crosslink degradation) can provide the control

needed to enhance overall tissue formation when compared to static non-degradable scaffolds 1.

Unlike agarose, hyaluronic acid is a biomolecule that is also present in large quantities in the
natural environment of cartilage. Chondrocytes have the ability to adhere to this polysaccharide via
the CD44 surface receptor. In addition, hyaluronic acid can be degraded and metabolized by the body's
own enzymes, as occurs physiologically. Fibrinogen- or hyaluronan-based hydrogels belong to the class
of biomimetic scaffold materials that serve as cell carriers and consist of molecules naturally occurring
in the ECM of various tissues. Their ECM molecules can interact with cells and affect cell shape,

function, and differentiation. When these natural ECM molecules are used in tissue engineering, it is

173



Results and Discussion

targeted that they will create an environment that will positively influence cells and cause them to
form the desired tissue 3°2, To adjust the physicochemical properties of hydrogels, synthetic polymers
such as poly(ethylene glycol) (PEG) or poly(glycidol) (PG) are used in combination with natural

polymers 3%,

In the respective experiment presented here, articular chondrocytes were tested either in
HA-SH/P(AGE/G) or agarose in a single experimental approach for direct comparison. As mentioned
previously, HA-SH/P(AGE/G) is a hybrid hydrogel composed of thiolated HA (HA-SH) and allyl-
functionalized PG (P(AGE-co-G)). The components were crosslinked by UV-induced radical thiol-ene
coupling between thiol and allyl groups. A total polymer concentration of 10 wt% was used as reported
in previous experiments 1%, This hydrogel was developed at the Department for Functional Materials
in Medicine and Dentistry, University of Wirzburg within the framework of the EU research project
HydroZONES for 3D printing of cartilage tissue engineering constructs where a double-printing
approach with thermoplastic poly(e-caprolactone)(PCL) is aimed to enhance the hydrogels mechanical
resistance (Bioactivated hierarchical hydrogels as zonal implants for articular cartilage regeneration).
In order to consider this approach of additional mechanical stabilization in the test design, one test
group comprised of punched out round PCL scaffolds, which were presented in the cartilage rings
followed by addition of the hydrogel solution and exposure to light. In principle, specific bioprinting
techniques are developed that allow the in situ fabrication of constructs directly at the defect site 3%
Such a technique could combine the advantages of adhesive materials for immediate integration and
the ability to form hierarchical structures by 3D printing. In order to allow assessment of the potential
cartilage-adhesive effect by the crosslinking mechanism, one test group comprised of hydrogels of the
same diameter hat were prepared outside of the cartilage (pre-cast) and then inserted into the
cartilage ring as a reference. As expected, the pre-cast hydrogels showed virtually no detectable
bonding strength immediately after construct assembly, as was similarly seen with agarose. HA-
SH/P(AGE/G) without and with PCL reinforcement had a significantly higher immediate integration
strength (16.1 £ 0.9 kPa and 13.7 + 7.7 kPa). Accordingly, the immediate bonding is contributable to
the presence of chemical bonding of the hydrogel polymers to allyl and/or thiol groups within the
opposing cartilage tissue via the UV-mediated crosslinking reaction. Most remarkably, the detected
immediate bonding values were more than doubled to prior results obtained with stable fibrin (50) in
the same in vitro model. The group of Zenobi-Wong et al. published results with transglutaminase
crosslinked hyaluronan hydrogels (HA-TG) 2%, They also applied the here described approach of curing
the hydrogel within a cartilage ring followed by biomechanical push-out testing. For their
transglutaminase-mediated reaction immediate bonding strengths of about 2 kPa were reported, 6 to

8 times less we were able to achieve with our hyaluronan hydrogel. Zenobi-Wong et al. were able to
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achieve a three-fold increase in integration strength when the cartilage surface was pre-treated with
a chondroitinase solution to remove anti-adhesive polysaccharides and expose the protein part of the
cartilage matrix. Although unwanted side reactions and more cumbersome handling would be
expected in the clinical setting, it would be interesting to investigate potential benefits of such
enzymatic treatments on the integration capacity the here investigated hyaluronan hydrogel in the

future.

