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Summary

This thesis describes the in vitro biological evaluation of a recently developed tech-
nology platform of enzymatically crosslinkable hydrogels of natural polymers. In situ
forming hydrogels scaffolds were tailored for the treatment of local cartilage defects
and degenerative cartilage diseases, such as osteoarthritis, by acting as healing plas-
ters. The success of a repair strategy in the management of cartilage defects relies
on the following requirements: i) application by simple and minimally invasive pro-
cedures, such as an arthroscopy or a single injection; ii) immobilization at the defect
site, while coping with normal wear of the joint; iii) be biodegradable and biocompat-
ible and finally, iv) allow cartilaginous matrix deposition and remodeling. Hydrogels
consisting of natural polymers are likely to fulfill all these requirements. Dextran
was the polysaccharide of choice to form the backbone of the hydrogels described in
this thesis. Dextran was selected due to its stability, biocompatibility and structural
resemblance to extracellular matrix components. Several strategies described in this
thesis aimed at improving the biological properties of these dextran-based hydrogels,
such as the incorporation of bioactive compounds and mimicry of the cartilaginous
matrix.

Chapter 2 contains a literature review that focuses on emerging strategies to im-
prove cartilage repair. Primarily such strategies attempt to incorporate fundamen-
tal knowledge of developmental and cell biology in the design of optimized strate-
gies for cell delivery at the defect site and to locally stimulate cartilage repair re-
sponses. Chapter 3 offers description review of enzyme-based crosslinking methods
to form hydrogels. Enzymatic crosslinking is a mild and effective method to ob-
tain injectable hydrogels of natural polymers, such as dextran. In chapter 4, in
situ forming dextran-based enzymatically crosslinkable hydrogels are described. Hy-
droxyphenyl groups were introduced on dextran backbone by linking tyramine (TA)
residues via a urethane bond, denoted as Dex-TA. In situ gelation is rapidly induced
by covalent crosslinking of the hydroxyphenyl groups. The reaction is catalyzed by the
enzyme horseradish peroxidase and low non-toxic concentrations of H2O2. Dex-TA
is mechanical stable, however, its biological performance is limited. Three strate-
gies were selected to improve the biological performance of Dex-TA: i) engraftment
with hyaluronic acid (HA), ii) mixing with heparin, and iii) incorporation of platelet
lysate. Hyaluronic acid is one of the main components of cartilaginous ECM and
interacts with chondrocytes by surface receptors such as CD44. The incorporation of
HA enabled the modulation of cell activity by contributing to cell proliferation and
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migration. For these reasons, HA was engrafted in Dex-TA, denoted as HA-g-Dex-
TA and described in chapter 5. These biomimetic hydrogels induced an enhanced cell
proliferation and matrix deposition/remodeling, compared to Dex-TA hydrogels. In
an alternative approach, heparin was selected to further improve the bioactivity of
dextran-based hydrogels, as described in chapter 6. This approach is based on rela-
tively simple chemistry to introduce tyramine residues in the selected model molecule,
in this case heparin and resulted in a product referred to as Hep-TA. Heparin’s resem-
blance to heparan sulphate, a natural component of the ECM, significantly improved
cell proliferation and the de novo formation of a cartilaginous matrix. Interestingly,
increasing ratios of Hep-TA in Dex-TA hydrogels also induce cell migration, as de-
scribed in chapter 7, suggesting that this system can likely be developed into a cell-
free system for cartilage repair. In chapter 9, we explored whether the incorporation
of autologous platelet-rich lysate could improve the regenerative potential of Dex-
TA hydrogels, alternatively for the engraftment of hyaluronic acid or heparin. The
Dex-TA/platelet-rich lysate hydrogels showed high potential as an off-the-shelf cell-
free product for cartilage repair strategies by combining scaffold-guided regenerative
medicine with an autologous source of growth factors.

Inappropriate integration of the tissue engineered constructs with the host tissue
can ultimately result in failure. Creating a stabile interface between scaffolds and
mechanically challenging tissues, such as the cartilage in the joints is particularly
challenging. The TA-functionalized polymers described in this thesis are able to
covalently bind to collagen fibers, allowing a stable interface between the construct
and the cartilaginous matrix. In chapter 7, we described the self-attachment of Dex-
TA hydrogels during the enzymatic crosslinking reaction to predominantly collagen
residues in the cartilaginous matrix.

The repair strategies described in this thesis aimed at mimicking the structure and
composition of native ECM. Nevertheless, cells play an equally important role when
using cell-laden constructs. In chapter 8, we show that seeding hydrogels with micro-
aggregated chondrocytes instead of with single cells may be an effective strategy
to boost neo-cartilage formation. Moreover, high-throughput formation of micro-
aggregates prior to implantation may be an efficient approach to accelerate hyaline
cartilage formation during current autologous chondrocyte implantation procedures.

Finally, chapter 10 summarizes and discusses the overall results presented in this
thesis and suggests future developments and applications of dextran-based hydrogels.



Samenvatting

Deze thesis beschrijft de in vitro biologische evaluatie van een recent ontwikkelt tech-
nologie platform gebaseerd op enzymatisch crosslinkende hydrogelen van natuurlijke
polymeren. In situ vormende hydrogel constructen werden aangepast voor de behan-
deling van locale kraakbeen defecten en degeneratieve kraakbeen aandoeningen, zoals
osteoartritis en osteoartrose, door functioneren als een helende pleister. Het succes
van kraakbeen defect reparatie strategien hangt af van de volgende voorwaarden: i)
applicatie van door simpele en minimaal invasieve procedures zoals een athroscopie
of een enkele injectie; ii) immobilisatie van het materiaal in het defect, onderwijl
het niet mag leiden onder de stress van het dagelijks gebruik van het gewricht; iii)
het zijn van biologisch afbreekbaar en biologisch verenigbaar; iv) het toelaten van
opbouw van een hermoduleerbare kraakbeen matrix. Het is waarschijnlijk dat hy-
drogelen bestaande uit natuurlijke polymeren aan al deze voorwaarden voldoen. Het
polysacharide molecuul dextran was gekozen als basis bouwsteen voor de hydroge-
len die beschreven zijn in deze thesis. Dextran is stabiel biologisch verenigbaar en
lijkt op moleculen die aanwezig zijn in de natuurlijke matrix van kraakbeen. In deze
thesis staan verscheidene strategien beschreven die kunnen bijdragen aan het ver-
beteren van de biologische eigenschappen van dextraan gebaseerde hydrogelen, zoals
de incorporatie van verschillende biologisch actieve en kraakbeen matrix nabootsende
elementen.

De literatuur beschouwing in hoofdstuk 2 focusseert op opkomende strategien die
trachten het kraakbeen reparatie proces te verbeteren. Dit is gebruikelijk gebaseerd
op fundamentele kennis van ontwikkelings- en cel-biologie die word toegepast in het
ontwerp van aanbrengen van cellen in het defect of het locaal stimuleren van de
kraakbeen reparatie. Hoofdstuk 3 beschrijft een literatuur overzicht van de bestaande
crosslinkende methoden die mogelijk gebruikt kunnen worden voor het vormen van
hydrogel netwerken. Enzymatische crosslinking is een milde en effectieve methode
voor het vormen van injecteerbare hydrogelen van natuurlijke polymeren zoals dex-
tran. In hoofdstuk 4 beschrijft in situ vormende dextraan gebaseerde enzymatische
crosslinkende hydrogelen. Hydroxyphenyl groepen zijn aangebracht op de dextran
basisbouwstenen door ze te linken met een tyramine (TA) residu via een uretaan bind-
ing. Het eindproduct wordt beschreven als Dex-TA. In situ gelatie is snel genduceerd
door covalente crosslinking van de hydroxyphenyl groepen. Dit proces werd gekatal-
yseerd door het enzyme horseradish peroxidase en lage niet giftige hoeveelheden van
waterstofperoxide. Dex-TA is mechanisch stabiel, maar heeft weinig biologische inter-
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acties. Drie strategien werden ontworpen om de biologische interacties van Dex-TA
te verbeteren: i) hyaluronzuur werd ingebouwd; ii) heparine werd ingebonden; iii)
bloedplaatjes lysaat werd ingemengd. Hyaluronzuur is een van de hoofdcomponenten
van de kraakbeen matrix en gaat interacties aan met kraakbeen cellen (chondrocyten)
door bindingen aan te gaan met oppervlakte receptoren zoals CD44. Deze interactie
maakt de modulatie van cel activiteit zoals proliferatie en migratie mogelijk. Voor deze
redenen werd hyaluronzuur ingebouwd in Dex-TA en werd HA-g-Dex-TA genaamd.
Deze biomimetiserende hydrogelen induceerden een verhoogde cell proliferatie en ma-
trix depositie/remodulatie ten opzichte van Dex-TA hydrogelen. In hoofdstuk 6 een
alternatieve strategie gebaseerd op heparine was gebruikt om de biologische interac-
ties van de dextran hydrogelen te verbeteren. Deze strategie was gebaseerd op relatief
simpele chemische reacties die TA residues aanbrachten in heparine. Dit product werd
Hep-TA genoemd. Heparine lijkt sterk op heparaan sulphaat, een belangrijk compo-
nent van de kraakbeen matrix. Dit resulteerde in verbeterde cel proliferatie en de
novo formatie van kraakbeen matrix. Zoals beschreven in hoofdstuk 7, toenemende
relatieve hoeveelheden van Hep-TA in Dex-TA hydrogelen stimuleerde cel migratie.
Dit is van belang, aangezien het suggereert dat dit kan leiden tot een cel-vrije strategie
voor kraakbeen reparatie. In hoofdstuk 9 exploreerden we mogelijkheid of incorpo-
ratie van autoloog bloedplaatjes lysaat een alternatief kon bieden voor hyaluronzuur
en heparine voor de bevordering van het regernatieve potentiaal van Dex-TA hydroge-
len. De Dex-TA/ autoloog bloedplaatjes-rijk lysaat demonstreerde grote potentie voor
een off-the-shelf cell-vrij produkt voor kraakbeen reparatie door construct gestuurde
regeneratieve therapie te combineren met een autologe bron van groeifactoren.

Onjuiste integratie van het nieuw gevormde weefsel met de kraakbeen matrix zal
uiteindelijk leiden tot het falen van de behandeling. Het bewerkstelligen van een sta-
biele connectie tussen een construct en een mechanisch belast weefsel zoals kraakbeen
is bijzonder uitdagend. In hoofdstuk 7 beschrijven we dat de TA-gefunctionaliseerde
polymeren covalent binden aan collageen fibrillen. Dit zorgt voor een stabiele inte-
gratie tussen de hydrogel constructen en de kraakbeen matrix.

Deze thesis bevat voornamelijk strategien gefocusseerd op het nabootsen en struc-
tuur en samenstelling van de kraakbeen matrix. Desalniettemin, cellen hebben een
even belangrijke rol in cel-geladen constructen. In hoofdstuk 8 demonstreren we dat
hydrogelen met micro-aggregaten meer kraakbeen vormen dan hydrogelen met een
gelijke hoeveelheid losse cellen. Om dit te bewerkstelligen was een high-through put
platform ontwikkeld dat op een simpele en effectieve manier voldoende hoeveelheden
van micro-aggregaten kan vormen. Deze procedure is compatible met huidige klin-
isch behandel methoden en heeft de potentie om op goedkope en eenvoudige wijze de
therapeutische resultaten te verbeteren.

Afsluitend, hoofdstuk 10 geeft een bediscussieerde sammenvatting van de belangri-
jkste bevindingen in deze thesis en geeft suggesties voor toekomstige ontwikkelingen
en applicaties van dextran gebaseerde hydrogelen.
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Chapter 1

General introduction and thesis
outline

Hydrogels tailored to stimulate
cartilage repair

Cartilage damage typically arises as a focal defect, usually caused by trauma. If
left untreated, these defects can lead to osteoarthritis. Osteoarthritis is a prevalent
degenerative cartilage disease, involving the erosion of articulating joint surfaces, as
depicted in figure 1.1. Although current medical and surgical therapies for treatment
of focal cartilage defects have improved dramatically, further major developments in
the therapies and technologies available remain paramount. Current therapies to cor-
rect joint articular cartilage defects include mosaicplasty, micro-fracture, partial or
total joint arthroplasty and autologous chondrocyte transplantation. Each of these
procedures have inherent drawbacks such as sub-optimal long-term outcome due to
structural failure, donor site morbidity, possibility of disease transmission in the case
of allografting, risk of infection and demand of invasive surgical procedures [1,2].
Additionally, cartilage is aneural, alymphatic and avascular, which severely impairs
spontaneous self-repair. Thus, the development of functional articular cartilage re-
placements is urgent and of key importance. Tissue engineering approaches have
demonstrated increasing potential for cartilage tissue repair by the improving cur-
rent technologies and the development of less invasive alternative treatments. The
standard tissue engineering approach consists of isolation of appropriate autologous

1
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Figure 1.1: Osteoarthritic cartilage. A) Image of a focal cartilage defect.
B)From left to right, healthy knee cartilage, partial arthritis and complete
arthritis. C) Photo-micrographs of healthy cartilage, in the left, and arthritic
cartilage, in the right.

cell sources, cell expansion usually in a 2-D and finally cell seeding on a 3-D scaffold,
designed to recreate the native host tissue. Preferably, these scaffolds mimic normal
tissue physiology and/or provide molecular cues facilitating de novo tissue formation
(figure 1.2). The scaffolds can be designed solely as temporary structures providing
support in the initial phases of de novo tissue formation. Such scaffolds often provide
cues to the cells in a passive way. Other strategies in scaffold design focus on providing
biological cues within the scaffold aiming at actively guiding cells and tissue growth
[3]. These scaffolds can be obtained from natural or synthetic biomaterials. Natural
biomaterials can be further distinguished into protein-based, which include collagen
and fibrin, or into polysaccharide-based scaffolds, such as alginate, chitosan, cellulose,
dextran and hyaluronic acid. Polylactic acid (PLA), polyethylene glycol (PEG) and
poly(lactic-co-glycolic acid) are examples of synthetic biomaterials frequently used
making hydrogels A growing body of published biomaterials has been used to build
scaffolds for cartilage regeneration. Hydrogels are a very interesting class of materials
highly suitable for this application, since they consist of 3-D hydrophilic networks
with high water up-take capacity. They are water insoluble, and can be tailored to
have tissue-like elastic properties, which makes them excellent mimetics of the native
tissue. Besides, hydrogels allow efficient transportation of nutrients and waste prod-
ucts, which is crucial for cell growth. A multitude of variables must be considered
when designing hydrogels for cartilage repair, ranging from the type of polymer to be
used, the design of the network morphology, hydrogel degradability, and the incorpo-
ration of biofunctionality and biomimicry. Additional factors of major importance to
be considered are whether to include cells or develop a cell-free system, to combine
the hydrogels with sustained drug release strategies and to address the integration of
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Figure 1.2: Left: classical components of a tissue engineering approach:
cells, scaffolds and biomolecules. Right: The total number of publications
with ’tissue engineering’ and hydrogel’ or hydrogels’ in the title. Reproduced
from [4].

the hydrogel in host tissue [5,6]. Hydrogels are preferably designed to form in situ
as injectable systems, hence, enabling in vivo assembly. Injectable hydrogels present
major clinical relevance since they can be applied in a minimally invasive procedure.
Ultimately this may lead to the replacement of open joint surgery by an injection
or an arthroscopic procedure, as illustrated in figure 1.3. Other main advantages
are the excellent alignment with irregularly shaped defects and straightforward cell
incorporation due to the initial fluidity of the precursor solution. By inducing gela-
tion directly at the defect site, the precursor solution can diffuse into the host tissue,
thereby enhancing adhesion potentially eliminating the need of using sutures or glues
[7].

1.1 Gelation time and crosslinking density

The gelation time is an essential parameter to control when developing injectable
hydrogels systems. Uncontrolled post-injection release can occur due to the time lag
between the injection of the aqueous precursors and the formation of a 3-D network.
This potential drawback can hamper the suitability for cartilage engineering pur-
poses. A balance must also be achieved between gelation time and polymer viscosity
which is compatible with fast gelation but avoids the clogging of the application de-
vice often a syringe [8]. Additionally, when cells are to be incorporated within the
hydrogel, the gelation should occur relatively fast to avoid deposition of cells due to
gravity, and, thus, non-uniform cell dispersion. Preferably, the gelation time should
be approximately 1 to 5 minutes. Several gelation mechanisms can be used to form
hydrogels. Each method has a direct effect on mechanical stability of the gel, its
degradation properties, the crosslinking time and even cytocompatibility. Naturally
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Figure 1.3: Schematic representation of an injectable hydrogel for cartilage
repair.

forming hydrogels are mainly crosslinked by ionic or physical bonds and have rela-
tively poor mechanical properties. In addition, the hydrogel can disintegrated due
to a sudden change in environmental conditions, such as a change in ionic strength.
Hydrogels can also be formed by covalent crosslinking, which has the major advantage
of obtaining mechanically stable hydrogel properties that are resistant to changes in
the environment. Covalently crosslinkable hydrogels are generally formed via radical
chain polymerization or by chemical crosslinking. Yet, with these methods additional
components are introduced into the system, which may possess possibly cytotoxicity.
This hurdle can be overcome by using enzymatically crosslinkable hydrogels, partic-
ularly when enzymes are used that play an important role in mammalian physiology.
Enzymatic crosslinking is an increasingly attractive method to induce in situ hydrogel
assembly due to the mildness of the process. Naturally occurring enzymes such as
transglutaminases and peroxidases are commonly used as the catalysts [9,10,11,12].

The network density of the crosslinked polymer affects the hydrogel properties,
shaping not only its mechanical features, the diffusion coefficient of nutrients and
waste products, the degradation kinetics and swelling, but also its biological proper-
ties by influencing cell behavior and, consequently, matrix deposition. Chondrocytes
incorporated in hydrogels with higher crosslinking density show decreased prolifera-
tion and delayed proteoglycan production, likely due to lower mass transfer of nu-
trients, metabolites and other factors, such as growth factors and by hampering cell
movement in the hydrogel [13]. Thus, on one hand, the crosslinking density should
be high enough to assure suitable mechanical properties for cartilage repair and to
retain the incorporated cells in the gel, while, on the other hand, the cross linking
density should also allow the incorporated cells to proliferate and to produce de novo
tissue.

1.2 Degradation and mechanical properties

The structure and chemistry of the hydrogels must allow cell survival and tissue for-
mation, at the same time as its degradation should match neo-tissue formation, as
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Figure 1.4: Cell incorporation by mixing with the hydrogel precursor. ECM
synthesis must be synchronized with hydrogel degradation. Reproduced from
[3].

illustrated in figure 1.4. Additionally, degradation products should not be detrimen-
tal to either surrounding tissues or encapsulated cells. Hydrogel degradation can be
influenced by the incorporation of segments susceptible to hydrolysis, enzyme cleav-
age, a combination of both, or by incorporation of natural polymers which can be
degraded by enzymes naturally present in our body. The used chemistry, the amount
of degradable linkages, the crosslinking density, the presence of cells and the in vivo
environment can affect the degradation of the hydrogel. Fast degradation might lead
to insufficient retention of the newly synthesized proteins or even dissolution of the
cell/hydrogel constructs, whereas too slow degradation can potentially limit the spa-
tial deposition of ECM by cells to pericellular regions., impair cell movement and
/or cell proliferation, which will ultimately affect the type of tissue produced [3,14].
Hydrolysis generally occurs by cleavage of ester bonds in the hydrogel when exposed
to aqueous environments. Notably, in vivo conditions are known to accelerate the
cleavage of ester bonds [15]. By controlling the crosslinking density and composition
of the polymer backbone, the degradation rate can be fine tuned according to the ap-
plication. Hydrogel degradation can also be cell-mediated. Cell secreted enzymes can
lead to localized degradation of hydrogel segments, for example in hydrogels partially
composed by hyaluronic acid, chondroitin sulphate, fibrin or collagen [16,17].

The foremost mechanical properties that determine the suitability of a hydrogel for
cartilage tissue engineering are the stiffness and visco-elasticity or tensile strength.
These properties are controlled by polymer concentration and crosslinking density,
usually diminishing as the hydrogel degrades and no significant ECM retention is
compensating this loss. The response of chondrocytes to the mechanical properties
of their surroundings is an intricate orchestration of several factors such as structure,
elasticity and stiffness of the hydrogel, compressive loading and finally the biosyn-
thetic vs. catabolic behavior of the chondrocytes. The ideal mechanical properties
of hydrogels for cartilage repair are not yet known. Nevertheless, when designing a
hydrogel for immediate implantation into cartilage defects, one should consider that
these constructs will have to withstand physiological loads and movements, otherwise
they will lead to collapse of the implanted biomaterial [5].
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Figure 1.5: Model of cell-ECM interactions. Several strategies have been
developed for the incorporation of key ECM bio-functions, such as specific cell
adhesion sites, proteolytic degradation domains, and growth factor binding
domains. Reproduced from [20].