However, it is probable that the measured integration strengths in our and other experiments
were also limited by a cohesive rather than an adhesive error#'2. Both adhesive and cohesive
interactions are based on mechanical interlocking, intermolecular bonding, electrostatic bonding,
chain entanglement or the formation of crosslinks. For strong adhesive performance, it is essential to
achieve an optimum balance between the adhesive and cohesive strengths of the material *°. A
possible higher intrinsic strength of our gel would accordingly also lead to higher values in the push-
out test. Pushed-out agarose and pre-cast HA-SH/P(AGE/G) hydrogels had no visible remains of
hydrogel attached to the cartilage ring after biomechanical testing. In sharp contrast, for the in situ
cured HA-SH/P(AGE/G) the push-out plunger went through the bulk hydrogels leaving a remaining
ring-shaped hydrogel remnant attached to the cartilage (see Figure 43B), which proved the limitation
by cohesive failure of the hydrogel. Since the PCL scaffold is not forming covalent bonds to the cartilage
it could not contribute to the tissue adhesion. Its inherent rigidity is intended to provide resistance to
compression forces, a highly beneficial characteristic for the treatment of large cartilage defects with

106395 However, this positive effect would be more likely to be detected via

soft hydrogels
biomechanical compression tests. Nonetheless, since the compression forces are only distributed via
the PCL scaffold, but the gel itself remains unchanged in its physical properties, the cohesive defect at
the gel-to-cartilage transition also remains predominant. As can be seen in the histological images, the
PCL material was partially in direct contact with the cartilage without chemically contributing to the
bonding, but at the same time it also reduced the contact area of the cartilage with the adhesive

hydrogel. This also explains the lower measured integration strength to the in situ cured

HA-SH/P(AGE/G) gels without PCL.

Both histology and biochemical analyses showed that the amounts of ECM in the gel increased
over the 21 days of culture, although significantly reduced compared to the previously described
agarose comparison group. ECM deposition is also the likely origin of the slight increase in integration
strength after 21 days in the pre-cast constructs. However, the extent of this influence does not come
into play in the present time frame for the in situ cured constructs due to the dimension of the
adhesion despite its detected decrease. Compared to GAG, the increase in collagen was less prominent

in the HA-SH/P(AGE/G) gels. The clearest trend was in the PCL group. It is possible that locally mobile
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chondrocytes may interact and adhere with the high tubular surface area of the scaffold in the gel.
Since adherent chondrocyte layers tend to form fibroblast-like structures that preferentially express
collagen type |1 3%, this would explain the biochemically detected increase in total collagen with no

detectable increase in collagen type Il in immunohistology.

Unfortunately, the integration strength slightly decreased in both groups over the 21 days
observation period. As discussed before the agarose gels containing chondrocytes from the identical
cell source significantly increased integration strength and outperformed the HA-SH/P(AGE/G) gels
after 21 days (see Figure 43A). A likely cause is inadequate interface-bridging ECM deposition with
concomitant decline of existing covalent bonds to cartilage tissue. As a natural molecule, hyaluronic
acid is subject to continuous degradation, which can be influenced by the degree and type of
crosslinking. It is conceivable that hydrolytic or enzymatic degradation occurred in the gel over the
observation period and that the decrease in cohesive strength in turn led to the slight decrease in
biomechanical results. The histologic images on day 21 showed gels that have a torn appearance to
large extend (see Figure 44A), which may indicate decreased intrinsic gel strength. It must be said that
histological preparation of HA-SH/P(AGE/G) is difficult, and the inclusion of solvents as usually used in
the staining process can cause swelling and thus destroy structures. This would be particularly
pronounced at interface sites if the adjacent body (here the cartilage) does not swell to the same

extent.

As with the stand-alone hydrogels, high-magnification images of HA-SH/P(AGE/G) hydrogels
incubated in contact with cartilage tissue showed the intracellular and mostly pericellular distribution
of the ECM components aggrecan and type Il collagen. However, the pericellular ECM distribution in
the gels was not optimal, especially when compared with agarose, because it did not resemble natural
ECM and did not result in a continuous tissue-like construct. This effect has been previously observed
when high polymer content or network density in hydrogels limited the homogeneous ECM
distribution of encapsulated cells 190397491 The properties of crosslinked HA-SH/P(AGE/G) hydrogels
also depend on the length of HA-SH used and the degree of its modification. In general, the shorter
the HA-SH, the more polymer content is required to produce a stable hydrogel by crosslinking. If the
polymer content is too low, gelation will be inhibited. The HA-SH used in the underlying experiments
was relatively small, so a high polymer content was required to form a gel with it. In addition, the
hydrogel composition used, with a total polymer content of 10 wt%, was originally chosen to produce
a 3D printable hydrogel. A high concentration of polymers is often used for 3D printing materials to
improve stability and shape retention during and after the printing process 1%. With a polymer content
of 10 wt% and additional unmodified high molecular weight HA (1-2 MDa) to increase viscosity, it was

possible to dual print the HA-SH/P(AGE/G) hydrogel together with polycaprolactone (PCL) in a previous
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study 1, In another study using a very similar hydrogel system, it was demonstrated that a reduction