1.3 Bioactivity and biomimicry

Hydrogels can be designed to interact with cells by mimicry of strategic features of
the native extracellular matrix. Signaling molecules like growth factors, cytokines, or
chemical compounds are commonly used to enhance cartilaginous tissue engineering
[18]. Cartilaginous matrix is mainly composed of proteoglycans and collagen type
II, as well as entrapped growth factors, that provide key molecular information to
the chondrocytes., Indeed cells receive a plethora of biochemical cues from the sur-
rounding ECM [19] as illustrated in figure 1.5. Cartilage is a relatively simple tissue
composed of a single cell type and is avascular. The key challenges for the fabrication
of functional constructs for cartilage repair are i) enhancing hyaline type cartilagi-
neous matrix deposition, ii) providemechanical protection while keeping cells on their
place when there is no ECM yet to retain them in the defect site. These prequesites
can, at least partially, be achieved by incorporation of bioactive moieties into the
polymer network either as whole proteins or short oligopeptides. The tripeptide Arg-
Gly-Asp (RGD) has been widelly explored for this purpose to facilitate cell adhesion.
Furthermore, proteolitic degradation of ECM is equaly important for cell migration,
tissue repair and remodelling. The majority of ECM proteins have specific cleavage
sites for enzymes, such as metalloproteinases, which can also be incorporated into
the polymeric structure of hydrogels to enhance mimicry. Other strategies rely on
the incorporation of ECM components such as collagen, hyaluronic acid, chondroitin
sulphate and other proteoglycans like heparin, which can present bioactive domains
not only for cell and growth binding, but also for proteolytic degradation. Designing
hydrogels that enable controlled drug release may potentially lead to enhanced car-
tilage repair. Hurdles such as the need of repeated administration, rapid diffusion
and clearance from the defect site can be easily avoided by sustained release sys-
tems. Hydrogels are commonly used as delivery systems due to effective control over
the crosslinking density (which affects the diffusion rates), charge variations (affect-
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ing drug-hydrogel interactions), mildness of the hydrogel formation process rending
them highly suited for the incorporation of proteins and finally, their degradation
rate can be fine tuned. The most commonly growth factors incorporated in hydrogels
designed for cartilage repair, to stimulate chondrocytes proliferation, differentiation
and/or cartilaginous ECM deposition, are: Insulin-like Growth Factor (IGF)-1 [21],
Transforming Growth Factor-β (TGF-β)-1, 2 and 3 [22], Bone Morphogenic Protein
(BMP)-2, -4, -6 and -7 [23,24], as well as basic Fibroblast Growth Factor (bFGF)
[25] and Platelet-Derived Growth Factor A and B (PDGF-A or PDGF-B) [26]. The
optimal regulatory effect of the signaling molecules depends on their specific intrin-
sic properties, such as stability, dosage, timing, cell source and culturing conditions.
Recently, the trend is to combine growth factors, often with complementary effects,
to maximize their impact [18,27].

1.4 Cell incorporation and seeding density

Chondrocytes are the cells responsible for the maintenance of the articular cartilage
matrix, not only by secreting proteoglycans and collagens, which provide this tissue
its structure and strength, but also by replacing degraded macromolecules. Interest-
ingly, chondrocytes are able to respond to focal cartilage injury or degeneration by
increasing matrix synthesis locally. This responses is highly suggestive for the exis-
tence of self-regenerative mechanisms within articular cartilage in response to matrix
degradation or damage [28]. This self-regenerative mechanism is masked by a stronger
catabolic response resulting in a net loss of cartilage. Consequently, chondrocytes are
the logical choice for incorporating in a hydrogel. Yet this choice has two major
drawbacks: the limited number of chondrocytes available, owing to rareness of donor
tissue, and instability of these cells when cultured in monolayer, ultimately leading
to de-differentiation or loss of phenotype. Multipotent MSCs are considered an at-
tractive alternative for cartilage repair strategies due to their easy availability, and
their potential for expansion while retaining differentiation capacity [29,30]. More-
over, these cells seem able to reduce host defense mechanisms and even escape immune
recognition [31]. In spite of the high potential of MSCS, the drawbacks related this
cell source consist of possible loss of stability in prolonged in vivo transplantation.
Human embryonic stem cells (ESCs) can also be considered an option for cartilage
tissue regeneration since they can proliferate significantly while they are still able to
differentiate into the chondrogenic lineage. Yet heterogeneous populations of ESCs
can lead to inferior function of the tissue engineered constructs and they have the
inherent risk of form teratocarcinomas [32].

Cellular interactions during tissue homeostasis, regeneration or repair are of para-
mount importance. Co-culture systems based on variable ratios of chondrocytes with
synovial fibroblasts, osteoblasts or MSCs have proven to be a powerful tool to guide
and support cartilaginous tissue formation mediated by cellular interactions or sol-
uble factors [33,34]. Another approach is microscale tissue engineering. Function-
ality arises not only from the tissue components, cells and extracellular molecules,
but also from the 3-D histo-architecture, their location, and the organization of all
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Figure 1.6: Illustrative representation of a hydrogel designed to crosslink
with the components of the host tissue. The figure in the right represents the
typical irregular surface of OA affected cartilage. The middle figure represents
the affected cartilage surface covered with an hydrogel. The hydrogel precursor
should be initially fluid to allow the coverage of the irregular surface and after
gelation the hydrogel must be retained at the defect site. The figure in the left
illustrates the participation of the cells incorporated within the gel or invading
the gel in the regenerative mechanism. These cells should be able to deposit
hyaline cartilaginous ECM for fully functional repair.

these components relative to each other [35]. By replicating these stimulating micro-
environments for example by incorporating gradients of soluble cues, cell-cell and cell-
ECM contact, functionality of tissue engineered constructs can be enhanced [36,37].
Seeding cells in aggregates rather than single cells can be an effective tool for fabricat-
ing biomimetic cellular micro-environments and may stimulate cartilage formation.

The quality of cartilage engineered hydrogel constructs can also be affected by
the cell seeding density. Generally, the density of chondrocytes seeded within hydro-
gels range between 5 to 60 million cells/mL. Higher cell densities result in increased
ECM deposition and, consequently, augmented mechanical properties [5]. Yet, when
mechanical loading is applied in constructs with cell densities varying from 20 to 60
million cells/mL, no significant changes in mechanical properties can be detected,
which might also be related to nutrient availability issues [38,39].

1.5 Biological integration/adhesive properties

One of the main challenges in tissue engineering is to obtain a sufficiently strong bond
between materials with different mechanical properties, for instance hydrogels and na-
tive cartilage. The integration of neo-cartilage in an existing matrix is still a rather
unresolved problem. Discontinuities between the biomaterial, and even cartilage ex-
plants, and surrounding host cartilage tissue can ultimately lead to implant failure.
Several approaches have been used to circumvent this major issue, such as incorpo-
ration of fiber meshes and sutures but this only marginally improved tissue-construct
integration. Better integration is observed, when cells were incorporated into these
constructs [40,41]. Other approaches focus on the design of materials that crosslink
with the components of the host native tissue [42,43]. Two approaches can be used
to effectively allow tight integration between hydrogels and cartilage tissue: biolog-
ical interactions mediated by cell remodeling and ECM deposition and/or chemical
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crosslinking, as depicted in figure 1.6.

1.6 Off-the-shelf approaches and clinical relevance

The incorporation of bioactive molecules, such as growth factors (e.g. TGF-β and
BMPs) and chemo-attractants (e.g. SDF1-a), have proven to be highly effective in
vitro for tissue repair strategies [44,45]. However, inherent drawbacks are associated
with these strategies: the limited stability of the components, and, consequently, short
life-time, and the high costs of these molecules. To overcome the short life-time limita-
tion, it is possible to separate the hydrogel components by using a multi-compartment
application device. The bioactive supplements could be incorporated just prior to ad-
ministration and their selection and dosage can be tailored for each clinical situation.
Another alternative is exploring the instructive and inductive properties of the bioma-
terials instead of the addition of external supplementary compounds. This approach
has been widely used for osteogenic applications [46,47], yet not explored to full extent
for chondrogenic purposes. In vitro cultivation before implantation may lead to higher
mechanical properties of the construct. However, this process demands longer pre-
surgical procedures (biopsy collection, cell isolation and expansion which are all time
costly. For clinical applications, off-the-shelf cell-free products have clear advantages.
Particularly when these products are designed in such a way that they attract cells
from the surrounding environment, allow cell infiltration and subsequently trigger
chondrogenic differentiation of the invading cells. Moreover, cell-free systems demand
less legislation for FDA approval and consequently, translation into clinical settings
is faster.

Finally, multi-step aggressive procedures consisting of immobilization of the hy-
drogel by stitching a tissue or a membrane flap, or even exposure of tissue to UV light
to allow glue solidification, are time consuming, not practical and might damage the
surrounding tissue, ultimately jeopardizing the integration of the hydrogel with the
host tissue. Ideally, for irregular cartilage defects, the hydrogels should be compatible
with minimally invasive procedures, such as during arthroscopic procedures, by cov-
ering the damaged surface, promptly solidify and be retained within the defect site,
without requiring additional surgical procedures.

1.7 Aim and outline of this thesis

A plethora of hydrogels has been recently developed for cartilage tissue engineering
applications, yet several challenges remain to be addressed. The available options fail
at providing, in one system, adequate mechanical properties and proper integration at
the defect site, cyto/biocompatibility and bio-activity, compatible with a non-invasive
injectable system.

The general aim of this thesis is to develop in situ forming hydrogels tailored
for the treatment of local cartilage defects and degenerative cartilage diseases, such
as OA, acting as healing plasters. This concept is based on a recently developed
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technology platform of enzymatically crosslinkable hydrogels of natural polymers,
namely dextran.

To obtain dextran molecules that can crosslink and form a hydrogel by an en-
zymatic peroxidase reaction, first hydroxyphenyl groups were introduced in dextran
by linking tyramine residues via a urethane bond to the polymer backbone (denoted
as Dex-TA). Once hydroxyphenyl groups were introduced, in situ gelation can be
induced by an enzymatic reaction initiated by low, non-toxic concentrations of H2O2

and the enzyme horseradish peroxidase, which introduces covalent bonding between
the hydroxyphenyl groups. These polysaccharide-based plasters are intended to in-
duce cartilage regeneration by providing mechanical support and by delivering either
cells or bioactive compounds in the diseased joint.

This thesis describes the characterization of these hydrogels and the first steps
to develop these hydrogels into a plaster that can be used for treatment of cartilage
defects.

Chapters 2 and 3 introduce a general overview on the tissue engineering field:
Chapter 2 offers an overall description on emerging strategies to improve cartilage
repair by incorporating fundamental knowledge of developmental and cell biology in
the design of optimized strategies for cell delivery at the defect site and to locally
stimulate cartilage repair responses. In Chapter 3, enzymatic reactions currently
explored for the development of hydrogels are reviewed, with focus on hydrogels that
re developed for regenerative strategies. The purpose was to provide examples of
combinations of enzymes and materials that offer innovative alternatives in tissue
engineering.

In Chapter 4, the potential application of the injectable Dex-TA hydrogels for
cartilage tissue engineering was evaluated. Dex-TA hydrogels with different molecular
weights and conjugated with different amounts of tyramine moieties were prepared.
Physical properties such as gelation time, storage moduli, glucose diffusion and mor-
phology of the hydrogels were evaluated. The viability and metabolic activity of
in situ incorporated chondrocytes in these Dex-TA hydrogels were determined using
live-dead and MTT assays. The morphology of the chondrocytes and the formation
of a cartilaginous specific matrix (glycosaminoglycans and collagen type II) in the
cell/gel constructs in time were also examined.

Chapter 5 reveals a hybrid of hyaluronic acid (HA) and Dex-TA conjugates as a
biomimetic hydrogel. We hypothesized that the incorporation of HA would improve
the performance of Dex-TA gels in cartilage tissue engineering. These biomimetic
hydrogels were designed to provide a supportive environment for chondrocyte prolif-
eration and differentiation, as well as matrix deposition. We describe the synthesis
and characterization of polysaccharide hybrids from hyaluronic acid and dextran-
tyramine conjugates. The hydrogels were investigated in terms of their gelation time,
storage moduli and enzymatic degradation properties. Bovine articular chondrocytes
were encapsulated inside the hydrogels in vitro to determine cell survival and to assess
matrix production.

Chapter 6 deals with biofunctional injectable hydrogels based on dextran and
heparin. We hypothesized that the presence of heparin in the hydrogels may promote
chondrocyte proliferation and differentiation as well as enhance cartilage regeneration.
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The preparation of injectable hydrogels is described which consists of a combination of
a heparin-tyramine conjugate (Hep-TA) and a Dex-TA conjugate, with varying weight
ratios. The properties of the hydrogels such as gelation time, swelling and mechanical
properties were investigated. Furthermore, bovine chondrocytes were incorporated
in these hydrogels to evaluate their cytocompatibility, chondrocyte proliferation and
matrix production.

In Chapter 7, we explored the potential of covalent bond formation between
the hydroxyphenyl groups present in both Dex-TA and cartilage matrix components,
by evaluating whether this hydrogel promotes self-attachment during the enzymatic
crosslinking reaction. Additionally, we optimized the hydrogel features to enable cell
homing, by incorporation of heparin components.

Chapter 8 shows that clustering chondrocytes in micro-aggregates induces a
strong anabolic response stimulating neo-cartilage formation in vitro and in vivo.
Our experimental data suggest that chondrocyte clusters in OA are likely part of a
regenerative response of the damaged cartilage. Furthermore, seeding constructs for
cartilage repair with high throughput generated clusters of chondrocytes rather than
with single cells, incorporated into Dex-TA hydrogels, may be an efficient strategy,
complementary to autologous chondrocyte implantation (ACI) procedures, to boost
neo-cartilage formation.

In Chapter 9, we hypothesize that the addition of platelet lysate to Dex-TA hy-
drogel will improve its biological properties, accelerating remodeling and enhancing
cartilaginous matrix deposition. The effects of the incorporation of platelet lysate in
Dex-TA hydrogels are investigated regarding mechanical properties, cell chemotaxis,
adhesion and proliferation. We evaluated the effect of the presence of this autolo-
gous growth-factor-rich constituent during chondrogenic, osteogenic and adipogenic
differentiation, as well as its effect on blood vessel formation. The ultimate goal
was to determine whether this system can be used as a cell free approach, based on
the ability to attract MSCs or chondrocytes from the surrounding environment, and
if MSCs could be directed towards the chondrogenic lineage, solely by addition of
own-patient-derived source of stimuli.

Chapter 10 provides a collective overview of the obtained results and reflects
about future perspectives in the development of injectable enzymatically crosslinked
hydrogels for cartilage repair.
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Abstract

Cartilage tissue engineering is the art aimed at repairing defects in the articular
cartilage which covers the bony ends in the joints. Since its introduction in the early
90ties of the past century, cartilage tissue engineering using autologous chondrocyte
implantation (ACI) has been used in thousands of patients to repair articular cartilage
defects. This review focuses on emerging strategies to improve cartilage repair by
incorporating fundamental knowledge of developmental and cell biology in the design
of optimized strategies for cell delivery at the defect site and to locally stimulate
cartilage repair responses.

2.1 Introduction

Tissue engineering is the art of utilizing (biological) material to generate a new tissue
that will replace worn out or lost native tissue that mimics its original function.
Mature joint cartilage is unable to repair itself sufficiently when damaged. This results
in degeneration of the cartilage and inevitably to joint failure. The need to intervene in
this progressive degeneration and to restore or replace the affected cartilage effectively
has created the field of cartilage tissue engineering. The main aim of cartilage tissue
engineering is to repair joint or articular cartilage. Like epiphyseal growth plate
cartilage, articular cartilage is a hyaline cartilage of which the extracellular matrix is
rich in glycosaminoglycans and collagen type 2 as the most abundant protein. Unlike
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for articular cartilage, there is no clear clinical need for epiphyseal cartilage tissue
engineering. Thus if one speaks about cartilage tissue engineering, we are specifically
talking about articular cartilage.

This review first discusses the development of cartilage focusing on the develop-
ment of long bones, the growth plate and in particular articular cartilage. Many of
the molecular mechanisms identified in the developing long bones can be applied in
tissue engineering strategies. In addition to the biological knowledge, it is important
to understand the history of clinical applications of articular cartilage repair and how
this led to presently used tissue engineering strategies. Another essential element for
the creation of an optimal and effective therapy is, in case cells are used, the cell
source. For this the focus will be on historically used cell sources, the current trend
and options for future therapy. The use of currently available commercial biomateri-
als and their use in cartilage tissue engineering, as well as emerging smart materials
that are adapted to certain selected requirements are highlighted. Finally this review
gives a perspective on the future of cartilage tissue engineering.

2.2 Development of cartilage

2.2.1 Joint formation

The main purpose of tissue engineering is to generate new tissue that can mimic the
original functions to replace worn out or lost native tissues. Fundamental knowledge
on the tissue of interest, as well as its natural development, is therefore of paramount
importance. Chondrogenesis is heralded from three different origins: the cranial
neural crest that forms craniofacial cartilage, the somites leading to the axial skeleton
and the lateral plate mesoderm resulting in the formation of limbs. From here on we
will focus on the latter, since cartilage tissue engineering mostly focuses on the joints
of the limbs [1].

Secretion of fibroblast growth factor (FGF) 7 from the lateral plate mesoderm
initiates the formation of the limb organizing apical ectodermal ridge (AER). Sub-
sequently a signalling loop between FGF 10 in the limb mesoderm and FGF 8 in
the AER directs the proximal distal outgrowth of the limb buds. Cartilage forma-
tion starts with the mesenchymal condensations in these developing limb buds and is
formed from a seemingly heterogeneous cell population. The up-regulation of TGF-
β, a member of the BMP superfamily, leads to enhanced expression of numerous
molecules including N-cadherin, N-CAM, fibronectin and Tenascin-C, which are all
implicated in the condensation of the mesenchymal cells [2].

Initiation of the expression of the cartilage master regulator SOX-9 instigates
chondrogenesis and is associated with the expression of collagen type IIA and at
a later stage its splice variant collagen type IIB. Under the influence of a growth
factor cocktail, including amongst others insulin growth factor-1, FGF2 and BMP’s
2/4/7/14, the mesenchymal condensation develops into a cartilage anlage.

The determination of the location of the joint is dependent on a site called the
interzone. Although the mechanism behind this phenomenon is largely unknown, the
involvement of several molecules such as Wnt-14, GDF-5 and Chordin has been im-
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plicated. The cells in the interzone start producing lubricin, which is suggested to
play a role in the cavitation and separation of the original cartilage anlage resulting
in the formation of the joint itself [3]. When fully formed, the articulated ends of the
joints are still lined with lubricin producing cells that will allow almost frictionless
movement. In the mid-section of the remaining cartilage anlage the primary centre
starts to mineralize and is eventually replaced by bone in a process called endochon-
dral ossification. Postnatally, a second centre of ossification appears in the primary
growth plate that effectively separates the articular cartilage covering the distal ends
of the long bone from the epiphyseal growth plate cartilage entrapped between the
epiphysis and metaphysis. Unlike epiphyseal growth plate cartilage which disappears
at the end of puberty by growth plate fusion, healthy articular cartilage is resistant
to endochondral ossification and does not disappear after puberty.

2.2.2 Growth plate cartilage

Being primarily responsible for longitudinal growth, the activity of the epiphyseal
growth plate is tightly orchestrated by multiple autocrine, paracrine and endocrine
factors. After the initial mesenchymal condensation and chondrogenic differentiation,
the chondrocytes in the centre of the cartilage anlage start to undergo hypertrophic
differentiation. This terminal differentiation allows for the formation of a mineralized
matrix, in growth of blood vessels and eventually chondrocyte death, most likely via
apoptosis. On the remaining cartilage anlage, osteoblasts start producing bone, form-
ing the primary spongiosa. At the opposing end of the hypertrophic chondrocytes,
chondrocyte proliferation continues in vertical columns further lengthening the long
bones. These proliferating chondrocytes are recruited from the resting zone which
covers the distal ends of the long bones. After the formation of the secondary ossi-
fication center the resting zone is located directly adjacent to the epiphysis [4] and
contains the growth plate stem cells. The continuous cycle of stem cell recruitment,
proliferation, hypertrophic differentiation and chondrocyte death is tightly regulated
by a plethora of signalling molecules. The feedback loop between Indian Hedgehog
and Parathyroid Hormone-related Protein is demonstrated to be one of the key regu-
lators of endochondral ossification. Additionally, many other factors have been shown
to play (major) roles in endochondral ossification including paracrine factors like Fi-
broblast Growth Factors (FGFs), Bone Morphogenetic Proteins (BMPs), WNTs, and
endocrine regulators such as Thyroid Hormone, Growth Hormone, Insulin-like Growth
Factor 1, testosterone and estrogens [5]. Many of these factors are currently explored
for application in tissue engineering strategies for cartilage repair.

2.2.3 Articular cartilage

As already indicated, the main focus of cartilage tissue engineering is on restoration of
the articulated surface of the joint, the articular cartilage. In its healthy mature form
the tissue has an extremely high matrix/cell ratio: only 2-3 percent of its mass con-
sists of chondrocytes, the only residing cells in articular cartilage. For the remaining it
consists out of 65-80 percent of water, 12-21 percent of collagens being predominantly
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collagen type II, 6-10 percent of proteoglycans and approximately 2-3.5 percent other
proteins. The arch-like orientation of collagen type II fibrils, being almost horizontal
in the superficial zone and almost fully vertical in the deep zone, gives the articular
cartilage its anisotropic nature and allows it to transduce mechanical forces through-
out the entire tissue. Additionally, the different zones do not contain the same (ratio
of) molecules, having different (levels of) glycosaminoglycans and collagens as well
as other more characteristic features such as the calcification of the cartilage near
the subchondral bone and the production of lubricin in the superficial zone [6]. An
important characteristic of healthy articular cartilage is that they are resistant to
endochondral ossification. In joint degenerative diseases such as osteoarthritis, this
resistance disappears and it is described that the degeneration is, at least in part,
caused by endochondral ossification [7]. Articular and epiphyseal chondrocytes have
many features in common and it has been long believed that they have a common
progenitor. In the past years, however, preliminary proof has been provided that ar-
ticular and epiphyseal growth plate chondrocytes arise from distinct cell populations.
At present, the mechanisms by which articular chondrocytes are formed and by which
they are able to resist hypertrophic differentiation and subsequent endochondral os-
sification remains unknown.

2.3 History of clinical applications in cartilage repair

The clinical and biological need to develop new cartilage repair strategies arises from
the fact that cartilage has a low capacity of self repair. When damaged by either
trauma or degenerative diseases it will progressively degrade and thereby destabilizing
the joint. The majority of cartilage engineering strategies focus on the repair of
cartilage lesions induced by trauma, since progressively diseased cartilage, such as
seen in osteoarthritis needs different repair approach.

If left untreated, acute trauma will inevitably result in joint degeneration nesces-
sitating unicompartmental or total joint replacement as the only possible solution to
treat the degenerated joint. To avoid total joint replacement the surgeon has a number
of treatment options all with inherent drawbacks. The most popular clinical carti-
lage repair approaches of the last 20 years are osteochondral transplantation (OT),
marrow stimulation techniques e.g. microfracture (MF) and autologous chondrocyte
implantation (ACI).

OT can be divided into autologous mosaicplasty and allograft osteochondral trans-
plantation. In the more recently developed mosaicplasty, [8] cylindrical osteochondral
grafts are harvested from a non-load bearing site of the donor and will then be press
fitted in pre-drilled osteochondral holes of the defect area. During the healing process,
space between the grafts will be filled with fibrocartilaginous tissue. This strategy
carries the risk of bone collapse at the donor and recipient site but shows acceptable
results in long term follow up. Since mosaicplasty can only be applied to smaller le-
sions, allograft osteochondral transplantation with matching fresh or frozen cartilage
pieces from organ donors is an alternative option.

During MF the subchondral bone of the affected cartilage is perforated leading to
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blood clot formation at the defect site and, after the invasion of progenitor cells, to
cartilage matrix formation. This cost saving and fast technique, based on the self-
healing capacity of invading bone marrow cells, was first introduced by Steadman et
al [9] in the early 90s. The procedure of MF leads to satisfactory outcome, but has
been reported to induce fibrous cartilage formation with poor mechanical properties
in some cases, questioning the long term performance of the de novo formed tissue.
Next to MF, ACI gained popularity after its introduction by Brittberg et al in 1994.
ACI is the first cell based therapeutic cartilage tissue engineering strategy [10]. This
two step surgical procedure requires donor cartilage harvest from a non-load bearing
site for chondrocyte isolation, followed by upto 6 weeks of cell expansion ex vivo and fi-
nally re-implantation of the expanded cells at the defect site. During re-implantation,
the cartilage defect is first covered with a periosteal flap sealed with fibrin glue before
injecting the cultured chondrocytes underneath the periosteal flap (Figure 1). This
time consuming and costly technique has been shown to promote the formation of
hyaline like cartilage with functional improvement in most patients, whereas other
studies provide evidence for the abundance of substantial amounts of fibrous cartilage
[11]. In the last decade, various studies compared microfracture to ACI with conflict-
ing results. The findings indicate that ACI and MF lead to similar outcomes in the
repair of small lesions, but the repair of large defects might have a superior outcome
after ACI. In 2008, Saris et al [12] introduced characterised chondrocyte implanta-
tion (CCI) to overcome existing problems with the quality of the engineered cartilage
obtained by ACI. The strategy of this CCI relies on the pre-assessment of chondro-
cyte populations with a greater potential to form hyaline cartilage. Compared with
MF, this technique was shown to result in noticeably better clinical outcome after 36
months [13].

Although all these described cartilage repair strategies support enhanced joint
function and pain relief for the patient, they do not succeed in restoring the natural
cartilage structure with its associated biomechanical properties. Recent cartilage
tissue engineering approaches include established methods in combination with the
delivery of cells and/or bioactive molecules via a biomaterial scaffold. Bartlett et
al described two variations of the traditional ACI. In the first variation, periosteal
flap is replaced with a porcine-derived type I/type III collagen (ACI-C) matrix. In
the second variation, before implantation chondrocytes were first seeded in a collagen
bilayer (matrix-induced ACI-MACI). Both methods resulted in an improvement of
ACI based on the Cincinnati knee score and International Cartilage Repair Society
score, which provide both a measure for cartilage and joint quality.

2.4 Cell sources for cartilage engineering

Presently, cartilage tissue engineering is primarily based on the use of two cell types:
chondrocytes or mesenchymal stromal cells (MSCs). As the most intuitive cell source
for cartilage regeneration, autologous chondrocytes, have been successfully used in
many studies of cartilage repair with or without the use of a scaffold [10]. However,
using chondrocytes in cartilage repair applications obviously has some disadvantages.
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One problem could be injury of healthy cartilage from which chondrocytes are har-
vested. Although donor cartilage is taken from low weight bearing sites of joint, this
procedure often results in morbidity at donor sites. Another problem of using autol-
ogous chondrocytes in cartilage engineering is that they can only be harvested from
small biopsies of articular cartilage. To obtain sufficient chondrocytes for cartilage
repair, in vitro expansion is necessary. Culture expansion of chondrocytes results in a
gradual loss of the chondrocyte phenotype with increasing passage number, a process
known as chondrocyte dedifferentiation.

After several passages of expansion in two-dimensional culture environment, chon-
drocytes lose their initial characteristics and become fibroblast-like cells [14]. Expand-
ing chondrocytes on microcarriers instead of tissue culture plastic can omit subculture
steps in flask, thus can prevent dedifferentiation of chondrocytes. It is also believed
that dedifferentiated chondrocytes may regain the ability to produce cartilage matrix
when cultured in a 3D environment (e.g., suspension in hydrogel), or in chondro-
genic differentiation medium containing transforming growth factor-β (TFG-β). This
growth factor plays an important role in cartilage formation during organogenesis in
the embryo. However, the cartilage phenotypes obtained by these treatments are sig-
nificantly inferior when compared to native cartilage [15]. Yet the complex molecular
events occurring in the induction and maintenance of the chondrogenic phenotype
should still be enlightened for further identification of the bioactive levels and ki-
netics of the key factors involved in cartilage repair. Moreover, integration of repair
cartilage with the native tissue and reestablishment of the zonal organization of artic-
ular cartilage are still challenging and only partly resolved. To improve the quantity
of regenerated cartilage, mesenchymal stromal cells (MSC) are considered to be a
promising alternative cell source. MSCs are adult stem cells isolated from somatic
tissue. They have been found to be multipotent, showing the ability to differentiate
into chondrocyte, osteoblast, adipocytes and endothelial cells. MSCs isolated from
different origins like bone marrow, fat tissue, synovium and muscles all show potency
of chondrogenic differentiation and may have possible applications in cartilage tis-
sue engineering [16]. Most clinical studies use autologous MSCs, though allograft
MSCs may be used in some cases. Traditionally, ex vivo chondrogenic differentiation
of MSCs is induced by culturing high-density cell pellets in serum-free medium con-
taining transforming factor-β (TGF-β). High-density pellets mimics the first step of
cartilage formation in the embryo, namely the condensation of mesenchymal cells. For
MSCs isolated from fat tissue, bone morphogenetic protein-6 (BMP-6) is often added
to the differentiation medium. In recent years, it has been reported that culturing
MSCs in gel-like biomaterials made of collagen or fibrin increases chondrogenic dif-
ferentiation of MSCs when compared with pellet culture [17]. When using MSCs for
cartilage engineering, the greatest challenge is not the differentiation of the cells into
chondrocytes per se but to prevent the chondrogenically differentiated MSCs from
undergoing endochondral ossification. Substantial evidence indicates that the chon-
drogenically differentiated MSCs acquire an epiphyseal growth plate phenotype rather
than an articular phenotype [18]. To direct differentiation of MSCs in the articular
cartilage lineage instead of a growth plate lineage is an active area of research.

To reduce the number of chondrocytes needed for cartilage engineering, MSCs
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started to be co-cultured with chondrocytes. Interestingly, it was reported that co-
cultures of bone marrow MSCs with articular chondrocytes produced more matrix
compared to chondrocytes alone [19]. This phenomenon of increased cartilage for-
mation was not only observed in differentiation medium containing TGF-β, but also
in medium without any growth factors. Enhancement of cartilage matrix formation
was also found in co-culture of articular chondrocytes with other sources of MSCs
[20]. This effect has been attributed to the chondrogenic differentiation of MSCs
stimulated by the chondroctyes. In recent years, it has been suggested that lineage
commitment of MSCs, however, cannot fully explain their benefits on tissue remod-
elling and repair. Many studies have suggested a role for MSCs in secreting trophic
mediators that stimulate local tissue repair mechanisms. These factors promote tissue
specific cells to restore the damaged or lost tissue. A combination of MSCs and au-
tologous chondrocytes may be a promising strategy for cartilage engineering in which
the trophic effects of MSCs support and facilitate the chondrocytes to repair carti-
lage defects. The strategy also reveals possibility of omitting in vitro expansion of
chondrocytes in traditional ACI procedures. The mixture of chondrocyte and MSCs
may lead to a single step surgery for cartilage treatment, in which chondrocytes are
isolated, mixed with bone marrow cells from the same patient, loaded on a scaffold
and directly re-implanted into the patient.

Many aspects of ACI still need further optimization. For example, the integra-
tion of the neo tissue is still far from optimal. It can be hindered by cell loss, either
by apoptosis or necrosis caused by, for example inflammatory cytokines or mechan-
ical stress, or due to leakage of the cells. The relatively limited ECM production
by the implanted cells, and the dissimilarities in structure and/or composition com-
pared to native cartilage can also lead to integration failure. Thus, strategies that
circumvent these complex molecular events, such as the delivery of anti-apoptotic or
anti-dedifferentiating factors, combined with a structural orchestration of cells and
soluble factors is thought to play an essential role in future therapies.

2.5 Biomaterials for cartilage repair

The commonly used strategy of tissue engineering is, in general terms, to seed cells
in a scaffold that can be implanted into the damaged site, as illustrated in figure
2.1. Initially, the main purpose of the scaffold is to provide structural support and
allow attachment, proliferation and differentiation of cells in a 3D environment. The
mechanical support provided by the scaffold would lead to a decrease in the rehabili-
tation time for the patient. Nowadays, tissue engineered scaffolds may be developed
to trigger, interact and instruct cells by mimicry of key molecular features of the na-
tive extracellular matrix (ECM), conferred by both macromolecules (proteoglycans,
collagens, fibronectin and laminins) and sequestered growth factors [21].
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Figure 2.1: The tissue engineering approach. Adapted from: C.A. v Blitter-
swijk, Tissue Engineering. Academic Press Series in Biomedical Engineering [
Elsevier / Academic press, Amsterdam; London, 2008] pp. xvi, 740 p.
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2.5.1 Chondro-conducting scaffolds: natural and synthetic
biomaterials

A myriad of biomaterials has been used as scaffolds for 3D culture of chondrocytes
in vitro and in vivo, as well as for medical applications. Scaffolds can vary depend-
ing on material chemistry, 3D geometry, structure, mechanical properties and speed
of degradation. The structure, mainly described in terms of pore distribution, ori-
entation and connectivity, should maximize exchange of nutrients, metabolites and
regulatory factors, as well as limit oxygen gradients and influence cell-cell interactions.
The chemistry can play an instructional role and, overall, the scaffold should be bio-
compatible and biodegrade at a similar rate as ECM deposition, to ensure continuity
and stability of the neo-tissue [22]. Additionally, the scaffolds’ mechanical integrity
and integration should not only be sufficient to support or match the native tissue,
but also mediate mechanical stimulus to the cells during loading [23].

Scaffold materials for cartilage repair can be distinguished according to their
source: natural or synthetic, as shown in table 2.1. Natural biomaterials can also
be divided in of two types: protein- and polysaccharide-based. Many of these natural
materials can be degraded by human enzymes, with non-toxic degradation products.
Yet these materials have some drawbacks, mainly related to batch variation, process-
ing and potential pathogen transfer. The main natural materials used for cartilage
tissue engineering are collagen, hyaluronic acid, chitosan, agarose, alginate and fibrin
glue [24]. These materials can be used either as temporary scaffolds and/or vehicles
for cell and drug delivery or can be directly implanted or injected into the defect site.

Synthetic polymers are widely used in tissue engineering due to their flexibility in
design and absence of the possibility of disease transmission; yet the disadvantages
are related to their relatively poor biocompatibility for example of degradation prod-
ucts, which can lead to severe inflammatory responses. Synthetic materials, such as
polylactide, polyglicolide and polyuretane, have been explored as suitable candidates
for cartilage repair [24]. Figure 2.2 shows some protein-based membranes and gels
which are currently explored in ACI procedures.

Scaffolds developed for cartilage tissue engineering can be either solid, like foams
meshes or sponges, or gel-like, also termed as hydrogels. Hydrogels have been largely
explored for cartilage repair strategies, because they consist of 3D hydrophilic net-
works and their high water content mimics native cartilage, unlike solid-type mate-
rials. Additionally, due to high diffusion rates, hydrogels allow efficient transport of
nutrients and waste products. Hydrogels can be composed of natural and/or synthetic
polymers that form a gellified network by physical, ionic or covalent crosslinking.
Some hydrogels can be thermo-reversible (liquid at approximately 25 degrees Cel-
sius or below, only solidifying at body temperature, around 37 degrees Celsius), be
chemically crosslinked (for example by enzymes), or by photo-polymerization (using
visible or ultraviolet light). in situ forming hydrogels allow for replacement of open
surgeries by a minimal invasive procedure that offers great advantages in integration
with native tissue and limits the trauma caused by surgery.



2

24 CHAPTER 2. CARTILAGE TISSUE ENGINEERING

Table 2.1: Scaffold materials for cartilage repair.

2.5.2 Emerging ”smart” biomaterials

Novel scaffolds based on modification of natural polymers, such as dextran, silk, hep-
arin and cellulose, or of synthetic polymers, such as polycaprolactone or co-polymers
of polyether-esthers have been studied to support cartilage regeneration. Several of
these studies have focused on the optimization of these materials and have shown that
the combination of different materials may improve properties [24]. Hybrid materials
can be designed to mimic ECM structure, for example by adding hyaluronic acid or
chondroitin-6-sulfate, and, therefore, providing direct interaction with the chondro-
cytes by the enabling necessary signals to trigger tissue repair. The communication
between the cells and ECM can also be mediated by integrins, surface-specific recep-
tors that react with proteins, such as collagens, fibronectin and laminin, which affect
cell survival, proliferation and differentiation. To facilitate these type of interactions,
short synthetic peptides such as the Arg-Gly-Asp (RGD) sequence, can be incorpo-
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Figure 2.2: Protein-based membranes and gels already available for autolo-
gous chondrocyte implantation.

rated into scaffolds to increase the interaction between biomaterials and cells. These
recognition sequences have proven to be of great value in the case of synthetic mate-
rials that lack cell-attachment signals. Yet the involvement of the RGD sequence in
inducing or supporting chondrogenic differentiation of MSCs is still controversial. In
addition to these peptides, the controlled local delivery of growth and differentiation
factors, including Insulin-like Growth Factor-1 (IGF-1), Transforming Growth Factor
β (TGF-β1 and TGF-β3) or Bone Morphogenic Proteins (BMP-2 and BMP-6), have
been successfully combined with scaffolds. These growth factors have been selected
based on their proven role during cartilogenesis in the developing embryo. Hybrid
scaffolds can either be designed to locally release the bioactive factors or produced in
such a way that they mimic properties of the ECM. The release of growth factors by
synthetic polymers is still highly dependent on the diffusion and degradation rates of
the polymers.

Recently, surface-eroding scaffolds and materials of which the release occurs by
cellular demand have been developed to allow a better and more effective control of
the release profiles. By incorporation in the scaffold of peptide sequences which can
be recognized by e.g. matrix metalloproteinases (MMPs), release of growth factors
can be locally controlled [25]. This responsive feature of the scaffold can be of great
interest as the release of the growth factor in these cases can be tailored to depend on
the disease-activity. For example, MMP-13 is a factor that is significantly elevated in
osteoarthritis and can be used as a trigger to release scaffold bound drugs [24]. Other
strategies to improve scaffold design include the development of biphasic scaffolds.
Such scaffolds can also be used in vitro for tissue formation prior to implantation,
where the design prevents cell migration between regions of the scaffold [23]. Like
the growth plate, articular cartilage has a zonal organization. Strategies have been
developed that use predefined geometries (for example by using rapid prototyping
technologies), or have incorporated physical and chemical gradients in the scaffold
to recreate the zonal organization in tissue engineered constructs [26]. Using these
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strategies, the mimicry of the native cartilage-tissue anisotropy can be achieved. Gene
therapy approaches can also be taken into account in scaffold design. In recent years
promising results for cartilage repair strategies have been obtained by transfecting
chondro-generative growth factor genes and/or chondro-protective cartilage catabolic
inhibitor genes [23].
Starting from structural variations from nano to macroscale, the new generation of
scaffolds often with a bioinspired design, aim at creating the optimal microenviron-
ment for the formation of a de novo extracellular cartilaginous matrix by either chon-
drocytes, MSCs or a combination of both cell types.

2.6 Future of cartilage tissue engineering

Although a wide range of possible cartilage repair strategies have been described,
none of them successfully restores the function and organisation of cartilage in long
term studies. At the moment, numerous possible novel repair strategies arise. In
general, the optimal approach will be determined by three major components: cells,
biomaterials and bioactive compounds.

Cellular and molecular studies including improved cell culture, co-culture, cell
tracking, gene therapy, gene arrays and proteomics will provide further cues for possi-
ble strategies in joint surface regeneration. The complex molecular events occurring in
the induction and maintenance of the chondrogenic phenotype during embryogenesis
may lead to the identification of novel mechanisms involved in cartilage formation. It
seems promising to translate the findings from developmental biology into strategies
for cartilage tissue formation. Beside optimised allogenic and autologous cartilage or
cell transplants, progenitor cells, like autologous bone marrow derived stromal cells
(MSCs), are likely to play an important role in future strategies for cartilage tissue
repair being an alternative or supplementary cell source. Until now, however, the
fate of these cells, the choice of cell fraction and optimal culture parameters are not
determined and additional research is needed to clarify their applicability to articular
cartilage engineering.

As indicated above, growth factors may play an important role in further opti-
mization of cartilage tissue engineering. Presently, application of growth factors in
cartilage tissue engineering is controversial and more robust studies are needed to
demonstrate their applicability. The choice of the optimal combination of growth fac-
tor and method of delivery will very likely depend on the used cell type. For example
different growth factors may be needed when MSCs or expanded primary chondrocytes
are used for cartilage repair. Improvements in growth factor delivery should reflect
an extended release profile, with protection of the proteins against fast degradation
and must aim at targeting specific cell types. Multistep release, as a poly-therapy
approach instead of single delivery systems, could be an additional improvement for
cartilage repair strategies.

The third pillar of cartilage tissue engineering is formed by biomaterials. At the
moment evermore biomaterials are being developed that show better bioaffinity and
manage to mimic the native environment of cartilage. An example of these new gen-
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erations of biomaterials are in situ gelating hydrogels, which mimic the natural ECM
and can perfectly fill up irregular defect sites. Importantly, in situ gelating hydrogels
can be used in minimal invasive strategies, which will significantly reduce the bur-
den for the individual patient. Smart” hydrogels sensitive to external stimuli such
as temperature, pH or certain biomolecules, that can trigger swelling or degradation,
have been developed. Recently, dynamic hydrogels have been investigated, offering
the ability to precisely control temporal and spatial behaviour of the cells, by creating
a tissue-like hierarchical organization. This strategy can be combined with tailored
delivery of bioactive signals that stimulate tissue repair.

Translating fundamental knowledge in chondrogenesis and articular cartilage home-
ostasis into the design of novel smart materials is an active field of research, which
undoubtedly will result in the development of improved strategies for cartilage repair
in the near future.
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Abstract

State of the art bioactive hydrogels can easily and efficiently be formed by enzyme-
catalyzed mild-crosslinking reactions in situ. Yet this cell-friendly and substrate-
specific method remains under explored. Hydrogels prepared by using enzyme sys-
tems like tyrosinases, transferases and lysyl oxidases show interesting characteristics
as dynamic cell scaffolds and as systems for controlled release. Increased attention
is currently paid to hydrogels obtained via crosslinking of precursors by transferases
or peroxidases, as catalysts. Enzyme-mediated crosslinking has proven its efficiency
and attention has now shifted to the development of enzymatically crosslinked hy-
drogels with higher degrees of complexity, mimicking extracellular matrices. More-
over, bottom-up approaches combining biocatalysts and self-assembly are being ex-
plored for the development of complex nano-scale architectures. In this review, the
use of enzymatic crosslinking for the preparation of hydrogels as an innovative al-
ternative to other crosslinking methods, such as the commonly used UV-mediated
photo-crosslinking or physical crosslinking, will be discussed. Photo-initiator-based
crosslinking may compromise the biocompatibility of the gels formed, whereas physi-
cal crosslinking may lead to gels which do not have sufficient mechanical strength and
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stability. These limitations can be overcome by the use of enzymes to form covalently
crosslinked hydrogels. Herewith, we report the mechanisms involved and innovative
applications, focusing on emerging strategies for tissue engineering and regenerative
medicine.

3.1 Introduction

Hydrogels are hydrophilic polymeric networks able to absorb and retain high quanti-
ties of water while retaining its shape [1,2]. Their three-dimensional (3D) structure
is excellent to mimic cell and tissue culture environments and, consequently, they are
frequently used to encapsulate cells in a 3D-microenvironment. Additionally, hydro-
gels have proven to be very efficient for the delivery of biologically active molecules,
such as growth factors, as well as providing organization of cells and tissues, due to
the possibility to create multilayered systems [3,4,5,6].

In the last few years, mild crosslinking methods have been successfully developed
to form artificial matrixes. Major advances have been achieved in both physically
or chemically crosslinked gels [7]. In physically crosslinked gels, interactions between
polymers chains in amphiphilic block and graft copolymers [8], are established by
ionic and/or hydrophobic interactions [9], or crystallization [10]. On one hand, this
type of crosslinking has the advantages of reversibility and absence of chemical reac-
tions potentially harmful to the integrity of incorporated bioactive agents or cells. On
the other hand, their stability in vivo might be severely affected by interactions with
bodily functions, both physiological and mechanical. Examples of these functions
include weight bearing actions, for example in the bone and joints, for which these
gels might provide insufficient mechanical strength. Another example is the sudden
change in ion concentration or changes in pH, occurring in a normal inflammatory
response, which can ultimately lead to gel collapse. In chemically crosslinked gels,
covalent bonds are formed between polymer chains. In contrast, chemical crosslink-
ing allows the formation of gels with controllable mechanical strength and superior
physiological stability. The crosslinks in these type of gels can be generated via e.g.
radical polymerization, chemical reaction of complementary groups, by using high
energy radiation or by mimicking of biological crosslinking methods using enzymes
[11].