in polymer content resulted in improved ECM distribution 3%

. Therefore, the investigated
HA-SH/P(AGE/G) hydrogel should be further developed to find a solution for combining the needs of
the utilized cells and, for example, the requirements for a stable hydrogel intended for bioprinting with
high shape fidelity. The easy chemical adaptability of the allyl functionalized polyglycidol may play an
important role here. Application of the HA-SH/P(AGE/G) hydrogel in an equine in vivo model resulted
in sub-optimal quality of the repair tissue, despite co-application of an PCL scaffold for mechanical
protection. The authors hypothesized that this outcome may be related to early loss of implanted cells,
or inappropriate degradation rate of the hydrogel *°2. However, concerning gel degradation, variation
of the hyaluronan-thiol component allowed the formation of two types of hydrogels, degradable and
non-degradable. Degradation was induced by the additional presence of the hydrolytically degradable

ester group *. The right balance of degradation that fits the needs in situ may improve the material’s

outcome, similar to results obtained with the biodegradable DOPA adhesive (see Chapter 4.4).

The comparison between agarose and HA-SH/P(AGE/G) in the present experiment with the usage
the same cells and the same cultivation conditions for both hydrogels, demonstrated the distinct
influence that the used hydrogel can have on the different cell types. It has also been observed in other
studies that different cell types prefer certain hydrogels and a supposedly less well-functioning
material harmonizes well with other cells. In different studies, the cell types of ACPCs and MSCs were
compared in both the here used HA-SH/P(AGE/G) material or different gelatine-based hydrogel
formulations (GelMA) 1°13¢° with regard to chondrogenesis and production of cartilage ECM. In these
hydrogels, MSCs always outperformed ACPCs regarding ECM production. Compared to the here
presented results, much better overall cartilage neosynthesis was obtained in HA-SH/P(AGE/G) gels

when MSCs were used instead of chondrocytes.

Hydrogels like GelMA or HA-SH/P(AGE/G), which contain biopolymers such as collagen and
hyaluronic acid, appear to promote chondrogenesis of MSCs. These more biomimetic hydrogels may
have promoted chondrogenesis of MSCs through adhesion and signaling between the material and the
cells. In contrast, agarose has no biological cues to which the cells could adhere. In other previous
studies that compared cartilage ECM production of chondrocytes and MSCs in agarose or other
materials without biological cues, chondrocytes performed better than MSCs 384493404 Therefore, the
agarose hydrogel seems to be a favorable environment for chondrocytes and ACPCs, which are a
subpopulation of chondrocytes. MSCs had to undergo the whole process of differentiation into
chondrocytes, and it seemed plausible that signals from the microenvironment support this process,
as they do in normal embryonic development %47 Chondrocytes, on the other hand, are already

mature cells that benefit from an environment that preserves and supports their properties, such as
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agarose. This clearly shows that the choice of the right microenvironment or hydrogel depending on
the cell type used for cartilage regeneration treatment is of utmost importance to achieve the best

performance.

However, considering the optimization of a biomaterial with respect to its use for 3D printing
remains a necessity for next-generation therapies of cartilage defects. First promising 3D printing
approaches were reported almost ten years ago. Cui et al. developed a bioprinting system with
simultaneous photopolymerization capable for 3D cartilage tissue engineering. Poly(ethylene glycol)
dimethacrylate (PEGDMA) with human chondrocytes were printed to repair defects in osteochondral
plugs in layer-by-layer assembly followed by in vitro culture for up to six weeks %1%, Depths of the
defects ranged from 2 to 5mm. At the end of the observation period, the printed cartilage implant
attached firmly with the surrounding tissue and good proteoglycan deposition was observed at the
interface of implant and native cartilage in Safranin O staining. However, after careful separation of
the subchondral bone from the cartilage part of the construct and subsequent push-out testing of the
constructs, rather low integration strengths of ca. 1 kPa after six weeks were obtained. The study
showed the potential of a direct micro-printing process for fabricating tissue engineering constructs
with high maintained cell viability and increasing integration to the lesion site. The significantly higher
detected failure strength with our HA-SH/P(AGE/G) holds promise that biomaterials with favorable
immediate integration can be achieved for 3D printing processes. In the next step bioink formulations
need to be optimized with regard to specific needs of the respective cell type to foster tissue
neoformation 1°13¢°, An exciting approach in the future could be the use of hybrid gels consisting of a
hydrophilic polysaccharide such as hyaluronic acid and a protein polymer such as collagen or
fibrinogen. This mix would emulate the model of native cartilage tissue and could provide a good
balance of mechanical stability, hydrodynamic properties and cell compatibility. Ideally, modifications
to the gel properties such as degradation and adhesion motifs can also be adapted via chemical
modifications. Chemically modified hyaluronic acid has already been successfully used not only in the
results described and discussed here. Liu et al. reported an approach for adhesive hydrogels based on
photoresponsive hyaluronic acid and platelet-rich plasma (PRP) 2%°. PRP, similar to fibrin, is typically
cured via thrombin and its beneficial applicability for cartilage repair is well known. Besides the
containment of leukocytes and a mixture of growth factors, a main component of PRP is fibrinogen.
The growth factor release from PRP was reported to enhance cartilage integration mechanisms 4%,
The gelation mechanism of the HA/PRP hybrid gel established by Liu et al. is based on Schiff base
formation via reaction of generated aldehyde groups and amino groups of the PRP components. This
photosensitive reaction allows in situ on-demand crosslinking at the defect site. The cartilage tissue