Recently, increasing interest has been devoted to enzymatically crosslinked hy-
drogels, mainly due to the mildness of this type of reaction. The majority of the
enzymes involved in the crosslinking are common to the enzymes catalyzing reactions
naturally occurring in our body [12,13,14,15,16,17,18,19,20]. Enzymatic reactions are
catalyzed by most enzymes at neutral pH, in an aqueous milieu and at moderate tem-
peratures implying that they also can be used to develop in situ forming hydrogels.
Additionally, unwanted side reactions or toxicity, that can occur with photo-initiators
or organic solvents mediated reactions, are avoided due to one of the best character-
istics of this type of reaction: the substrate specificity of the enzyme. Another major
advantage relates to the mildness of the enzymatic reactions at normal physiological
conditions, which highlights the advantages of this method for the crosslinking of
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natural polymers that cannot withstand harsh chemical conditions. Possible loss of
bioactivity is, therefore, avoided. The polymerization reaction can be directly con-
trolled by modulation of the enzyme activity [21]. Smart enzyme-responsive systems
can be designed not only to recreate native extracellular matrixes (ECM) [22], but
also to form and degrade biomaterials. These events capture, in essence, the intricacy
of one of the most important biological functionalities of ECM, which is remodeling.
In addition to degradability, tailoring the gelation rate is fundamental for applications
such as drug delivery and tissue regeneration strategies. A controlled gelation rate is
essential to prevent diffusion of the precursors, to ensure localized drug delivery, to
obtain a suitable cell distribution, and, finally to properly integrate the gel with the
surrounding tissues (mainly for irregular-shape filling applications).

Minimally invasive procedures are highly advantageous in tissue engineering ther-
apies, presenting an attractive alternative for the replacement of cartilage. In situ
crosslinkable gels are based on aqueous mixtures of gel precursors with bioactive
agents that can be administrated via a syringe [23,24]. Injectable matrices abolish
the need of complicated surgical interventions and reduce both the discomfort and
complications for the patient [25]. For this purpose, artificial matrices should be
biocompatible, non-inflammatory, easy to inject, stable after gelation, and, lastly,
their resorption rate should match the rate of formation of new tissue [26]. More-
over, injectable enzymatically crosslinked hydrogels offer a plausible solution for the
generation of functional tissue substitutes due to the similarities in the mechanical
and swelling properties of these gels and native tissue, thereby maintaining the cell
phenotype. This feature is highly relevant for tissues such as cartilage, where cells
tend to de-differentiate when placed in a 2D environment [27,28]. Importantly, inte-
gration within wounds and tissue defects, even oddly shaped, is permitted by in situ
forming hydrogels. These hydrogels can be applied during endoscopic or arthroscopic
procedures, due to the initial fluidity of the gel precursors prior to gelation.

In this contribution, enzymatically crosslinked gels will be reviewed, focusing on
their application in regenerative strategies. The purpose of this review is to provide
examples of combinations of enzymes and materials that offer innovative avenues for
further exploration in tissue engineering applications.

3.2 Enzymatically crosslinked hydrogels

3.2.1 Transglutaminase

Transglutaminases are a wide family of thiol enzymes that catalyze post-translational
protein modification mainly by inducing isopeptide bond formation, but also through
the covalent conjugation of polyamines, lipid esterification, or the deamination of glu-
tamine residues. Transglutaminases are a mild alternative to chemical crosslinking,
catalyzing the formation of covalent bonds between a free amine group from a protein
or peptide-bound lysine and the -carboxamide group of a protein or peptide-bound
glutamine (table 3.1). Once formed, these bonds are highly resistant to proteolytic
degradation. Consequently, stable polymeric networks are assembled, without ad-
dition of co-factors. The biochemical role of transglutaminases was discovered in
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Table 3.1: Mechanism of the enzymatic reaction mediated by transglutami-
nases, advantages and drawbacks

1968, when the function of isozyme factor XIII in blood coagulation was revealed as
a fibrin-stabilizing factor [29]. These enzymes are found in a variety of tissues, such
as skin and the brain [30,31,32]. Transglutaminases are responsible for the formation
of fibrin clots and cornified epidermis. Consequently, the absence of these enzymes
severely hampers wound healing [33]. Using this system, Davis et al. have reported a
modular hydrogel with tunable characteristics that is formed within 2 minutes. Ad-
ditionally, bioactive peptides could be engrafted, allowing customizable cell-signaling
requirements [12]. Fibrin matrices are formed by factor XIII, which is the circulatory
form of transglutaminases. These matrices have been studied both in vitro and in
vivo for several applications, including angiogenesis, nerve repair and cartilage tissue
engineering [41,42,43,44]. Ehrbar et al. used activated transglutaminase factor XI-
IIa to simultaneously couple site-specific cell-adhesion ligands and crosslink modified
multi-arm poly(ethylene glycol) (PEG) precursors. Interestingly, in their system, the
material building blocks are responsive to two enzymatic systems, one responsible
for matrix formation and the other one for degradation [36]. The enzyme-mediated
site-specific coupling of ligands allowed extensive cell spreading, proliferation and
migration, as well as proteolytic matrix degradation by cell-derived matrix metal-
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loproteinases (MMPs). Elegant strategies also reporting the use of factor XIIIa to
cross-link star-shaped PEG, functionalized by either a glutamine acceptor or donor,
to tether growth factors to surfaces were provided [45]. In this study, consecutive
enzymatic reactions allowed for site-specific immobilization of large quantities of bi-
ologically active substances. This system highlights the advantages of the use of
enzymatic crosslinking, as their mild conditions and high specificity do not jeopardize
proteins bioactivity, providing the cells simultaneously with adhesive sites and mor-
phogens. Tissue transglutaminase shows a high degree of sequence similarity with
other transglutaminases, such as factor XIII, however, requiring no proteolysis for
activation. Moreover, tissue transglutaminases present stronger adhesiveness than
fibrin-based glues and less susceptibility to physical parameters like humidity [46].
The combination between PEG and tissue transglutaminases has been described by
Sperinde and Griffith. In their model, the gelation time was dependent on polymer
functionalities, initial stoichiometric ratios and substrate kinetics [47,48]. Hu and
Messersmith, reported the high adhesive strength of the in situ forming peptide con-
jugated polymer hydrogels crosslinked by transglutaminase [49]. Transglutaminase
has also been used to prepare gelatin-based hydrogels. These gels can be used for
incorporation of cells showing excellent cytocompatibility and promising features for
TE applications. In addition, they show excellent transport properties, which facil-
itate sustained drug delivery [20,50]. Genetically engineered elastin-like polypeptide
hydrogels and peptide-PEG conjugates crosslinked by transglutaminases have shown
promising features as injectable hydrogels for cartilage repair [51,52]. In the study
published by Jones et al., reactive ECM components have been identified, that allowed
the coupling of peptide and peptide-polymer conjugates via tissue transglutaminase
[52]. The possibility to broaden the application of this strategy to a variety of tissue
surfaces highlights the versatility of this method. Using this method, surfaces can
be modified with molecules such as growth factors, therapeutic drugs or functional
moieties. Transglutaminases are enzymes that rely on the presence of Ca2+. Inter-
estingly, Ca2+ independent transglutaminase-catalyzed gel formation has also been
described with the ability to entrap and release cells. These gels appear especially
useful for micro-fluidic biosensor systems [53].

3.2.2 Tyrosinase

Similarly to transglutaminases, tyrosinases, also known as phenoloxidase and monophe-
nol monooxygenase, catalyze macromolecular network formation in the absence of
co-factors. Tyrosinase is a copper-containing enzyme that catalyses the oxidation of
phenols, such as in tyrosine residues and dopamine, into activated quinones [54], in
the presence of O2. Activated quinones can react with a hydroxyl group or amino
group mainly via a Michael type addition reaction [55]. Tyrosinases are present in
plants and animals. These enzymes are involved in melanin production, browning
of food and also cuticle hardening in insects [56]. In most plants and animals, ty-
rosinases have rather broad substrate specificity. In contrast, substrate specificity is
restricted to the L-form of tyrosine or DOPA in mammalian tyrosinases. Chen et
al. compared gels of gelatin and chitosan (table 3.2) formed upon crosslinking using
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Table 3.2: Mechanism of the enzymatic reaction mediated by tyrosinases,
advantages and drawbacks

tyrosinase or transglutaminase and concluded that tyrosinase induced faster gelation.
However, the hydrogels catalyzed by tyrosinase only formed in the presence of chi-
tosan and were mechanically weaker or unstable [56,58]. This and similar studies,
suggested that the gels formed by tyrosinase were mainly suitable as glue [59], and
wound dressings or could be used for protein immobilization [60], due to their fast
degradation. Kang et al. reported the efficacy of tyrosinase crosslinking of silk fibroin
and chitosan conjugates [57]. Other applications of tyrosinase involve the crosslinking
of tyrosine residues in silk, fibroin and sericin, yielding protein-polysaccharide con-
jugates [61,62]. These hydrogels showed potential for biomedical applications, due
to their unique mechanical properties, adhesiveness and non-toxicity. However, no
specific descriptions as TE approaches were reported.

3.2.3 Phosphopantetheinyl transferase

Phosphopantetheinyl transferase is a small enzyme that can be obtained with high
expression yields, thus, offering an alternative to transglutaminases, which are larger
and have limited recombinant production. Transferases, which are expressed mainly
in the cytosolic compartment in a wide range of tissues, both in yeast and animal
cells, comprise large multifunctional polypeptides that contain all of the catalytic
components required for the synthesis of long-chain fatty acids [63]. The general
mechanism of transferase catalysis to form synthetic hydrogels occurs by transfer of
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Table 3.3: Mechanism of the enzymatic reaction mediated by phosphopan-
tetheinyl transferase, advantages and drawbacks

a phosphopantethein prosthetic group of coenzyme A-functionalized PEG macromers
to a serine residue of engineered carrier proteins. The use of phosphopantetheinyl
transferase-catalyzed formation of polymer hydrogels (table 3.3) was recently reported
by Mosiewicz et al. [38]. Hybrid hydrogels were formed by mixing the precursors of
8-arm-PEG-coenzymeA, at 37 degrees Celsius, neutral pH and in the presence of
Mg2+. The gelation was rather slow and occurred in approximately 15 minutes. The
hydrogel reached an elastic modulus value of 2.3 kPa. Furthermore, in this study
they also explored the potential to incorporate bioactive peptides, more specifically
the integrin receptor binding motifs, such as RGDs (Arg-Gly-Asp), which enable cell
attachment and spreading [64]. With this method, selective covalent formation and
modification of these transferase-catalyzed hydrogels with bioactive peptide ligands
occurred simultaneously. This type of reaction is, on one hand highly attractive for
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cell biology and tissue engineering applications, but, on the other hand, still under
explored due to its novelty.

3.2.4 Lysyl oxidase and plasma amine oxidase

Lysyl oxidase is a key component in the formation and repair of the native extracel-
lular matrix. This ubiquitous enzyme oxidizes primary amines of lysines to aldehydes
(table 3.4). The formed reactive aldehydes react further to cross-link the extracel-
lular matrix [65]. Lysyl oxidase is responsible for the covalent crosslinkages which
stabilize collagen and elastin fibrous proteins. Consequently, lysyl oxidase is involved
in the morphogenesis and regeneration potential of many connective tissues includ-
ing skeleton, respiratory tract and cardiovascular tissue [66]. Plasma amine oxidase
also functions by oxidation of primary amines and has the major advantage that it
is commercially available [65]. Interestingly, both these enzymes can be used as ma-
trix crosslinkers, not only to improve tissue or biomaterial strength over time, but
also to enhance matrix formation [67,68]. Bakota et al. used lysyl oxidase to fabri-
cate nanofibers of multidomain peptides, by oxidative crosslinking of lysine residues.
Interestingly, unlike other hydrogel systems that degrade overtime, the hydrogels
formed by this enzyme family become more robust due to the continuous activity of
lysyl oxidase. This interesting feature leads to continuous increase in the mechanical
stability of hydrogels composed of biopolymers rich in lysine. Lysyl oxidase is abun-
dantly present in serum. Thus, in serum containing conditions, crosslinking of lysine
containing polymers spontaneously occurs without addition of an exogenous enzyme
source [65]. Lysyl oxidase shows great value in tissue engineering using lysine-rich
peptide-based hydrogels [69,70]. It might be explored to enhance extracellular matrix
production by cells incorporated in the hydrogel. Moreover, it may also improve the
intrinsic mechanical properties of tissue engineered constructs over time and allow
hydrogel fixation with native tissue by covalent bond formation between the lysine
rich polymers of the hydrogel and primary amines in native tissue proteins.

3.2.5 Phosphatase, thermolysin, β-lactamase and
phosphatase/kinase

Enzyme catalysis mediated by phosphatases, thermolysin, β-lactamase or phospha-
tase/kinase can change the amphiphilicity of small peptide derivatives, for example,
by phosphorylation mediated by a kinase or dephosphorylation mediated by a phos-
phatase. This change can, subsequently, trigger the self-assembly and non-covalent
interactions of the amphiphilic peptides in nanofibers, ultimately resulting in hydro-
gel formation, as represented in table 3.5 [71,72]. These small peptide derivatives are
usually organic or bioactive molecules, which tolerate the addition of bioactive com-
ponents. Phosphatases catalyze the removal of phosphate groups from a substrate,
which becomes more hydrophobic. In an aqueous milieu, these hydrophobic substrates
may self-assemble into a 3D nanofiber network by non-covalent interactions (for ex-
ample, hydrogen bonding and charge interactions) that allow gel formation [75]. In
this respect, alkaline phosphatases are particularly interesting classes of enzymes to
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Table 3.4: Mechanism of the enzymatic reaction mediated by lysyl oxidase
and plasma amine oxidase, advantages and drawbacks
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Table 3.5: Mechanism of the enzymatic reaction mediated by phosphatases,
thermolysin, β-lactamase and phosphatase/kinase, advantages and drawbacks

form hydrogels due to their involvement in mineralization of skeletal tissues. Schnepp
et al. exploited this property of alkaline phosphatase by fabricating materials with a
range of mineral loadings. Interestingly, these materials maintained their viscoelas-
ticity rendering them suitable as biomaterials for application in tissue engineering,
wound healing, and drug release purposes [76]. Instead of breaking the covalent
bonds between the peptide and the phosphate group, as it occurs with phosphatases,
thermolysin exploits another way of changing the amphiphilicity of a peptide. Ther-
molysin catalyzes the formation of bonds between peptides by reverse hydrolysis.
This enzyme can be used to couple two distinct peptide derivatives, reducing the
solubility of one of the peptides. This new block peptide can then self-assemble into
a hydrogel by hydrophobic interactions. Thermolysin favors hydrophobic, aromatic
residues on the amine side of the peptide bond. This system has been reported by
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Toledano et al. with possible applications in the production of nanofibrous hydrogel
scaffolds for cell culture [77]. β-Lactamases and esterases are two other enzymes that
can be used as catalysts for molecular self-assembly. If the self-assembly occurs in an
aqueous medium, the gels are referred to as a supramolecular hydrogels, and the small
molecules are referred to as supramolecular hydrogelators. Both enzymes couple with
the formation of hydrogelators. β-Lactamases are produced by some bacteria and
are responsible for their resistance to β-lactam antibiotics, such as penicillin. The
lactamase breaks a four-atom ring present in the molecular structure of antibiotics,
known as β-lactam. As this ring opens, the molecule’s antibacterial properties are
deactivated. Upon the action of a lactamase, the lactam ring of the hydrogel pre-
cursor molecules opens and the hydrogelator is released. This release results in their
self-assembly, subsequent nanofiber assembly and hydrogel formation. The presence
of lactamases in bacterial lysate are able to convert the precursor to an hydrogelator,
which triggers supramolecular hydrogel formation The intracellular self-assembly of a
hydrogels mediated by β-lactamases or esterases can potentially be used as in bacte-
rial assays or to trigger specific cell death, as the formation of these supramolecular
hydrogels can occur inside the cells [78,79].

Most enzymatic reactions are irreversible, thus, leading to irreversible modifica-
tion of the peptide backbone of the crosslinked hydrogel. To allow reversibility of
the enzymatic reactions, Yang et al. proposed a kinase/phosphatase switch to con-
trol supramolecular hydrogels. This enzyme switch regulates the phase transition of
the peptide backbone of the hydrogel. This occurs by either adding or removing a
hydrophilic phosphate group from the peptide backbone, thereby, controlling both
dissociation and formation of the self-assembled nanostructures. Exploiting this en-
zymatic switch allows precise control of biomaterial organization at the molecular
level over time. This may have a wide range of applications in tissue engineering
[73]. In contrast to the random formation of polymer chains obtained by other ways
of enzymatic crosslinking of polymeric hydrogels, the self-assembly of supramolecular
hydrogels allows an ordered molecular arrangement within the nanofibers (hierarchi-
cal nanostructures) that ultimately leads to hydrogel formation. These are unique
features of enzymatically formed supramolecular hydrogels [74,80].

3.2.6 Peroxidases

Peroxidases are a wide family of enzymes that typically catalyze the following re-
action: ROOR’+ electron donor (2 e-) + 2H+ → ROH + R’OH. The majority of
the peroxidases use hydrogen peroxide as substrate. This family consists up to 42
isozymes, which becomes a challenge when defining the in vivo function [81]. The
most commonly used peroxidases in hydrogel formation are horseradish peroxidase
and soy bean peroxidase. Both are plant enzymes and are explored as useful tools
for biosciences and biotechnology, even though soy bean peroxidase has only become
known in the last 20 years. Horseradish peroxidase is a single-chain β-type hemopro-
tein responsible for the catalysis of the conjugation of phenol and aniline derivatives
in the presence of hydrogen peroxide [82]. In this reaction the horseradish peroxi-
dase promptly combines with hydrogen peroxide and the formed complex can oxidize
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hydroxyphenyl groups. Such groups are present for instance in tyramine, tyrosine
and 4-hydrophenyl acetic acid [83]. Soybean peroxidase is a suitable alternative to
horseradish peroxidase, due to comparable stability and mechanism of action. The
family of human peroxidases includes myeloperoxidase, lactoperoxidase, eosinophil
peroxidase, thyroid peroxidase and prostaglandin H synthases. Mammalian enzymes
contribute mainly in host defense against infection, hormone synthesis and pathogen-
esis. Plant peroxidases differ from human peroxidases in size and how the heme-group
is bound. Plant peroxidases consist of approximately 300 aminoacids and the heme-
domain is not covalently bound, whereas mammalian peroxidases are larger, ranging
from 576 to 738 aminoacids, with heme covalently bound [84,85]. Although human
peroxidases have been widely investigated, to our knowledge, only plant peroxidases
have been explored for enzymatic crosslinking to form hydrogels. Sofia et al. reported
the use of peroxidases to catalyze the crosslinking of functionalized polyaspartic acid-
based hydrogels. This study is one of the first comparing the activity of several perox-
idases and their efficiency to form hydrogel networks [21]. The use of this enzyme was
further explored due to its high biocompatibility and potential to crosslink in situ.
Recently, novel biomaterials have been developed taking advantage of this system for
the crosslinking of tyramine conjugated polymers. Darr et al. have characterized
tyramine-based hyaluronan hydrogels that have shown in vivo biocompatibility and
resistance to degradation after subcutaneous injection, while preserving most of the
negative charge from the carboxyl groups in hyaluronic acid, essential for the contri-
bution of the physio-mechanical properties of tissue [87]. Other studies have reported
the use of hyaluronic acid-tyramine conjugates crosslinked by horseradish peroxidase,
highlighting excellent biocompatibility and biodegradability and it has been postu-
lated that these materials possess, promising features for controlled drug delivery and
for application as injectable in situ forming gels [88,89]. The success of crosslinking
system using peroxidases was extended to the use of other polysaccharide-derived
polymers such as chitosan [90,91], alginate [18], carboxymethylcellulose [16] and dex-
tran [86]. Horseradish crosslinkable dextran-tyramine hydrogels (table 3.6) also in
combination with hyaluronic acid and heparin have recently shown high potential
as artificial extracellular matrixes for cartilage tissue engineering [13,14,15]. These
polysaccharide hybrids were designed to mimic the molecular structure of the extra-
cellular matrix of native cartilage. Similarly, injectable hyaluronic acid-tyramine has
been described by Kim et al. as an effective drug carrier for the treatment of rheuma-
toid arthritis [92]. Other recent polymer combinations using horseradish peroxidase
to induce gelation include tetronic-tyramine conjugates and supramolecular hydrogels
based on tyramine-terminated PEG [83,93]. The major advantage of this enzyme in
comparison to the above mentioned enzymes, such as transglutaminase, is the fast
gelation that can occur within seconds.

3.2.7 Horseradish peroxidase mimetic enzymes

Even though natural enzymes are remarkably specific, in general, these biomolecules
are expensive, unstable and prone to deactivation when in solution. Thus, artificial
enzymes with similar selectivity and catalytic activity have been developed, with su-
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Table 3.6: Mechanism of the enzymatic reaction mediated by peroxidases,
advantages and drawbacks
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Table 3.7: Advantages and drawbacks the enzymatic reaction mediated by
horseradish peroxidase mimetic enzymes

perior stability compared to the natural enzymes [94,95,96,97]. Chen et al. have
described a catalytic system, which is a water dispersible imprinted hydrogel based
on a tetrapolymer of 4-vinylpyridine, hemin, acrylamide, and N-isopropylacrylamide.
Hemin, also named chloro[3,7,12,17-tetramethyl-8,13-divinylporphyrin-2,18-dipropa-
noato(2-)]-iron(III) or Fe(III)protoporphyrin(IX) chloride, are co-functional monomers
that act as the catalytic centers. This tertrapolymer was crosslinked by ethylene
glycol dimethacrylate with homovanillic acid as template molecule, designed as an
enzyme mimic of horseradish peroxidase [94]. Wang et al. have previously reported
a supramolecular hydrogel with encapsulated hemin as an artificial enzyme to mimic
peroxidases, reaching approximately 90 percent of the activity of horseradish peroxi-
dase. This artificial enzyme allowed catalysis with operational stability and reusability
[96,97]. Additionally, poly(NIPAAm/MBA/hemin) has been reported by Li et al. as
a new substitute for peroxidase [95]. In addition to hemin, two other biocatalysts,
microperoxidase-11 and cytocrome c, display peroxidase activity when activated by
an electron receptor. These novel alternatives based on hemin, microperoxidases, or
cytochrome c to mimic natural peroxidases have shown great promise for industrial
purposes [98], although not yet explored for biomedical applications.

3.3 Conclusions and future perspectives

As outlined, enzyme-mediated systems are a relatively recent concept, pointing a new
direction in hydrogel design. Despite the major advances and advantages of using bio-
catalysts, there are still challenges to be overcome. These relate mainly to the slender
amount of studies in vivo, instability of some of the enzyme types, such as transglu-
taminases and tyrosinases, and limited mechanical properties of the gels formed. The
reduced in vivo applications are essentially due to the novelty of these systems. Addi-
tionally, the stability and availability of enzymes can be enhanced by the development
of more recombinant enzyme types. Lastly, the poor or limited mechanical properties
of some hydrogels can, in principle, be improved by combining enzyme types, af-
ter adjusting the material design. Predominantly, transglutaminases and horseradish
peroxidases can be highlighted as the best studied enzyme systems involved in hy-
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Table 3.8: Enzyme-catalyzed crosslinkable hydrogels and potential applica-
tions
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Table 3.9: (Continuation of table 3.8) Enzyme-catalyzed crosslinkable hy-
drogels and potential applications

drogel crosslinking for tissue engineering approaches. Transglutaminases are highly
interesting since they offer intimate integration between the in situ formed gel and
the native host tissue. The gels formed act as biological glues, due to the ubiquitous
bodily distribution and equal supply of natural substrates [48]. Additionally, these
enzymes have proven to successfully catalyze the crosslinking reaction of very differ-
ent types of materials, such as PEG, elastin and gelatin. Horseradish peroxidases are
equally attractive due to their high stability, easy purification and availability mainly
directly from the horseradish but also of recombinant forms [102]. Engineered peroxi-
dases with even higher stability and catalytic efficiency are currently being developed,
which is indicative that, in the near future, further applications using this enzyme
type will be developed and continue to prosper in the tissue engineering field.

Overall, enzyme catalysis allows exceptional control over hydrogel formation, pro-
viding a step forward regarding higher complexity, biocompatibility and non-invasiveness,
vitally desired for the next generation of biomaterials for tissue engineering and re-
generative medicine.
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Abstract

Enzymatic crosslinking of dextran-tyramine (Dex-TA) conjugates in the presence of
horseradish peroxidase and hydrogen peroxide was successively applied in the prepa-
ration of hydrogels. Depending on the molecular weight of the dextran (Mn, GPC of
14000 or 31000 g/mol) and the degree of substitution (DS of 5, 10 or 15) with tyramine
(TA) groups, the gelation times ranged from 20 s to 1 min. Hydrogels prepared from
Dex31k -TA with a DS of 10 had storage moduli up to 60 kPa. Similar values were
found when chondrocytes were incorporated into the hydrogels. Chondrocyte-seeded
Dex-TA hydrogels were prepared at a molar ratio of H2O2/TA of 0.2 and cultured
in a chondrocyte medium. A live-dead assay and a MTT assay revealed that almost
all chondrocytes retained their viability after 2 weeks. SEM analysis showed that the
encapsulated chondrocytes were capable of maintaining their round shape. Histology
and immunofluorescent staining demonstrated the production of glycosaminoglycans
(GAGs) and collagen type II after culturing for 14 and 21 days. Biochemical analysis
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showed that GAG accumulation increased with time inside Dex-TA hydrogels. Be-
sides, GAG/DNA for Dex-TA hydrogels was higher than that for agarose at day 28.
These results indicate that Dex-TA hydrogels are promising 3D scaffolds for cartilage
tissue engineering applications.

4.1 Introduction

Injured cartilage tissue is known to have a limited capacity of self-healing due to
its avascular nature. Tissue engineering holds great promise for the regeneration
of damaged cartilage. In this approach mature or progenitor cells are incorporated
in a tissue-engineered scaffold that can be placed at the cartilage defect site. An
ideal scaffold for cartilage regeneration is expected to have a controlled degradability,
provides an adequate mechanical strength, promotes cell survival and differentiation,
and allows nutrient diffusion, adhesion and integration with the surrounding native
cartilage [1].

Hydrogels are biocompatible hydrated, elastic three-dimensional networks that
mimic the micro-environment for cells in soft tissues. Over the past decades, a number
of hydrogels as scaffolds for cartilage tissue engineering have been developed [1-4].
Among these materials, injectable hydrogels, which can be placed locally as a viscous
solution and gel in situ, have received much attention [5, 6]. They can be applied
using a minimally invasive procedure and can readily fill in cartilage defects of various
sizes and shapes. Moreover, cultured cells can be homogenously distributed in the
hydrogels by suspending cells in the precursor solutions prior to injection and gelation.

In the development of injectable hydrogels for cartilage regeneration, several ap-
proaches have been employed using natural or synthetic polymers such as chitosan [7,
8], hyaluronic acid [9-11] and poly(ethylene glycol)-based copolymers [12-14]. Radi-
cal polymerization using redox- or photo-initiators is one of the most commonly used
methods to prepare chemically crosslinked injectable hydrogels [10, 15-17]. Burdick et
al. reported on photopolymerized hyaluronic acid-based hydrogels. The mechanical
properties of the hydrogels could be adjusted by varying the hyaluronic acid con-
centration and molecular weight. An increase in the network cross-linking density
resulted in higher compressive moduli. However, this compromised the cell viability
due to a limited exchange of nutrients and waste products to the surrounding culture
media [15]. Hong et al. prepared methacrylated chitosan hydrogels using a redox
initiator at low concentrations. A significant decrease in the DNA content of encap-
sulated chondrocytes after in vitro culturing for 6 days was observed because of cell
loss or cell death [17].

Alternatively, injectable hydrogels can be prepared under mild conditions via
Michael-type addition reactions [18-20]. Hubbell et al. reported on biodegradable
PEG-peptide injectable hydrogels via Michael-type addition for cartilage repair [20].
The reaction between thiols and vinyl sulfone groups had no adverse effect on the
chondrocytes in the gels, and culturing periods over one month showed that <90%
cells were still viable. However, gelation times to form stable gels from these mate-
rials appeared rather long (ca. 20 min) [21]. Recently, a new approach which makes
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use of enzymatic crosslinking was introduced to prepare injectable hydrogels [22-28].
We previously reported on the enzyme-mediated in-situ formation of hydrogels from
dextran-tyramine conjugates (Dex-TA) [25]. In this approach, horseradish peroxidase
(HRP) in combination with hydrogen peroxide (H2O2) was used to induce crosslink-
ing of the tyramine (TA) units conjugated to the dextran. By varying the ratios of
HRP/TA, H2O2/TA and the degree of substitution (DS) of tyramine groups to the
dextran, the gelation times, mechanical properties (e.g. storage and loss moduli) and
degradation properties of the hydrogels can be tuned.

In this study, the potential application of the injectable Dex-TA hydrogels for car-
tilage tissue engineering was evaluated. Therefore, Dex-TA hydrogels with different
molecular weights (Mn) and conjugated with different numbers of tyramine groups
were prepared. Physical properties like gelation times, storage moduli, glucose dif-
fusion and morphology of the hydrogels were studied. The viability and metabolic
activity of in-situ incorporated chondrocytes in these Dex-TA hydrogels were deter-
mined using live-dead and MTT assays. The morphology of the chondrocytes and the
formation of a cartilaginous specific matrix (glycosaminoglycan and collagen type II)
in the cell/gel constructs in time were also examined.

4.2 Materials and methods

4.2.1 Materials

Dextrans (Mn, GPC=1.4104 g/mol, Mw/Mn=1.45, denoted as Dex14k, and Mn,
GPC=3.1104 g/mol, Mw/Mn=1.38, denoted as Dex31k) were purchased from Fluka.
Dextran-tyramine conjugates (denoted as Dex-TA) were prepared as reported previ-
ously [25]. Hydrogen peroxide (H2O2), dextranase (10-25 units/mg solid) and deu-
terium oxide (D2O) were obtained from Aldrich-Sigma. Horseradish peroxidase (HRP,
type VI, ∼300 purpurogallin unit/mg solid) was purchased from Aldrich and used
without further purification. Phosphate buffered saline (PBS, pH 7.4, without calcium
or magnesium) was purchased from Invitrogen. Bovine chondrocytes were isolated as
previously reported and cultured in a chondrocyte expansion medium composed of
DMEM high glucose (Invitrogen), 10 mM HEPES (Invitrogen), 10 % of fetal bovine
serum (FBS, Cambrex), 100 U/mL penicillin (Invitrogen), 100 µg/mL streptomycin
(Invitrogen), 0.2 mM ascorbic acid (ASAP, Sigma), 0.1 mM non-essential amino acids
(NEAA, Sigma) and 0.4 mM proline (Sigma) [26].

4.2.2 Hydrogel formation and characterization

Hydrogel samples (∼0.5 mL) were prepared in vials by the addition of a mixture of
H2O2 and HRP in PBS to stock solutions of Dex-TA. In a typical example, to a PBS
solution of Dex14k-TA DS15 (400 µL, 12.5 wt %), a freshly prepared solution of H2O2

(61.5 µL of 0.4 wt % stock solution) and HRP (40.5 µL of 0.25 mg/mL stock solution)
in PBS were added. The contents were gently mixed. The final concentration of Dex-
TA was 10 wt %. The amount of HRP used was fixed at 0.25 mg per mmol of
tyramine moieties. Molar ratios of H2O2/TA ranging from 0.1 to 0.5 were applied in
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the preparation of the hydrogels. The time to form a gel (denoted as gelation time)
was determined using the vial tilting method. No flow within 1 min upon inverting
the vial was regarded as the gel state. Semi-spherical hydrogel samples of 4 mm
in diameter and 2 mm in height were prepared for microstructural characterization.
Freeze-dried hydrogels were prepared by first freezing the gels at -20 degrees Celsius
for 4 hours and then in liquid nitrogen, followed by freeze-drying. The constructs
were analyzed with a Philips XL 30 ESEM-FEG scanning electron microscopy (SEM)
operating at a voltage of 10kV. Samples were gold sputtered (Carringdon) before
SEM analysis.

4.2.3 Nutrient transport

The diffusion of glucose in Dex-TA hydrogels was measured. The diffusion setup is
similar as described in literature and is made of two Perspex chambers of 70 mL
each, divided by a Perspex plate, and held together with screws [29]. One chamber
(A) contained the glucose solution (initial concentration: 10 g/L in H2O), whereas
the other (B) contained distilled water. The Dex-TA hydrogel (average thickness
∼0.5 mm, which was measured by a micrometer (Mitutoyo Corp.)) was placed in a
circular opening in the Perspex plate (diameter 17 mm) and subsequently immersed
in PBS at 37 degrees Celsius to allow swelling. The PBS was changed every day to
remove uncrosslinked/unreacted residues. After 3 days, the Perspex plate with the
gel was removed from the PBS solution, and the gel was supported by a round mesh
(Flow-Mesh gel and membrane support, Sigma), and placed between the A and B
chambers. Both chambers were double-walled and kept at 37 degrees Celsius with
circulating water. The glucose concentrations in chambers A and B were determined
using an enzymatic assay (PGO Enzymes, Sigma) and analyzed at λ = 450 nm using
a UV spectrophotometer (Varian Cary 300 scan) [30]. The glucose diffusion was
determined by measuring the glucose concentration after 72 h. The percentage of
glucose diffused after 72 h was expressed as the glucose concentration in chamber B
divided by the equilibrium concentration of 5g/L times 100 %.

4.2.4 Rheological analysis

Rheological experiments were carried out with a MCR 301 rheometer (Anton Paar)
using a parallel plate (25 mm diameter, 0 degrees) configuration and at 37 degrees
Celsius in the oscillatory mode. In a typical experiment, 123 µL of a H2O2 stock
solution (0.4 wt %, in PBS) and 81 µL of a HRP stock solution (0.25 mg/mL, in PBS)
were mixed. The HRP/H2O2 solution was then immediately mixed with 800 µL of
a solution of Dex14k-TA DS 15 (12.5 wt % in PBS) using a double syringe (2.5 mL,
1:4 volume ratio) equipped with a mixing chamber (Mixpac). After the sample was
applied to the rheometer, the upper plate was immediately lowered to a measuring
gap size of 0.5 mm, and the measurement was started. To prevent evaporation of
water, a layer of oil was introduced around the polymer sample. Similar experiments
were performed with chondrocytes (cell density 5x106/mL) in the polymer solution
using the same procedure as described above. The evolution of the storage (G’) and
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loss (G”) moduli were recorded as a function of time. A frequency of 0.5 Hz and a
strain of 0.1 % were applied in order to maintain the linear viscoelastic regime.

4.2.5 In situ chondrocyte incorporation

Hydrogels containing bovine chondrocytes were prepared under sterile conditions by
mixing a Dex-TA/cell suspension with a freshly prepared mixture of HRP and H2O2.
Solutions of Dex-TA were made using medium and HRP and H2O2 stock solutions
were made using PBS. All solutions were sterilized by filtration through filters with
a pore size of 0.22 µm. Chondrocytes were incorporated in hydrogels prepared anal-
ogously as without cells. As an example: Chondrocyte/polymer suspensions were
prepared by mixing 200 µL of a Dex14k-TA DS 15 solution (25 wt %) with 200 µL
of medium containing chondrocytes. To 100 µL of the resulting cell/polymer suspen-
sion, 25 µL of a HRP/H2O2 mixture was added and the suspension was gently mixed.
The HRP/H2O2 mixture was prepared by adding 61.5 µL of the HRP stock solution
to 40.5 µL of the H2O2 stock solution. Before gelation, the precursor was quickly
transferred to a culture plate. The final polymer concentration was 10 wt % and
the cell seeding density in the gels was 5106/mL. For cytotoxicity and morphology
studies, the cell/gel constructs were cultured in a chondrocyte expansion medium.
For matrix production studies, the constructs were cultured in a chondrocyte dif-
ferentiation medium composed of DMEM high glucose with 0.1µM dexamethasone
(Sigma), 100 µg/mL sodium pyruvate (Sigma), 0.2 mM ascorbic acid, 50 mg/mL
insulin-transferrin-selenite (ITS+Premix, BD biosciences), 100 U/ml penicillin, 100
µg/ml streptomycin and 10 ng/mL transforming growth factor β3 (TGF-β3, RD sys-
tem). In all experiments, samples were incubated at 37 degrees Celsius and 5 % of
CO2, and the medium was replaced every 2 or 3 days.

4.2.6 Cytotoxicity assay

A viability study on Dex-TA hydrogels encapsulated chondrocytes (Passage 3-4)
was performed with a live-dead assay and an MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide) assay. For the Live/Dead assay, at days 7 and 14,
the hydrogel constructs were rinsed with PBS and stained with calcein AM/ethidium
homodimer using the Live/Dead assay Kit (Invitrogen), according to the manufac-
tures instructions [31]. Agarose hydrogels (0.5 wt %) with a similar chondrocyte
density were used as a control. Hydrogel/cell constructs were visualized using fluo-
rescence microscopy (Zeiss). As a result living cells fluoresce green and the nuclei of
dead cells red. An MTT staining was performed using 1 % (total medium volume)
of a MTT solution (5 mg/mL, Gibco) and an incubation time of 2 h. Hydrogel/cell
constructs were then visualized using a light microscope.

To quantitatively measure the metabolic activity of chondrocytes encapsulated in
the hydrogels, samples were first washed with PBS and 10 % (total medium volume,
without phenol red) MTT solutions were added to the hydrogels. The constructs
were incubated at 37 degrees Celsius. After 4 h, MTT solutions were removed and
500 µL of dextranase solution (100 U/mL in PBS) was added to each gel to disrupt
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the gels. After centrifugation and removal of the solutions, the formazan formed by
cells presenting mitochondrial metabolic activity was thoroughly extracted from the
gel pieces by addition of DMSO under vortexing. The extracts were centrifuged and
the supernatants were transferred to a 96-well plate. The absorbance at 540 nm was
recorded using a microplate reader (Bio-TEK Instruments). Values were corrected
for background staining of hydrogels without chondrocytes. The experiments were
performed in triplicate. The percentage of metabolic activity (percentage of chondro-
cytes was calculated relative to values determined for cells cultured in agarose gels
(control) at day 1 (considered as a starting value for metabolic activity).

4.2.7 Chondrocyte morphology

The morphology of the chondrocytes in the hydrogels was studied using a Philips XL
30 ESEM-FEG scanning electron microscope (SEM) or a LEO Gemini 1550 FEG-
SEM. After 14 days’ in vitro culturing in expansion medium, the hydrogel/cell con-
structs were fixed with formalin by sequential dehydration and critical point drying.
These samples were gold sputtered (Carringdon) and analyzed with SEM.

4.2.8 Histology and immunofluorescent staining

After 14 and 21 days, the hydrogel/cell constructs were washed with PBS and fixed
in a 10 % buffered formalin solution for 1 hour. After dehydration with a standard
series of ethanol followed by butanol incubation overnight, samples were embedded
in paraffin and sectioned using a microtome to yield sections of 5 µm in thickness.
Sections were stained with Alcian Blue (Sigma-Aldrich, used as 1 % w/v solution)
for 30 min, and destained for 5 min in 1 % acetic acid. Afterwards, the sections were
washed with water and dehydrated. The staining for glycosaminoglycans (GAGs) was
examined under a light microscope (Nikon Eclipse E400). For immunofluorescence
analysis of collagen type II, sections were rehydrated with xylene and a standard series
of ethanol. Afterwards, the samples were treated with 10 mM citric acid buffer (pH
6.0) for 10 min, and then washed with PBS/BSA 1 %. Col2A1 monoclonal antibody
(Purified mouse immunoglobulin IgG1, clone 3HH1-F9, Abnova) was diluted at 1:100
in PBS/BSA 1 % and let to react overnight at room temperature. After washing twice
for 5 min in PBS/BSA 1 %, the sections were incubated with Alexa Fluor 488-Goat
anti-Mouse IgG1 (γ1) (Invitrogen, Molecular Probes, 1:1000) for 1 h. After extensive
washing, the sections were mounted with VECTASHIELD Mounting Medium con-
taining 4’,6’-diamidino-2-phenylindole dihydrochloride (DAPI, Vector Laboratories,
Burlingame, CA) to stain the nuclei. The sections not incubated with primary anti-
bodies were used as a negative control and a pellet of human chondrocytes cultured
for 21 days in chondrocyte differentiation medium was used as a positive control.

4.2.9 Biochemical analysis

To quantitatively analyze the GAG production inside the hydrogels, a DMMB as-
say was performed. The constructs were taken from the chondrocyte differentiation



4

4.3. RESULTS AND DISCUSSION 59

medium after 14, 21 and 28 days. Samples were washed with PBS and frozen at 80 de-
grees Celsius. After thawing, the constructs were digested in proteinase-K (Sigma) at
56 degrees Celsius (<16 h). Quantification of total DNA was done by a Cyquant dye
kit (Molecular Probes) using a fluorescent plate reader (Perkin-Elmer). The amount
of GAG was determined spectrophotometrically after reaction with a dimethylmethy-
lene blue dye (DMMB, Sigma-Aldrich). The intensity of the color was quantified
immediately in a microplate reader (Bio-TEK Instruments) by measuring the ab-
sorbance at 540 nm. The amount of GAG was calculated based on a calibration
curve using chondroitin sulphate A or B (Sigma-Aldrich). All values were corrected
for the background staining of gels without cells and normalized to the DNA amount
(expressed as the GAG/DNA (µg/µg) ratio). Data (n=3, measured in triplicates) are
expressed as mean ± standard deviation (SD). Statistical significance was determined
by one-way ANOVA with Turkeys post-hoc analysis.

4.3 Results and discussion

4.3.1 Hydrogel formation and gelation time

In foregoing research, it was shown that the enzymatic crosslinking of dextran-tyramine
(Dex-TA) conjugates using horseradish peroxidase (HRP) and hydrogen peroxide
(H2O2) is a highly efficient method to prepare in situ forming hydrogels [25]. The
gelation time depends on relative ratios of HRP and H2O2 to tyramine (TA) groups
present. In this study, Dex-TA conjugates with different molecular weights of dex-
tran (Mn of 14k and 31k) and degrees of substitution (DS) of tyramine groups, i.e.
Dex14k-TA with a DS of 5, 10 or 15 tyramine groups and Dex31k-TA with a DS
of 5 or 10 tyramine groups, were synthesized (Figure 4.1) [25]. The hydrogels were
prepared by mixing PBS solutions of Dex-TA conjugates and freshly-made PBS so-
lutions of HRP and H2O2. To apply these hydrogels as an injectable matrix material
for cartilage tissue engineering, the crosslinking reaction was optimized with respect
to suitable gelation times and use of hydrogen peroxide. It was expected that the
use of high concentrations of H2O2 would have a detrimental effect on chondrocytes
during the crosslinking reaction [32, 33]. To this end, the gelation times of Dex-TA
at low molar ratios of H2O2/TA ranging from 0.05 to 0.5 were investigated. Concen-
trations of Dex-TA conjugates of 10 wt % and 0.25 mg of HRP per mmol tyramine
moieties were applied in the hydrogel preparation. The gelation times of the Dex-TA
hydrogels were determined by the vial tilting method. As shown in Figure 4.2, the
gelation times of the hydrogels prepared from Dex14k-TA and Dex31k-TA conjugates
(DS=10) increased with increasing molar ratios of H2O2/TA from 0.1 to 0.5. No gela-
tion occurred when H2O2/TA ratios at and below 0.05 were used (data not shown).
Moreover, at the same H2O2/TA ratio, a shorter gelation time was observed for the
hydrogels comprising a higher molecular weight Dex-TA. Additionally, the DS values
of the Dex14k-TA and Dex31k-TA conjugates have an influence on the gelation time of
the hydrogels (Table 4.1). By increasing the number of tyramine groups conjugated
to the dextran from 5 to 15 per 100 anhydroglucose rings of dextran, the gelation
times of the hydrogels of the Dex14k-TA conjugates decreased from about 60 to 20
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Figure 4.1: Synthesis of dextran-tyramine conjugates (Dex-TA) and hydrogel
formation via enzymatic crosslinking.

seconds. Taken together, the hydrogels prepared from Dex14k-TA with a DS of 10 or
15, and Dex31k-TA with a DS of 10 showed short gelation times and were regarded
suitable as injectable cell carriers for the retention of cells inside the gels. Since fast
gelation (less than 60 sec) was generally observed at a H2O2/TA molar ratio of 0.2
([H2O2]= 12 and 16 mM for Dex-TA DS 10 and DS 15, respectively), this ratio was
used in the preparation of cell/gel constructs and evaluation of their properties.