adhesive strength of about 25 kPa was promising and significantly above the fibrin glue control.
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Furthermore, in a twelve week in vivo study, integrative hyaline cartilage integration was present and
the therapeutic efficacy was better than for thrombin activated PRP gel in the rabbit full-thickness

defect.

Accordingly, the chemical modifiability of biomaterials represents a vast playground with almost
inexhaustible possibilities. Progressive adhesion reactions such as the mussel-mimetic reaction via
catechol groups and fine-tunable degradation kinetics (see also Chapter 4.4) will further advance the

promising treatment approach of cartilage defects with hydrogels in the future.
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5 Conclusion and Outlook

Articular cartilage is of enormous importance for the functional maintenance of the
musculoskeletal system. As a superficial layer in joints, it provides the necessary gliding properties and
force distribution under load. Due to the strong mechanical forces that can prevail in the joint, defects
in the cartilage tissue are common. Defects in the joint surface can lead to severe pain and
considerable limitations in the quality of life. Lesions after trauma often occur in the lateral dimension
and even small defects can become larger and more severe over time, leading to osteoarthritis.
Osteoarthritis is already a widespread disease, especially in industrialized countries with a steadily
increasing average age of the population, and will continue to gain importance in the future. Surgical
placement of artificial joint prostheses is often the final treatment approach. The lack of
vascularization of cartilage tissue and the low self-healing capacity make alternative regenerative
treatment approaches difficult. A variety of different factors play a role in cartilage regeneration.
In vitro models are becoming increasingly important to simulate the clinical situation and to investigate
the influence of certain factors. In contrast to animal experiments, in vitro models represent an
ethically acceptable alternative, which is also economical and efficient in the execution of experiments.
The disc/ring model is increasingly being used for investigations of cartilage defects. By creating a
lateral defect in native cartilage tissue, a common clinical outcome is simulated and integrative repair
mechanisms at the defect interface can be assessed. In the course of the work presented here, among
other things, the disc/ring model was established with the use of biomechanical measurements to
determine interfacial integration strength. Porcine knee joints, which are easily and ethically available

as a by-product of the slaughter industry, were used as donor tissue.

Despite advances in regenerative treatment approaches for cartilage defects in recent decades, a
common reason for failure is lack of integration at the defect interface with the native tissue. Surgical
adhesives allow immediate fixation of defect sites and, in theory, unlike sutures, do not contribute to
any additional injury to the sensitive articular surface. In reality, however, adhesives can have cytotoxic
properties and users often have to choose between good biocompatibility and high adhesive strength
for available materials. Two representative clinically available adhesives were tested with the disc/ring
model. One was the glutaraldehyde-based BioGlue® and the other was fibrin, a material that is also
used in physiological wound closure. The results showed that BioGlue® achieved very high adhesive
strength in the cartilage model, but it became clear that cytotoxic substances from the adhesive leach
in the tissue and led to necrosis over large areas. Despite the supposed success in terms of immediate
adhesive strength, enormous long-term damage to the cartilage would have to be expected, which
self-explanatorily rules out clinical use for this purpose. For fibrin, both a commercially available and

long-term stable formulations that were established by our group were investigated in the
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experiments. In contrast to BioGlue?®, significantly lower immediate bonding strengths were measured,
but all fibrin formulations tested showed very good biocompatibility. In addition to mechanical testing,
the disc/ring model also allowed for in vitro tissue culture. Due to the good compatibility of the fibrin,
corresponding constructs could be observed over a long period of time after in vitro culture to
investigate integrative processes in more detail. Over a period of three weeks, a strong increase in
integration strength coupled with the new synthesis of cartilage matrix at the defect site was shown
for the biocompatible fibrin glues. Representatively, using a long-term stable formulation (stable fibrin
(50)), the process of integration was followed in more detail histologically. Interfacial deposition of
cartilage ECM was observed after only a few days, followed by cell migration from the surrounding
native tissue within 14 days. In the further course, annealing of the opposing cartilage surfaces by
newly synthesized tissue increased. The results proved that the use of adhesives can be beneficial for
the healing process of cartilage defects, but tissue vitality must not be compromised for long-term

success.