4.3.2 Hydrogel characterization

The mechanical properties of the Dex-TA hydrogels were studied by oscillatory rheol-
ogy experiments at 37degrees Celsius [34] . The storage moduli of Dex-TA hydrogels
are listed in Table 4.1. The storage moduli of the Dex-TA hydrogels largely increased
with increasing DS of tyramine groups from 5 to 15. For example, the storage moduli
of the Dex14k-TA hydrogels increased from about 1.4 kPa to 40 kPa by increasing the
DS from 5 to 15. An even higher storage modulus of about 60 kPa was obtained in the
hydrogels prepared from Dex31k-TA with a DS of 10. Interestingly, the Dex-TA hy-
drogels containing chondrocytes (5 million cells/mL gel) had storage and loss moduli
that were close to the gels without cells (data not shown), indicating that the presence
of chondrocytes in the hydrogels did not influence their mechanical properties.
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Figure 4.2: Gelation times of Dex-TA conjugates (10 wt %) as a function
of the H2O2/TA molar ratio. Reaction conditions: 0.25 mg HRP per mmol
phenol groups; 37 degrees Celsius, PBS.

Figure 4.3: SEM images of freeze dried hydrogel samples: (a) Dex31k-TA
DS 10, (b) Dex14k-TA DS 10 and (c) Dex14k-TA DS 5. Reaction conditions:
0.25 mg HRP per mmol phenol groups; molar ratio of H2O2/TA = 0.2. (Scale
bar 500 µm)

The morphology of freeze-dried hydrogels prepared from the Dex-TA conjugates
was determined using scanning electron microscopy (SEM) (Figure 4.3). In all cases,
the Dex-TA hydrogels appeared to be highly porous and had a well-interconnected
pore structure. It appeared that the pore size of these hydrogels is mainly influenced
by the DS rather than by the Mn of the polymers. Freeze-dried samples of hydrogels
prepared from Dex14k-TA with a DS of 5 had a larger average pore size (351±71 µm)
than those of Dex14k-TA with a DS of 10 (206±93 µm) (Figure 4.2 b vs. c) and the
hydrogel prepared from Dex31k-TA with a DS of 10 had an average pore size similar
to the Dex14k-TA with the same DS of 10 (Figure 4.3 a vs.b).
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Figure 4.4: Typical graph of glucose (in water) diffusion from chamber A
towards the chamber B using a Dex14k-TA DS 15 hydrogel as function of time
at 37 degrees Celsius.

To allow cell growth over prolonged periods of time, sufficient nutrient diffusion
in the hydrogels is highly desired. The permeability of the Dex-TA hydrogels was
evaluated by determining the glucose diffusion through the hydrogels. The setup
consisted of two chambers separated by a plate with a circular opening in which a
hydrogel film was placed. Glucose is a representative nutrient in the cell culture
medium. Figure 4.3 shows typical results of the glucose diffusion in time through a
Dex14k-TA DS 15 hydrogel. As can be expected, the concentration of the glucose
in chamber A decreased over time, while there was a corresponding increase in the
concentration of glucose in chamber B. After 72h, the glucose concentrations in both
chambers almost reached a plateau. The diffusion coefficient of glucose through a
Dex14k-TA DS 15 hydrogel was determined in time from the glucose concentrations
in both chambers [35]. The diffusion coefficient was calculated to be 3.210-6 cm2/s,
which was close to that of glucose diffusion in cartilage tissue (∼210-6 cm2/s) [36]. In
Table 4.1, the percentage of glucose diffused after 72 h using various Dex-TA hydrogels
is presented. Similar values of 79 % were determined for hydrogels prepared from
Dex14k-TA and Dex31k-TA with a DS value of 10. A slightly lower percentage of 74
% was determined for the Dex14k-TA hydrogels with a higher DS of 15. The slower
diffusion can be attributed to a more compact network of the hydrogel prepared from
Dex14k-TA DS 15 than that of Dex14k-TA DS 10. In all cases, the glucose diffusion
reached over 70 % of the equilibrium glucose concentration within 72 h, indicating
that cells may efficiently interact with nutrients in these hydrogels.
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Table 4.1: Gelation times, storage moduli and glucose diffusion for Dex-
TA hydrogels (a). a: Reaction conditions: 10 % wt polymer concentration;
molar ratio of H2O2/TA is 0.2; 0.25 mg HRP per mmol phenol groups; 37
degrees Celsius, PBS. b: DS (Degree of substitution, defined as the number of
tyramine units per 100 anhydroglucose rings in dextran) was determined using
1H NMR. c: The percentage of glucose diffused after 72 h was expressed as
the ratio of the glucose concentration in chamber B and the equilibrium conc.
of 5 g/L, multiplied by 100 %.

4.3.3 Cell viability of chondrocytes in Dex-TA hydrogels

Chondrocytes were cultured in the hydrogels of Dex14k-TA and Dex31k-TA with
different DS for 14 days. Cell survival of the chondrocytes in the hydrogels was eval-
uated using a live-dead assay, in which living cells stained green and dead cells red.
As is shown in Figure 4, over 95 % cells in these hydrogels were alive, similar to
those embedded in an agarose gel which was used as a control. Moreover, a homo-
geneous distribution of metabolically active chondrocytes that stained purple with
a MTT solution was observed in all Dex-TA hydrogels after 1, 7 and 14 days (Fig-
ure 4.5). Cell viability experiments, evaluated by the MTT assay, showed that the
metabolic activities ( percentage) of chondrocytes in the hydrogels of Dex31k-TA DS
10, Dex14k-TA DS 10 and Dex14k-TA DS 15 were comparable to the agarose con-
trol over the culturing periods, indicating good biocompatibility and low cytotoxicity
(Figure 4.6a). Notably, the metabolic activity values of chondrocytes in the Dex14k-
TA DS 10 hydrogel after 14 days in culture is statistically higher than the value at
day 1 (p<0.05). These results suggested that chondrocyte proliferation might occur
in the Dex14k-TA DS 10 hydrogels. Support for this hypothesis was found by the
live-dead assay. Nests of doublets that are indicative of chondrocyte division were
observed in the Dex14k-TA DS 10 hydrogel after 14 days in culture (Figure 6b).

4.3.4 Chondrocyte morphology and matrix production

In native cartilage, chondrocytes are surrounded by an extracellular matrix that con-
sists of negatively charged glycosaminoglycan (GAG), like hyaluronic acid and chon-
droitin sulfate, as well as collagen type II fibrils. The ability of these Dex-TA hydrogels
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Figure 4.5: Live-dead assay of chondrocytes in Dex-TA hydrogels at day
14: (a) Dex14k-TA DS 15, (b) Dex14k-TA DS 10, (c) Dex14k-TA DS 5, (d)
Dex31k-TA DS 10 and (e) Dex31k-TA DS 5. Agarose gels (0.5 wt %) were used
as a control (f). Reaction conditions: 0.25 mg HRP per mmol phenol groups;
molar ratio of H2O2/TA = 0.2. Cells were stained with calcein-AM/ethidium
Homodimer (living cells stained green and dead cells red). The chondrocyte
seeding density was 5 million cells/mL. Scale bar: 200 µm.

to function as a scaffold for cartilage tissue formation was investigated by examining
the cell morphology and the ability to produce a cartilaginous specific matrix. It is
known that chondrocytes in culture may rapidly lose chondrocytic characteristics and
obtain a fibroblast-like phenotype, a process termed dedifferentiation [37]. A round
cell shape is correlated with the maintenance of the chondrocyte phenotype. The
morphology of the chondrocytes incorporated in the Dex-TA and agarose hydrogels
was evaluated by SEM after culturing for 14 days in chondrocyte expansion medium.
In Figure 4.7 it is shown that the chondrocytes incorporated in Dex31k-TA DS 10
and Dex14-TA DS 10 and 15 hydrogels exhibited a distinctly round cell shape. No-
tably, as a typical example, the chondrocytes inside Dex14k-TA DS 15 hydrogels after
culturing for 21 days, were located adjacent to a fibrous pericellular matrix (Figure
4.8a) [38]. SEM examinations revealed that this fibrous matrix consisted of collagen
fibrils, which was confirmed by the observation of the typical D-period in the fibrils
(Figure 4.9b-c).

GAG production by chondrocytes in the Dex-TA hydrogels was examined by his-
tology using Alcian Blue staining. Histology showed that the chondrocytes incorpo-
rated in these Dex-TA hydrogels produced abundant ECMs rich in GAGs after 14
and 21 days, as confirmed by the dense GAG staining in these gels (Figure 4.10).
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Figure 4.6: MTT staining of chondrocytes in Dex31k-TA DS 10, Dex14k-TA
DS 15 and DS 10 hydrogels after 1, 7 and 14 days in culture. Metabolically
active cells stained purple. Reaction conditions: H2O2/TA molar ratio is 0.2;
0.25 mg HRP per mmol phenol groups. The chondrocyte seeding density was
5 million cells/mL.

No staining was observed for the Dex-TA gels without chondrocytes or for the Dex-
TA/cell constructs at day 1 (data not shown). Moreover, at day 14, the GAGs were
mainly located in the pericellular matrix around spherical cells, but at day 21, the
GAGs were more evenly distributed throughout the gels both in the pericellular and
interterritorial matrix.

The synthesis of collagen by chondrocytes in the Dex-TA hydrogels was also ex-
amined. The type of collagen present in articular cartilage is primarily collagen type
II [39]. An immunofluorescent staining demonstrated the presence of collagen type
II inside Dex-TA hydrogels (Figure 4.11a). In the positive control, the nuclei of the
chondrocytes fluoresced blue due to the counterstaining with DAPI and the colla-
gen type II fluoresced green. In the negative control, only the staining of the nuclei
was observed. These results indicated that chondrocytes cultured inside Dex-TA hy-
drogels were capable of maintaining their phenotype and producing a cartilaginous
specific matrix.

The amounts of glycosaminoglycan (GAG) secreted by chondrocytes inside the
hydrogels at different times in culture were determined by a DMMB assay. Agarose
gel, a well-known polysaccharide hydrogel system for chondrocyte culturing, was used
as a positive control [40, 41]. In Figure 4.12a the time-dependent accumulation of the
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Figure 4.7: (a) Quantitative determination of the metabolic activity of chon-
drocytes inside Dex-TA hydrogels (Students t-test, * p<0.05). (b) Live-dead
assay showing chondrocytes incorporated in a Dex14k-TA DS10 hydrogel af-
ter 14 days in culture (chondrocyte division is indicated by arrows, original
amplification: 100x). Reaction conditions: the H2O2/TA molar ratio is 0.2;
0.25 mg HRP per mmol phenol groups. The chondrocyte seeding density was
5 million cells/mL.

Figure 4.8: SEM images of chondrocytes in Dex-TA hydrogels after 14 days
in culture.
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Figure 4.9: SEM images of (a) a single chondrocyte in a Dex14k-TA DS 15
hydrogel (21 days) was surrounded by a fibrous matrix on the gel surface, (b)
fibrous matrix at high magnification (c) Circles point to collagen fibrils with
a visible D-period at high magnification.

Figure 4.10: Alcian blue staining of Dex-TA hydrogels with chondrocytes
after culturing for 14 and 21 days in differentiation medium. GAGs were
stained blue/green. The chondrocyte seeding density was 5 million cells/mL.
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Figure 4.11: Collagen type II staining of Dex14k-TA DS 15 (A and D),
Dex14k-TA DS 10 (B and E), and Dex31k-TA DS 10 (C and F) hydrogels
after culturing for 14 (A-C) and 21 (D-F) days in differentiation medium;
The chondrocyte seeding density was 5 million cells/mL. A pellet of human
chondrocytes cultured for 21 days in chondrocyte differentiation medium was
used as a positive control (G) and the section without incubation with primary
antibodies was used as a negative control (H). Collagen type II fluoresced green
and nuclei of the cells were stained with DAPI (blue).
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Figure 4.12: GAG accumulation in Dex-TA and agarose hydrogels containing
chondrocytes after in vitro culturing for 14, 21 and 28 days in differentiation
medium. (a) GAG and (b) DNA content per hydrogel sample; (c) GAG accu-
mulation normalized to the DNA content per gel sample. (Cell seeding density:
5 million/mL, ANOVA: * p<0.05).

GAG in the Dex-TA and agarose hydrogels is presented. All hydrogels demonstrated
a significant increase in GAG production with increasing culturing times from 14 to
28 days (p<0.05). These results are consistent with the histology results using Alcian
blue staining, which showed a denser staining of GAGs at day 21 than that at day 14.
Notably, the GAG contents in the hydrogels from Dex14k-TA DS 10 and Dex31k-TA
DS 10 are significantly higher than that in the agarose gel at day 28 (p<0.05). The
GAG amount for these Dex-TA hydrogels at the same culturing time did not differ.

To compare the described hydrogels with other injectable hydrogel systems re-
ported in literature, the amounts of GAG in each gel were normalized to their DNA
content (GAG/DNA) at the different culturing time points (Figure 4.12c). The
GAG/DNA values remained statistically constant at day 14 and day 21 (p<0.05).
However, the values decreased at day 28 compared to day 14 (p<0.05) because of
the increased DNA content per gel as a result of cell proliferation (Figure 4.12b) [42].
Moreover, the GAG/DNA ratios for Dex-TA hydrogels were higher than for agarose
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gels (10.9-12.5 µg/µg for Dex-TA vs. 8.7 µg/µg for agarose, p<0.05) at day 28. The
GAG/DNA values for the Dex-TA hydrogels at day 14 (17.8-26.7 µg/µg) are compa-
rable with those for other injectable hydrogel systems, such as self-assembled peptide
hydrogels (∼22 µg/µg at day 15) and photopolymerized PEG hydrogels (ca. ∼26
µg/µg at day 14) [43, 44]. Taken together, these results reveal the high potential of
these injectable Dex-TA hydrogels for cartilage tissue engineering.

4.4 Conclusions

The enzymatic crosslinking of dextran-tyramine (Dex-TA) conjugates in the presence
of horseradish peroxidase and hydrogen peroxide is a highly efficient method to pre-
pare in-situ forming hydrogels. Increasing the molecular weight of dextran and degree
of substitution of tyramine moieties resulted in decreasing gelation times and increas-
ing storage moduli. Chondrocytes incorporated in the hydrogels showed a high cell
viability after 2 weeks and retained their round cell morphology. Besides, the cells
were capable of producing a cartilaginous specific matrix rich in GAGs and collagen
type II. These studies indicated that injectable hydrogels from Dex-TA conjugates
have a high potential as injectable scaffolds for cartilage tissue engineering.
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Tissue Engineering
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Abstract

Novel polysaccharide hybrids consisting of hyaluronic acid (HA) grafted with a dextran-
tyramine conjugate (Dex-TA) were synthesized and investigated as injectable biomimetic
hydrogels for cartilage tissue engineering. The design of these hybrids (denoted as
HA-g-Dex-TA) is based on the molecular structure of proteoglycans present in the ex-
tracellular matrix of native cartilage. Hydrogels of HA-g-Dex-TA were rapidly formed
within 2 minutes via enzymatic crosslinking of the tyramine residues in the presence
of horseradish peroxidase and hydrogen peroxide. The gelation time, equilibrium
swelling and storage modulus could be adjusted by varying the degree of substitution
of tyramine residues and polymer concentration. Bovine chondrocytes incorporated
in the HA-g-Dex-TA hydrogels remained viable, as shown by the Live-dead assay.
Moreover, enhanced chondrocyte proliferation and matrix production were observed
in the HA-g-Dex-TA hydrogels compared to Dex-TA hydrogels. These results suggest
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that HA-g-Dex-TA hydrogels have a high potential as injectable scaffolds for cartilage
tissue engineering.

5.1 Introduction

Tissue engineering represents a promising approach in the treatment of damaged car-
tilage. This approach generally involves the use of three-dimensional (3-D) scaffolds,
which can support the growth, proliferation and differentiation of incorporated chon-
drocytes and/or progenitor cells. Because hydrogels are 3-D elastic networks having
high water content, they mimic hydrated native cartilage tissue and are considered
suitable scaffolds for cartilage tissue engineering.

Injectable hydrogels are highly desirable in clinical applications since they can be
applied via a minimally invasive procedure. After injection in the form of a solu-
tion, the precursor gels in situ and fills the irregularly shaped defect. Meanwhile,
cells and/or bioactive molecules can be easily incorporated. Injectable hydrogels can
be obtained via a chemical crosslinking method, for example, photopolymerization.
In this approach, a solution of a vinyl-containing polymer converts into a gel by
exposure to visible or ultraviolet light in the presence of photo-initiators [1-7]. Photo-
crosslinked hydrogels generally have a short gelation time and are chemically stable
and mechanically strong. However, cytotoxic photo-initiators and UV light required
for the photopolymerization reaction may induce cell death [8, 9]. In addition, the
reaction may be exothermic, which may harm the incorporated cells and induce lo-
cal necrosis [10]. Alternatively, injectable hydrogels can be generated via Michael
type addition reactions of thiol groups to (meth)acrylate, (meth)acrylamide, or vinyl
sulfone groups [11-16]. In this approach, thiol-bearing bioactive molecules such as
adhesion peptides and matrix metalloproteinase substrate peptides can be relatively
easily incorporated creating biomimetic hydrogels [15, 17]. However, in general the
rate of gelation induced by a Michael type addition reaction was found to be too slow
(∼30 min or longer) [14, 18], which hampers clinical applications. Recently, an enzy-
matic crosslinking method, which induces fast gelation, has been developed [19-24].
We previously reported on dextran- and chitosan-based injectable hydrogels based on
this approach [20, 23]. Crosslinking takes place via an oxidative coupling reaction of
phenol moieties in the presence of horseradish peroxidase (HRP) and H2O2. These
hydrogels were formed rapidly within minutes. They showed good biocompatibility
and support chondrocyte survival and differentiation [23, 25, 26].

Various natural and synthetic polymers, as well as combinations thereof have
been used for the preparation of injectable hydrogels [27-29]. Among these materi-
als, polysaccharides, such as hyaluronic acid, dextran, and chitosan, have received
wide-spread interest particularly for applications in cartilage tissue engineering [30].
This is based on the presence of large quantities of glycosaminoglycans (GAGs), such
as hyaluronic acid, heparan sulfate, and chondroitin sulfate, in the extracellular ma-
trix (ECM) of native cartilage. It has been demonstrated that polysaccharide-based
hydrogels are biocompatible and capable of maintaining the phenotype of chondro-
cytes incorporated. Gel/cell constructs show accumulation of a newly-formed ECM
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Figure 5.1: Chemical structure of (a) polysaccharide hybrids based on
hyaluronic acid and dextran-tyramine conjugates and (b) structure of a pro-
teoglycan.

matrix over time in vitro and/or in vivo [25, 31, 32]. Additionally, polysaccharides
have abundant functional groups such as hydroxyl groups, amino groups and/or car-
boxylic acid groups, amenable to various types of chemical modifications. This offers
the opportunity to introduce crosslinkable or bioactive moieties into polysaccharide
precursors of hydrogels. In this way, biofunctional scaffolds can be created to mod-
ulate cell adhesion, migration, proliferation and differentiation as well as direct new
tissue formation [33, 34].

In our current research, we present a first step towards a strategy to prepare
biomimetic polysaccharide-based injectable hydrogels for cartilage tissue engineering.
Novel polysaccharide hybrids were designed, in which tyramine-conjugated dextrans
were grafted onto hyaluronic acid (HA). These polysaccharide hybrids resemble the
macromolecular structure of proteoglycans (Figure 5.1) present in the ECM of native
cartilage. The tyramine residues enable subsequent enzymatic crosslinking of the hy-
brid molecules in the presence of HRP and H2O2. HA was chosen because it is an
important component of the ECM in cartilage tissue. HA interacts with chondrocytes
through surface receptors like CD44, enabling modulation of cell activity [35-37]. In
previous research, tyramine-conjugated dextrans showed a fast gelation and good me-
chanical properties using HRP-mediated crosslinking [20]. In this study, a hybrid of
HA and dextran-tyramine (Dex-TA) conjugates would afford a biomimetic hydrogel.
We hypothesized that the incorporation of HA would improve the performance of
Dex-TA gels in cartilage tissue engineering. These biomimetic hydrogels may provide
a supportive environment for chondrocyte proliferation and differentiation as well as
matrix deposition. In this chapter, we describe the synthesis and characterization of
polysaccharide hybrids from hyaluronic acid and dextran-tyramine conjugates. The
hydrogels were investigated in terms of their gelation times, storage moduli and en-
zymatic degradation properties. Besides, bovine articular chondrocytes were encap-
sulated inside the hydrogels in vitro to determine cell survival and to assess matrix
production.
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5.2 Materials and methods

5.2.1 Materials

Dextran (Mr=6,000, Fluka) was dried by azeotropic distillation from dry toluene. N-
Boc-1,4-diaminobutane, p-nitrophenyl chloroformate (PNC), N-ethyl-N-(3-dimethyl-
aminopropyl) carbodiimide hydrochloride (EDAC) and sodium cyanoborohydride
(NaBH3CN) were purchased from Fluka. Tyramine (TA), 4-morpholino ethanesul-
fonic acid (MES), trifluoroacetic acid (TFA), hydrogen peroxide (H2O2), pyridine (an-
hydrous), deuterium oxide (D2O), phosphorus pentoxide, hyaluronidase (HAse, ∼300
U/mg), lithium chloride (LiCl) and N-hydroxysuccinimide (NHS) were obtained from
Aldrich-Sigma. Horseradish peroxidase (HRP, type VI, 300 purpurogallin unit/mg
solid) was purchased from Aldrich and used without further purification. Sodium
hyaluronate (15-30 kg/mol, laboratory grade) was purchased from CPN Shop. N,N-
Dimethylformamide (DMF) was dried over CaH2, distilled under vacuum and stored
over molecular sieves (4 Angstron). LiCl was dried at 80 degrees Celsius under vac-
uum over phosphorus pentoxide. All other solvents were used as received. Dextran-
tyramine (denoted as Dex-TA) conjugates were prepared as reported previously [20].

5.2.2 Synthesis of amine-terminated dextran-tyramine conjugates

Amine-terminated dextran-tyramine conjugates (denoted as Dex-TA-NH2) were syn-
thesized by a two-step procedure. Dex-TA conjugates were first reacted with N-Boc-
1,4-diaminobutane and sodium cyanoborohydride to end functionalize the dextran.
The protecting t-butyloxycarbonyl group was removed by reaction with TFA. Typi-
cally, Dex-TA (5 g), dissolved in 25 mL of deionized water, was treated with N-Boc-
1,4-diaminobutane (3.9 g, 21 mmol) and stirred for 2 h under nitrogen. NaBH3CN
(3.9 g, 63 mmol) was then added in portions, and the reaction mixture was stirred
at room temperature. After 3 d, the solution was neutralized with 1 M HCl solu-
tion to pH 7. The Boc-amine-terminated Dex-TA (denoted as Dex-TA-NH-Boc) was
purified by ultrafiltration (MWCO 1000) and isolated as a white foam after freeze-
drying. Yield: 4.4 g (88 %). 1H NMR (D2O): δ 1.3-1.4 (Boc, -C(CH3)), 1.4-1.7
(-NH-CH2-C2H4-CH2-NH-), 2.6 and 3.0 (-C2H4-C6H4-OH and -NH-CH2-C2H4-CH2-
NH-Boc), 3.2-4.1 (dextran glucosidic protons), 5.0 (dextran anomeric proton), 6.9
and 7.2 (-C2H4-C6H4-OH).

In the second step, Dex-TA-NH-Boc (4.4 g) was dissolved in 110 mL of deionized
water and after addition of 4.4 mL of TFA, the mixture was stirred overnight under
nitrogen. The solution was then neutralized with 4 M NaOH to pH 7. The obtained
amine-terminated Dex-TA (denoted as Dex-TA-NH2) was purified by ultrafiltration
(MWCO 1000) and subsequently freeze-dried. Yield: 3.4 g (78 %). 1H NMR (D2O):
δ 1.5-1.6 (-NH-CH2-C2H4-CH2-NH2), 2.6 and 3.0 (-C2H4-C6H4-OH and -NH-CH2-
C2H4-CH2-NH2), 3.2-4.1 (dextran glucosidic protons), 5.0 (dextran anomeric proton),
6.9 and 7.2 (-C2H4-C6H4-OH).
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5.2.3 Synthesis of hyaluronic acid grafted with Dex-TA

Copolymers of hyaluronic acid grafted with Dex-TA (denoted as HA-g-Dex-TA) were
synthesized by a coupling reaction of Dex-TA-NH2 with hyaluronic acid using EDAC/NHS
as coupling reagent. Sodium hyaluronate (1 g) was dissolved in 50 mL of MES (0.1
M, pH 6.0), to which EDAC (1.8 g, 9.4 mmol) and NHS (1.1 g, 9.4 mmol) were added.
After 30 min, a Dex-TA-NH2 solution (1.25 g, in 10 mL of MES buffer) was added
and the mixture was stirred under nitrogen for 3 d. The solution was then neutralized
with 1 M NaOH to pH 7. To remove uncoupled Dex-TA-NH2, the solution was ul-
trafiltrated (MWCO 10000), first with an aqueous solution of 50 mM NaCl and then
deionized water. HA-g-Dex-TA was obtained as a white foam after freeze-drying.
Yield: 1.9 g (84 %). 1H NMR (D2O): δ 1.5-1.6 (-NH-CH2-C2H4-CH2-NHCO-), 2.0
(-NHCO-CH3), 2.6 and 3.0 (-C2H4-C6H4-OH and -NH-CH2-C2H4-CH2-NHCO-), 3.2-
4.1 (dextran and HA glucosidic protons), 4.4-4.6 (HA anomeric proton), 5.0 (dextran
anomeric proton), 6.9 and 7.2 (-C2H4-C6H4-OH).

5.2.4 Polymer characterization

1H NMR (300 MHz) spectra were recorded on a Varian Inova spectrometer (Varian,
Palo Alto, USA). The signals of solvent residues were used as reference peaks for the
1H NMR chemical shift and were set at δ 4.79 for water. The degree of substitu-
tion (DS) of Dex-TA, which is defined as the number of tyramine moieties per 100
anhydroglucose rings in dextran, was determined using 1H NMR by comparing the in-
tegrals of signals at δ 5.0 (dextran anomeric proton) and δ 6.5-7.5 (tyramine aromatic
protons). The number of grafted Dex-TA chains per HA molecule was determined
using 1H NMR by comparing integrals of signals at δ 2.0 (acetamide methyl protons
of HA) and δ 5.0 (dextran anomeric proton).

The molecular weight and polydispersity of Dex-TA-NH2, HA and HA-g-Dex-TA
copolymers were determined by gel-permeation chromatography (GPC) relative to
dextran standards (Fluka). GPC measurements were performed using a PL-GPC
120 Integrated GPC/SEC System (Polymer Labs) and two thermostated (30 degrees
Celsius) PL-aquagel-OH columns (8 µm, 3007.5 mm, Polymer Labs). Sodium acetate
buffer (NaAc, 300 mM, pH 4.5) containing 30 % (v/v) methanol was used as eluent
at a flow rate of 0.5 mL/min.

5.2.5 Hydrogel formation and gelation time

Hydrogel samples (∼0.25 mL) were prepared in vials at 37 degrees Celsius. In a
typical example, to a PBS solution of HA-g-Dex-TA DS 10 (200 µL, 12.5 % wt),
freshly prepared solutions of H2O2 (17.5 µL of 0.2 % stock solution) and HRP (32.5
µL of 11 unit/mL stock solution) in PBS were added and the mixture was gently
vortexed. The final concentration of HA-g-Dex-TA was 10 % wt. In all experiments
0.25 mg HRP per mmol phenol groups and a H2O2/phenol molar ratio of 0.2 were
applied. The time to form a gel (denoted as gelation time) was determined using the
vial tilting method. No flow within 1 min upon inverting the vial was regarded as the
gel state. The experiments were preformed in triplicate.
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5.2.6 Swelling and enzymatic degradation

For the swelling test, hydrogels (∼0.25 mL) of HA-g-Dex-TA were prepared as de-
scribed above and freeze-dried (Wd). Subsequently, 2 mL of PBS solutions were
applied to the dried hydrogels, which were then incubated at 37 degrees Celsius for
72 h to reach the swelling equilibrium. The buffer solution was then removed from
the samples and the hydrogels were weighed (Ws). The experiments were performed
in triplicate and the degree of swelling was expressed as (Ws-Wd)/Wd.

In degradation experiments, 2 mL of PBS containing 100 U/mL hyaluronidase was
placed on top of 0.25 mL of the prepared hydrogels and the samples were then incu-
bated at 37 degrees Celsius. At regular time intervals, the buffer solution was removed
from the samples and the hydrogels were weighed. The remaining gel (percentage)
was calculated from the original gel weight after preparation (Wi) and remaining gel
weight after exposure to the enzyme containing buffer (Wt), expressed as Wt/Wi100
%. The buffer was replaced every 2-3 days and the experiments were performed in
triplicate.

5.2.7 Rheological analysis

Rheological experiments were carried out with a MCR 301 rheometer (Anton Paar)
using parallel plates (25 mm diameter, 0) configuration at 37degrees Celsius in the
oscillatory mode. In a typical example, 52.5 µL of a H2O2 stock solution and 97.5
µL of a HRP stock solution in PBS were mixed. The HRP/H2O2 solution was then
immediately mixed with 600 µL of a solution of HA-g-Dex-TA (12.5 % wt, in PBS)
using a double syringe (2.5 mL, 1:4 volume ratio) equipped with a mixing chamber
(Mixpac). After the samples were applied to the rheometer, the upper plate was
immediately lowered to a measuring gap size of 0.5 mm, and the measurement was
started. To prevent evaporation, a layer of oil was introduced around the polymer
sample. A frequency of 0.5 Hz and a strain of 0.1 % were applied in the analysis.
The measurement was allowed to proceed until the storage moduli reached a plateau
value.

5.2.8 Chondrocyte isolation and incorporation

Bovine chondrocytes were isolated as previously reported [23] and cultured in chon-
drocyte expansion medium (DMEM with 10 % heat inactivated fetal bovine serum,
1 % penicillin/streptomycin (Gibco), 0.5 mg/mL fungizone (Gibco), 0.01 M MEM
nonessential amino acids (Gibco), 10 mM HEPES and 0.04 mM L-proline) at 37 de-
grees Celsius in a humidified atmosphere (95 % air/5 % CO2). Hydrogels containing
chondrocytes were prepared under sterile conditions by mixing a HA-g-Dex-TA /cell
suspension with HRP/H2O2. Solutions of HA-g-Dex-TA were made using medium
and HRP and H2O2 stock solutions were made using PBS. All the components were
sterilized by filtration through filters with a pore size of 0.22 µm. Chondrocytes (P1)
were incorporated in the hydrogels using the same procedure as that in the absence
of cells. The cell/gel constructs were prepared in vials. The final concentration of
HA-g-Dex-TA was 10 % wt and the cell seeding density in the gels was 5 million/mL.
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After gelation, 1 mL of chondrocyte differentiation medium (DMEM with 0.1µM dex-
amethasone (Sigma), 100 µg/mL sodium pyruvate (Sigma), 0.2 mM ascorbic acid, 50
mg/mL insulin-transferrin-selenite (ITS+1, Sigma), 100 U/ml penicillin, 100 µg/ml
streptomycin, 10 ng/mL transforming growth factor β3 (TGF-β3, Invitrogen)) was
added on top of the hydrogels and the constructs were incubated at 37 degrees Celsius
in a humidified atmosphere containing 5 % CO2. The medium was replaced every 3
or 4 days.

5.2.9 Cell viability and SEM

The effect of hydrogels on cell survival was studied using a Live-dead assay. At
days 1, 7, 14 and 21, the hydrogel constructs were rinsed with PBS and stained
with calcein AM/ethidium homodimer using the Live-dead assay Kit (Invitrogen),
according to the manufactures instructions. Hydrogel/cell constructs were visualized
using fluorescence microscopy (Zeiss). As a result living cells fluoresce green and the
nuclei of dead cells red.

The morphology of the chondrocytes in the hydrogels was studied using a Philips
XL 30 ESEM-FEG scanning electron microscope (SEM). After 21 days in vitro cultur-
ing in differentiation medium, the hydrogel/cell constructs were fixed with formalin
followed by sequential dehydration and critical point drying. These samples were gold
sputtered (Carringdon) and analyzed with SEM.

Hydrogel degradation in the presence of chondrocytes. The gel/cell constructs
(0.1 mL) were prepared in vials as described above and weighed (Wci). About 1 mL
of chondrocyte differentiation medium was added on top of the gel and the constructs
were incubated at 37 degrees Celsius in a humidified atmosphere containing 5 % CO2.
The medium was replaced every 3-4 days and the cell/gel constructs were weighed
at regular time intervals (Wct). The swelling ratio of constructs was calculated from
Wct/Wci. Afterwards, the constructs were washed extensively with water to remove
the salts from the medium and then freeze-dried (Wcdt). The degradation profiles of
the hydrogels with chondrocytes were based on the dry gel mass which was normalized
to the original wet gel weight (Wci), expressed as Wcdt/Wci100 %. Dex-TA DS 15
hydrogels with chondrocytes were used as a control under the same conditions.

5.2.10 Matrix production

After 1, 7, 14 and 21 days, samples were washed with PBS and frozen at -80 de-
grees Celsius. After thawing, the constructs were digested with proteinase-K solution
at 56 degrees Celsius (more than 16 h). Quantification of total DNA was done us-
ing the CyQuant dye kit (Molecular Probes) and a fluorescent plate reader (Perkin-
Elmer). The amount of GAG was determined spectrophotometrically after reaction
with dimethylmethylene blue dye (DMMB, Sigma-Aldrich). The intensity of the color
was quantified immediately with a microplate reader (EL 312e Bio-TEK Instruments)
by measuring the absorbance at 540 nm. The amount of GAG was calculated using a
standard of chondroitin sulphate A or B (Sigma-Aldrich). The total collagen content
was determined using the hydroxyproline assay in which hydroxyproline makes up
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12.5 % of collagen [38]. The hydroxyproline content was determined via a colorimet-
ric assay by reaction with chloramine T and dimethylaminobenzaldehyde. All values
were corrected for the background staining of gels without cells and normalized to
the dry gel mass (expressed as GAG or collagen (µg)/mg dry gel) or DNA content
(expressed as GAG or collagen (µg)/DNA (µg)). Data (n=3, measured in triplicate)
are expressed as mean ± standard deviation (SD).

5.2.11 Statistical analysis

Statistical differences between two groups were analyzed using a Student’s t-test.
Those among three or more groups were analyzed using the One-way Analysis of
Variance (ANOVA) with Turkey’s post-hoc analysis. Statistical significance was set
to a p value <0.05. Results are presented as mean ± standard deviation.

5.3 Results and discussion

5.3.1 Synthesis and characterization of HA-g-Dex-TA copolymer

Hyaluronic acid (HA) was grafted with a preformed dextran-tyramine (Dex-TA) con-
jugate via a four-step reaction, as shown in Figure 5.2. First, according to a previously
described method, dextran (Mr= 6,000 g/mol) was functionalized with tyramine moi-
eties to give the Dex-TA conjugate [20]. The degree of substitution (DS), defined as
the number of conjugated tyramine moieties per 100 anhydroglucose rings in dex-
tran, was determined using 1H NMR by comparing the integrals of signals at δ 5.0
(anomeric protons, Figure 5.3a, peak 1) and δ 6.9-7.2 (aromatic protons, Figure 5.3a,
peak 2). Different Dex-TA conjugates with DS values of 5, 10, 15 and 20 were pre-
pared by changing the feed molar ratio of p-nitrophenyl chloroformate to hydroxyl
groups in dextran from 0.05 to 0.25.

The conjugates were subsequently modified at their reducing terminal glucose
residue with an excess of N-Boc-1,4-diaminobutane, followed by reductive amination
using sodium cyanoborohydride for 3 days. After the deprotection of the Boc group
using trifluoroacetic acid, conjugates with a terminal free primary amine group (de-
noted as Dex-TA-NH2) were obtained. Complete deprotection of the Boc group was
confirmed by 1H NMR showing the disappearance of the t-butyl signal at δ 1.4 (Figure
5.3a, peak 3). The degree of end group conversion was over 90 % as determined from
1H NMR by comparing the integrals of signals at δ 5.0 (anomeric protons, Figure 5.3a,
peak 1) and δ 1.5-1.6 (methylene protons, Figure 5.3a, peak 3). Finally, a coupling
reaction between the primary amine groups of these Dex-TA-NH2 conjugates and the
carboxylic acid groups of HA using an EDAC/NHS activation reaction at a feed molar
ratio of HA to NH2 of 1:6 yielded the HA-g-Dex-TA graft copolymers. The molec-
ular weights of these polymers were determined by gel-permeation chromatography
(GPC).

Typical elution profiles of Dex-TA-NH2 DS 10, HA and HA-g-Dex-TA DS 10 are
presented in Figure 5.4. The HA-g-Dex-TA DS 10 polymer was eluted earlier than
HA and Dex-TA-NH2 DS 10 in a unimodal GPC-trace. This indicated that the
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Figure 5.2: Synthesis of hyaluronic acid grafted with dextran-tyramine con-
jugates (HA-g-Dex-TA).
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Figure 5.3: 1H-NMR spectra of dextran, Dex-TA, Dex-TA-NH-Boc and Dex-
TA-NH2; (b) hyaluronic acid (HA) and HA grafted with dextran-tyramine
conjugates (HA-g-Dex-TA) in D2O.
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Figure 5.4: GPC chromatograms of Dex-TA-NH2 DS 10, HA and the copoly-
mer HA-g-Dex-TA DS 10. Eluent: NaAc buffer (300 Mm, pH 4.5, containing
30 % (v/v) methanol).

HA-g-Dex-TA polymer was successfully synthesized. The average number molecular
weights of these polymers ranged from 38.4 to 40.0 kg/mol with a relatively low
polydispersity index (PDI 1.3-1.7) (Table 5.1). The chemical structure of the HA-
g-Dex-TA polymers was confirmed by 1H NMR. In Figure 5.3b, it is shown that
besides signals attributable to the anomeric and methyl protons of HA (peaks 4 and
5), new peaks at 5.0 (peak 1) and 6.9-7.2 (peaks 2) were present in the spectra. These
peaks were attributable to the anomeric and aromatic protons from coupled Dex-TA.
The number of grafted Dex-TA conjugates per HA molecule was approximately 4,
as determined with 1H NMR by comparing the integrals of signals at δ 2.0 (methyl
protons of acetamide groups in HA) and δ 5.0 (dextran anomeric protons) (Table
5.I). It was found that the average number molecular weights of the HA-g-Dex-TA
polymers calculated using 1H NMR were in agreement with those determined by GPC
measurements.

5.3.2 Hydrogel formation and gelation time

Hydrogels of HA-g-Dex-TA were conveniently prepared in PBS by the horseradish
peroxidase (HRP)-mediated coupling reaction of phenol moieties. According to earlier
research, 0.25 mg HRP per mmol phenol moieties and a molar ratio of H2O2/TA of
0.2 were applied in this study due to the good cytocompatibility of the resulting gels
[39]. The gelation time was determined by the vial tilting method.

The enzymatic crosslinking of HA-g-Dex-TA led to fast gelation, i.e. the gela-
tion times were within 2 min for all combinations tested (Figure 5.5). The longest
gelation times were found for the HA-g-Dex-TA copolymers with a low DS, due to
the decreased number of tyramine units per chain. Effects on gelation time were even
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Table 5.1: Composition, molecular weight and polydispersity of HA-g-Dex-
TA copolymers (a)

more pronounced with decreasing polymer concentration. The fastest gelation, within
10 s, occurred using HA-g-Dex-TA DS 20 hydrogels at a polymer concentration of 10
% wt. Thus, an attractive feature of these HA-g-Dex-TA hydrogel systems is that
the gelation occurred in a reasonably short time (10 s to 2 min) under mild condi-
tions. Furthermore, gelation times of the HA-g-Dex-TA hydrogels can be easily tuned
by adjusting the DS of tyramine units and polymer concentration, which makes the
systems highly suitable as injectable scaffolds for various applications.

5.3.3 Hydrogel characterization

The degree of swelling of the HA-g-Dex-TA hydrogels in PBS was determined after
72 h (Figure 5.6). In general, all HA-g-Dex-TA hydrogels showed degrees of swelling
ranging from 15 to 41. These values were in the same range of photocrosslinked HA-
based hydrogels [40, 41]. Additionally, the values were lower at higher DS values of
tyramine units and higher polymer concentration (p<0.05). This can be explained by
the increased crosslinking density of the hydrogels. Compared to previously reported
Dex-TA hydrogels, HA-g-Dex-TA hydrogels showed improved swelling behavior [20],
which can be explained by an increase in water uptake resulting from the electrostatic
repulsion of negatively-charged HA chains at pH 7.4.

The storage moduli (G’) of the HA-g-Dex-TA hydrogels after gelation were deter-
mined at 37 degrees Celsius by rheology. As shown in Figure 5.7, hydrogels prepared
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Figure 5.5: Gelation time of hydrogels based on HA-g-Dex-TA as a function
of DS and concentration. (n=3, ** p<0.01)

at a concentration of 10 % wt showed a 2 to 3 fold higher storage modulus compared to
5 % wt hydrogels. Furthermore, by increasing the DS from 5 to 20, the corresponding
G’ values significantly increased. This is most likely due to the increased crosslinking
density in DS 10 gels versus DS 5 gels. In general, the moduli of HA-g-Dex-TA hydro-
gels ranged from 370 to 18000 Pa. This is comparable to values previously reported
for dextran-tyramine hydrogels [20]. They are, however, much higher than values re-
ported for other enzymatically crosslinked hydrogels such as hyaluronic acid-tyramine
DS 6 hydrogels (10-4000 Pa) [19].

5.3.4 Enzymatic degradation

HA is biodegradable via enzymatic hydrolysis using hyaluronidase (HAse) [42]. To
determine the enzymatic degradation profiles of the HA-g-Dex-TA hydrogels, 2 mL
of PBS containing 100 U/mL HAse was applied on top of 0.25 mL of the hydrogels.
The hydrogels were kept at 37 degrees Celsius and their weights were monitored at
regular time intervals. The remaining gel (%) was expressed as the remaining gel
weight after exposure to enzyme buffer (Wt) divided by the original gel weight after
preparation (Wi). In buffer without the enzyme present, the gels swelled and the
weight increased during the first 3 days, which remained stable up to 21 days (data
not shown). In the presence of hyaluronidase, the gel weight first increased because of
water uptake during the degradation process, and then decreased when the increase
in the swelling is overtaken by the gel weight loss due to the dissolution and release of
small fragments. The degradation time was defined as the time required to completely
dissolve at least one of 3 samples tested. It was found that the degradation of HA-g-
Dex-TA hydrogels depended on the DS and polymer concentration (Figure 5.8). The
HA-g-Dex-TA DS 5 hydrogels prepared at polymer concentrations of 5 and 10 % wt
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Figure 5.6: Degree of swelling of HA-g-Dex-TA hydrogels as a function of
DS (n=3).

Figure 5.7: Storage modulus of HA-g-Dex-TA hydrogels as a function of DS
(n=1).
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Figure 5.8: Enzymatic degradation of HA-g-Dex-TA hydrogels at DS 5, 10
(a) and DS 15, 20 (b) exposed to PBS containing 100 U/ml HAse at 37 degrees
Celsius (n=3).

were completely degraded after 4 and 6 days, respectively, while the 5 % wt HA-g-
Dex-TA DS 10 hydrogels showed a longer degradation time of 15 days. The hydrogels
of HA-g-Dex-TA at a high DS of 15 and 20 were more stable with more than 30 %
wt of gel remaining after 21 days of degradation. Even after 2 months, these gels
were not completely degraded (data not shown). Compared to previously reported
hyaluronic acid-tyramine (HA-TA) hydrogels which were completely degraded within
1 day in the presence of 25 U/mL of HAse in PBS [19], our gels were much more
stable even in the presence of a 4-fold higher concentration of HAse (100U/mL).
The increased stability can be attributed to the presence of dextran. The improved
degradation characteristics compared to HA-TA gels makes HA-g-Dex-TA hydrogels
more suitable for cartilage tissue engineering.