The adhesive properties of a material are primarily subject to the respective crosslinking
mechanism. Different chemical groups can enter into reactions with the cartilage matrix and thus
contribute to bonding. Since a high immediate adhesive strength would in principle mean improved
fixation of the defect, the aim was to investigate different crosslink approaches to achieve improved
adhesive strength. Based on previous experience and the positive results regarding in vitro tissue
formation in fibrin, the further focus was to improve the integrative performance of fibrinogen-
containing hydrogel compositions. Surface functionalization of cartilage with photosensitive diazirine
increased the adhesive strength of fibrin. A ruthenium crosslinked fibrinogen hydrogel achieved
significantly increased adhesive strength with good biocompatibility. Even though an increase in
adhesive strength was achieved for both approaches compared to fibrin, cumbersome process steps
or lack of long-term integration were obstacles for further use. Lateral cartilage integration with a
biomaterial requires a balance of ongoing material integration and remodeling toward functional
cartilage tissue. Therefore, in a cross-group collaboration, POx polymers were synthesized that
enabled strong binding to the tissue via functional catechol groups and, at the same time, enabled the
production of a hydrogel adhesive with fibrinogen, for which the degradation rate is finetuneable. In
the correct ratio, the initial adhesive strength could thus be increased over time as observed before

with fibrin, without compromising the ability to form new cartilage at the defect interface.

Especially for the regenerative treatment of larger cartilage defects, it requires approaches that
require the formation of mechanically functional hyaline tissue. Therefore, when using tissue
engineering constructs to fill the defect, there is a strong focus on the biological performance of

biomaterials. Many hydrogels are known from tissue engineering, and further or new developments
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are constantly being made to meet the specific needs of cell and tissue types. Agarose is known to
have good compatibility with chondrocytes and their initiated ECM synthesis in the material. By
adapting the disc/ring model, in which a hydrogel is applied into the cartilage ring lumen, integrative
effects could also be studied with larger constructs in vitro. Due to the strong tissue synthesis of
embedded chondrocytes in agarose, there was also a concomitant strong increase in integrative
strength observed over time. However, due to the mechanical stresses in the joint, adhesive hydrogel
materials have advantages over non-adhesive materials such as agarose, since direct bonding to the
cartilage on the one hand better fixes the material at the site of application and thus prevents loss,
and on the other hand the direct contact can facilitate annealing with the native tissue. In further
investigations, hydrogel materials possessing a crosslink mechanism that simultaneously provides
direct binding to the cartilage tissue were included. As before, stable fibrin (50) was investigated as a
cartilage adhesive hydrogel construct, as well as a hyaluronic acid-based material (HA-SH/P(AGE/G)).
In contrast to agarose, both materials were shown to adhere to the tissue in biomechanical
measurements. In the course of in vitro culture up to four weeks, however, the increase in integration
strength was only low (stable fibrin (50)) or even slightly regressive (HA-SH/P(AGE/G)) to the initial
value. Histological investigations showed that the lack of homogeneous distribution of synthesized
ECM in the hydrogel and at the interface area in comparison to agarose impaired integrative repair
during the observation period. The results highlighted the importance of tissue neosynthesis in the
hydrogel for the long-term success of cartilage integration and thus the overall treatment. For the
future, it therefore requires materials that are mechanically stable both in a cohesive and with an
tissue-adhesive manner, but at the same time are biocompatible and allow good cartilage formation.
The possibilities to adapt biomaterials accordingly are extremely versatile. For example, chemical
modifications can influence adhesion and material degradation. However, adaptations must also take
into account the specific requirements of the cell types used, the nature of the defect, and a variety of
other biological factors. It therefore needs efficient possibilities to test potential candidates ethically
and economically justifiable. The disc/ring model was shown to be very versatile in the experiments
presented here, although the potential scope of testing is far from exhausted. In addition to the
guantitative and qualitative assessment of integration, the model allows the evaluation of tissue
engineering constructs in contact to viable tissue. Thus, a better simulation of the clinical situation is
given. Future experiments using the disc/ring model may not only be used to evaluate material
integration, but also to investigate growth factors, inflammatory cytokines and other biological cues

via medium supplementation.
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