5.3.5 Cytotoxicity

In cell experiments, 10 % wt HA-g-Dex-TA DS 15 and 20 hydrogels, which showed the
best stability, were selected for the preparation of gel/cell constructs for in vitro stud-
ies. The cytocompatibility of HA-g-Dex-TA DS 15 and 20 hydrogels was investigated
by the incorporation of bovine chondrocytes in HA-g-Dex-TA hydrogels at a polymer
concentration of 10 % wt. Cell survival of the chondrocytes was analyzed by a Live-
dead assay (Figure 5.9), in which living cells fluoresce green and dead cells fluoresce
red. In both HA-g-Dex-TA DS 15 and DS 20 hydrogels, over 95 % of chondrocytes
stained green, indicating cytocompatible enzymatic crosslinking conditions.

5.3.6 Chondrocyte morphology

The cell/scaffold constructs were investigated by SEM (Figure 5.10). The chondro-
cytes encapsulated inside HA-g-Dex-TA DS15 and 20 hydrogels retained a round
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Figure 5.9: (a) Live-dead assay showing chondrocytes incorporated in HA-
g-Dex-TA DS 15 (A and C) and DS 20 (B and D) hydrogels after 7 (A and B)
and 14 (C and D) days in culture. Scale bar: 500 µm.

shape at 21 days in culture, which was also observed in Dex-TA DS 15 hydrogels
[39]. High magnification of SEM images showed that the chondrocytes deposited an
extracellular matrix.

5.3.7 Swelling and degradation of hydrogels in the presence of
cells

To study the swelling and degradation behavior of the HA-g-Dex-TA hydrogels in the
presence of chondrocytes, the constructs were incubated in a chondrocyte expansion
medium and weighed at regular intervals. The swelling ratio of a Dex-TA DS 15
hydrogel remained almost constant during the total culturing time up to 21 days.
In contrast, the swelling ratios of the HA-g-Dex-TA hydrogels increased from day 1
to day 7 and decreased slightly after day 14 (Figure 5.11a). The swelling behavior
suggests a loss in crosslinking density with time as a result of degradation [19]. This
is supported by the pronounced decrease in the swelling ratio for HA-g-Dex-TA DS 15
hydrogels at day 14 and day 21 compared to day 1. The degradation of HA-g-Dex-TA
hydrogels was further studied by determining the dry gel mass, which is normalized to
the initial wet gel weight after preparation (Figure 5.11b). Dex-TA DS 15 hydrogels
had a dry gel mass of 8 % at day 1, which remained stable up to 21 days. In contrast,
the values for HA-g-Dex-TA DS 15 and 20 hydrogels decreased from 8 % at day 1 to
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Figure 5.10: SEM images of chondrocytes incorporated in the (a) HA-g-Dex-
TA DS 15 and (b) HA-g-Dex-TA DS 20 hydrogels at day 21. High magnifica-
tion SEM images of the boxed regions of Figure 5.10a and 5.10b are shown in
Figure 9c and 9d, respectively.

3 % and 6 % at day 21, respectively (p<0.05). The significant differences (p<0.05)
in the swelling and degradation behavior in time between the Dex-TA and the HA-
g-Dex-TA hydrogels are most likely explained by the presence of HAse produced by
incorporated chondrocytes [43].

5.3.8 Cell proliferation and matrix production

Our earlier studies have shown that chondrocytes incorporated in Dex-TA hydrogels
proliferated and maintained their phenotype without dedifferentiating to fibroblast-
like cells [39]. Chondrocyte proliferation in HA-g-Dex-TA DS 15 and DS 20 hydrogels
was assessed by a CyQuant DNA assay by measuring the DNA content of the hy-
drogels during the culturing period up to 21 days. The phenotype of chondrocytes
incorporated was characterized in terms of their matrix production. The ECM ma-
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Figure 5.11: (a) Swelling and (b) degradation of Dex-TA and HA-g-Dex-
TA hydrogels in the presence of chondrocytes as a function of culturing time.
Figure 5.511a: * p<0.05, ** p<0.01, vs. Dex-TA DS 15; p<0.05, vs. Day 1;
p<0.01, vs. Day 7). Figure 5.11b: the dry mass of the construct is normalized
to the original wet gel weight after preparation. (* p<0.05, ** p<0.01)

trix produced was analyzed by a dimethylmethylene blue assay and a hydroxyproline
assay for glycosaminoglycans (GAGs) and collagen, respectively, and the values were
normalized to the dry gel weight of each sample.

In the CyQuant DNA assay, the DNA content was expressed as the DNA amount
normalized to the dry gel weight. Results were compared to hydrogels prepared from
a dextran-tyramine conjugate Dex-TA DS 15 (Mn, Dex=14.5 kg/mol) which served
as a reference [20, 25]. In general, in all these hydrogels the DNA content increased
with increasing culturing time. Interestingly, at day 21, the DNA content in the
HA-g-Dex-TA DS 15 hydrogel was higher than that in the Dex-TA DS15 hydrogel
(Figure 5.512a). These results demonstrated the benefit of the presence of HA in
Dex-TA hydrogels.

In the control group of GAG assay, hydrogels prepared from Dex-TA DS15, the
GAG content increased from day 1 to day 7, and then remained unchanged throughout
the experimental period (Figure 5.12b). Similar trends were also observed for the HA-
g-Dex-TA hydrogels. The HA-g-Dex-TA DS 15 hydrogels showed a statistically higher
average GAG content per mg of dry gel weight than the Dex-TA DS 15 hydrogels at
day 14 and 21 (4.8 vs 2.3 and 4.9 vs 1.7, respectively). The average GAG content in
HA-g-Dex-TA DS 20 hydrogels was found to be 2.7 and 2.6 µg per mg of dry gel weight
at day 14 and 21, respectively, which was close to that of Dex-TA DS 15 hydrogels.
These results suggest that the DS of the Dex-TA conjugate in the HA-g-Dex-TA had
a significant effect on the GAG production, indicating that appropriate design of the
gel chemistry might lead to an optimal performance in ECM production.

The total collagen content, determined using a hydroxyproline assay, was normal-
ized to the dry gel weight (Figure 5.12c). The results showed that the total collagen
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Figure 5.12: (a) DNA content normalized to dry gel weight of Dex-TA DS
15, HA-g-Dex-TA DS 15 and 20 hydrogels containing chondrocytes after in
vitro culturing for 1, 7, 14 and 21 days. (* p<0.05 at day 7; ** p<0.01
vs. HA-g-Dex-TA DS 15 at day 14 and 21) (b) GAG and (c) total collagen
accumulation (values were normalized to the dry gel weight per sample) in
Dex-TA and HA-g-Dex-TA hydrogels containing chondrocytes after in vitro
culturing for 1, 7, 14 and 21 days. (** p<0.01 vs. Dex-TA DS 15 at each
time point) (d) GAG and total collagen content normalized to DNA content
in Dex-TA and HA-g-Dex-TA hydrogels containing chondrocytes after in vitro
culturing for 21 days. (* p<0.05 vs. Dex-TA DS 15).

accumulation increased in time and reached the highest value at day 21 for all groups.
Interestingly, the average value of total collagen content was higher in HA-g-Dex-TA
DS 15 and DS 20 hydrogels than in Dex-TA DS 15 hydrogels, irrespective of the
culturing time. After 7 and 21 days in culture, significant higher collagen deposition
was found in HA-g-Dex-TA DS 15 than in Dex-TA DS 15 hydrogels.

For comparative studies, the GAG and total collagen content were normalized to
the DNA content, as shown in Figure 5.12d. In general, enhanced matrix deposi-
tion was observed for HA-g-Dex-TA compared to Dex-TA hydrogels. At day 21, the
GAG/DNA ratio was 1.6 fold higher in the HA-g-Dex-TA DS 15 hydrogels than Dex-
TA hydrogels. Further, significantly higher collagen/DNA ratios were observed for
HA-g-Dex-TA DS 20 hydrogels than for Dex-TA DS 15 hydrogels. Previous studies
have shown that GAGs play an important role in regulating the expression of the
chondrocyte phenotype and support matrix formation [44, 45]. Therefore, the ap-
plication of hyaluronic acid, one of the components of a native cartilaginous matrix,
could be a reason for enhanced matrix production [46-48].
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Taken together, HA-g-Dex-TA hybrids were designed which resemble the macro-
structure of proteoglycans as can be found in native cartilage. Biomimetic hydrogels
based on these materials showed a better stability than HA-TA hydrogels and an
improved chondrocyte performance than Dex-TA hydrogels. Thus they hold great
promise as injectable scaffolds for cartilage tissue engineering. Importantly, the con-
cept for the design of proteoglycan analogs can be easily extended to other polysac-
charides such as heparan sulfate and chondroitin sulfate or proteins such as collagen.

5.4 Conclusions

Novel injectable biomimetic hydrogels based on polysaccharide hybrids (HA-g-Dex-
TA) were designed for cartilage tissue engineering. HA-g-Dex-TA copolymers were
prepared by the conjugation of dextran-tyramine conjugates with different degrees
of substitution of tyramine units (DS 5, 10, 15 and 20) to hyaluronic acid using
EDAC/NHS activation. Hydrogels were obtained by enzymatic crosslinking of HA-
g-Dex-TA under physiological conditions using HRP as a catalyst and H2O2 as an
oxidant. The gelation is fast with gelation times lower than 2 min, which can be
regulated by varying the DS and polymer concentration. Hydrogels are readily de-
graded in the presence of hyaluronidase. Hydrogels prepared at a higher DS and
concentration had higher storage moduli and stability. The behavior of chondrocytes
incorporated inside HA-g-Dex-TA hydrogels demonstrated that the gel systems had a
good biocompatibility. Compared to Dex-TA hydrogels, these biomimetic HA-g-Dex-
TA hydrogels induced an enhanced cell proliferation and matrix deposition (increased
glycosaminoglycan and collagen production). In conclusion, we have demonstrated
that these novel injectable biomimetic hydrogels based on polysaccharide hybrids are
very promising for the development of scaffolds for cartilage tissue engineering.
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Abstract

In this study, injectable hydrogels were prepared by the horseradish peroxidase-
mediated co-crosslinking of dextran-tyramine (Dex-TA) and heparin-tyramine (Hep-
TA) conjugates and used as scaffolds for cartilage tissue engineering. The swelling and
mechanical properties of these hydrogels can be easily controlled by the Dex-TA/Hep-
TA weight ratio. When chondrocytes were incorporated in these gels, cell viability
and proliferation were highest for gels with a 50/50 weight ratio of Dex-TA/Hep-TA.
Moreover, these hydrogels induced an enhanced production of chondroitin sulfate and
a more abundant presence of collagen as compared to Dex-TA hydrogels. The re-
sults indicate that injectable Dex-TA/Hep-TA hydrogels are promising scaffolds for
cartilage regeneration.

6.1 Introduction

Tissue engineering is a promising method for the regeneration of degenerated or lost
cartilage [1, 2]. This approach generally involves the use of cells placed in three-
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dimensional scaffolds, the latter acting as a temporary artificial extracellular matrix
(ECM). Injectable hydrogels may serve as temporary scaffolds to guide cell attach-
ment and differentiation of chondrocytes and/or their progenitor cells, resulting in
newly formed cartilage tissue. Compared to preformed hydrogels, injectable hydro-
gels have various advantages. They can be applied via a minimally invasive surgical
procedure. They can fill irregular-shaped defects and allow easy incorporation of cells
and bioactive molecules [3-5]. Therefore, in recent years injectable hydrogels have
received much attention in cartilage tissue engineering.

Several chemical crosslinking methods, such as photopolymerization [6-8], Schiff-
base formation [9], and Michael-type addition reactions [10, 11], have been employed
to obtain injectable hydrogels that gel in situ. For example, Sontjens et al. reported
on photocrosslinked methacrylated polyester-poly(ethylene glycol) hydrogels which
can support the growth of chondrocytes in vitro, and their production of extracellular
matrix components such as glycosaminoglycan and collagen type II [8]. In another
study, Tan et al. reported on hydrogels prepared via Schiff base formation between
water-soluble chitosan and oxidized hyaluronic acid and showed that chondrocytes
were surviving in these hydrogels and retained their round morphology [9]. Recently,
an efficient method, i.e. horseradish peroxidase (HRP)-mediated chemical crosslink-
ing, has been developed to produce injectable hydrogels [12-19]. Using this approach,
Lee et al. reported on hyaluronic acid-based injectable hydrogels for protein release
[16, 17] and Sakai et al. prepared gelatin-based injectable hydrogels in vitro and in-
dicated their potential application in tissue engineering in vivo [19]. We previously
showed that fast in situ forming injectable hydrogels can be obtained via enzymatic
crosslinking of dextran-tyramine conjugates (Dex-TA) or chitosan-phloretic acid con-
jugates in the presence of HRP and hydrogen peroxide [13, 14]. These hydrogels had
good mechanical properties and low cytotoxicity [12, 14]. Importantly, chondrocytes
incorporated in the gels remained viable, were capable of maintaining their phenotype
and produced cartilaginous tissue [14, 20].

Heparin is a linear glycosaminoglycan composed of repeating units of 1,4-linked
uronic acids (mainly D-glucuronic, L-iduronic or L-2-sulfated iduronic) and glucosamine
residues (mainly D-N-acetyl glucosamine, D-di-N-6-sulfate glucosamine) [21]. It plays
an important role in the interaction with bioactive proteins which are associated
with cell adhesion, proliferation and differentiation [22, 23]. Over the past decades,
heparin-containing hydrogels have been widely studied for biomedical applications
such as controlled release of growth factors and tissue regeneration [24-28]. For ex-
ample, heparin-containing hydrogels, prepared via a Michael addition reaction, were
used for controlled release of growth factors. It was shown that incorporation of small
amounts of heparin substantially influenced the release of basic fibroblast growth
factors [26]. In recent studies, heparin has been shown to stimulate angiogenesis, adi-
pogenesis and osteogenesis [25, 29, 30]. For example, photocrosslinked heparin-PEG
hydrogels were shown to be capable of supporting the survival of human mesenchy-
mal stem cells and inducing their osteogenic differentiation [25]. However, limited
studies were reported on the use of heparin-containing hydrogels for chondrogenesis
in cartilage tissue engineering [10, 31]. In this chapter, we describe biofunctional in-
jectable hydrogels based on dextran and heparin for cartilage tissue engineering. We
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hypothesized that the presence of heparin in the hydrogels may promote chondrocyte
proliferation and differentiation as well as enhanced cartilage regeneration. Here we
describe the preparation of injectable hydrogels from a mixture of a heparin-tyramine
conjugate (Hep-TA) and a dextran-tyramine conjugate (Dex-TA) at different weight
ratios. The properties of the hydrogels such as gelation time, swelling and mechan-
ical properties were investigated. Moreover, bovine chondrocytes were incorporated
in these hydrogels to evaluate their cytocompatibility, chondrocyte proliferation and
matrix production.

6.2 Materials and methods

6.2.1 Materials

Heparin sodium (from porcine intestinal mucosa, molecular weight ranges from 3 to
30 kg/mol) was purchased from Celsus, Inc. N-ethyl-N-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDAC) was purchased from Fluka. Tyramine (TA), hydro-
gen peroxide (H2O2), 4-morpholino ethanesulfonic acid (MES) and N-hydroxysuccin-
imide (NHS) were obtained from Aldrich-Sigma. Horseradish peroxidase (HRP, type
VI, ∼300 purpurogallin unit/mg solid) was purchased from Aldrich and used with-
out further purification. All other solvents were used as received. Dextran-tyramine
(denoted as Dex-TA) conjugates with a degree of substitution, defined as the number
of tyramine units per 100 anhydroglucose rings in dextran, of 15 were prepared as
previously reported [12].

6.2.2 Synthesis and characterization of heparin-tyramine
conjugates

A heparin-tyramine conjugate (denoted as Hep-TA) was synthesized by the cou-
pling reaction of tyramine amine groups to heparin carboxylic acid groups using
EDAC/NHS activation. In a typical procedure, heparin sodium (2.0 g) was dissolved
in 20 mL of MES (0.1 M, pH 6.0), to which EDAC (288 mg, 1.5 mmol) and NHS
(227 mg, 1.5 mmol) were added. After 30 min, 6 mL of a DMF solution containing
tyramine (69 mg, 0.5 mmol) was added and the mixture was stirred under nitrogen.
After 3 days, the mixture was neutralized with 1 M NaOH and ultrafiltrated (MWCO
1000), first with 50 mM NaCl and then deionized water. The resultant Hep-TA con-
jugate was obtained in the form of a foam after freeze-drying (yield: 1.9 g, 95 %). The
degree of substitution of tyramine residues in the Hep-TA conjugate, defined as the
number of tyramine moieties per 100 repeating units of heparin, was 15, as determined
by a UV measurement [15]. In brief, the Hep-TA conjugate was dissolved in PBS at a
concentration of 2 mg/mL and the absorbance at 275 nm was measured using a Cary
300 Bio UV spectrophotometer (Varian). An unmodified heparin solution (2 mg/ml)
was used as a blank. The absorbance was correlated to the concentration of tyramine
in the conjugate using a calibration curve obtained from tyramine solutions in PBS.
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6.2.3 Hydrogel formation and gelation time

Hydrogel samples (∼0.25 mL) of Hep-TA or Hep-TA/Dex-TA mixtures at polymer
concentrations of 10 or 20 % wt were prepared in vials at 37 degrees Celsius. In a
typical procedure, to a PBS solution of Hep-TA (200 µL, 25 % wt), a freshly prepared
PBS solution of H2O2 (25 µL of 0.3 % stock solution) and HRP (25 µL of 150 unit/mL
stock solution) were added and the mixture was gently vortexed. The final polymer
and HRP concentrations were 20 % wt and 0.1 mg/mL (ca. 30 unit/mL), respectively.
Hep-TA/Dex-TA hydrogels at Hep-TA/Dex-TA weight ratios of 75/25, 50/50 and
25/75 were prepared in the same manner starting from 25 % wt polymer solutions.
The time to form a gel (denoted as gelation time) was determined using the vial tilting
method. No flow within 1 min upon inverting the vial was regarded as the gel state.
The experiment was preformed in triplicate.

6.2.4 Hydrogel characterization

The heparin content of the Dex-TA/Hep-TA hydrogels was determined by a colori-
metric method based on the binding of toluidine blue, with some modifications [32,
33]. Briefly, the hydrogels prepared at Dex-TA/Hep-TA weight ratio of 75/25, 50/50
and 25/75 were extensively extracted with water and then freeze-dried. Samples (∼1
mg, n=3) of dried gels were incubated overnight at room temperature in 2 ml of a
0.75 mg/ml toluidine blue solution. Subsequently, the solutions were diluted 10 times
with H2O and filtrated through 0.22 µm filter. The absorbance of the filtrates was
measured at 630 nm. A standard curve was prepared by mixing 1 ml of heparin so-
lutions with known concentrations and 1 ml of 0.15 mg/ml toluidine blue solution in
water at room temperature. After filtration through a 0.22 µm filter, the absorbance
of the solutions was measured at 630 nm. The heparin content in the hydrogels was
calculated based on the heparin amount obtained from the toluidine blue assay and
the dry gel weight after extraction. For swelling tests, hydrogel samples (∼0.25 mL)
were prepared as described above. Subsequently, 2 mL of PBS was applied on top
of the hydrogels and then the samples were incubated at 37 degrees Celsius for 72
h to reach the swelling equilibrium. The buffer solution was then removed from the
samples. The hydrogels were weighed (Ws) and then freeze-dried (Wd). The exper-
iments were performed in triplicate and the degree of swelling of the hydrogels was
expressed as (Ws-Wd)/Wd. Rheological experiments were carried out with a MCR
301 rheometer (Anton Paar) using parallel plates (25 mm diameter, 0) configuration
at 37 degrees Celsius in the oscillatory mode. A stock solution of Hep-TA/Dex-TA
(600 µL, 25 % wt in PBS) at different weight ratios (100/0, 75/25, 50/50, 25/75 and
0/100) was mixed with 150 µL of an HRP/H2O2 mixture (75µL of 150 unit/mL HRP
and 75µL of 0.3 % H2O2) using a double syringe (2.5 mL, 4:1 volume ratio) equipped
with a mixing chamber (Mixpac). After the samples were applied to the rheometer,
the upper plate was immediately lowered to a measuring gap size of 0.5 mm, and the
measurement was started. To prevent evaporation of water, a layer of oil was intro-
duced around the polymer sample. A frequency of 0.5 Hz and a strain of 0.1 % were
applied in the analysis to maintain the linear viscoelastic regime. The measurement
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was continued up to the time the storage moduli recorded reached a plateau value. A
frequency sweep and a strain sweep were also performed on the hydrogels from 0.1 to
10 Hz at a strain of 0.1 %, and from 0.1 to 10 % at a frequency of 0.5 Hz, respectively.

6.2.5 Chondrocyte isolation and incorporation

Bovine chondrocytes were isolated as previously reported [14] and cultured in chon-
drocyte expansion medium (DMEM with 10 % heat inactivated fetal bovine serum,
1 % Penincilin/Streptomicin (Gibco), 0.5 mg/mL fungizone (Gibco), 0.01 M MEM
nonessential amino acids (Gibco), 10 mM HEPES and 0.04 mM L-proline) at 37 de-
grees Celsius in a humidified atmosphere (95 % air/5 % CO2). Hydrogels containing
chondrocytes were prepared under sterile conditions by mixing a polymer/cell sus-
pension with HRP/H2O2. Polymer solutions of Hep-TA/Dex-TA at different weight
ratios (100/0, 75/25, 50/50, 25/75 or 0/100) were made in medium and HRP and
H2O2 stock solutions were made in PBS. All the components were sterilized by filtra-
tion through filters with a pore size of 0.22 µm. Chondrocytes (P1) were dispersed in
the precursors of the hydrogels. The hydrogels were then formed using the same pro-
cedure as in the absence of cells. The final polymer concentration was 20 % wt and the
cell seeding density in the gels was 5106 cells/mL. After gelation, the hydrogels (50 µL
of each) were transferred to a culture plate and 2 mL of chondrocyte differentiation
medium (DMEM with 0.1µM dexamethasone (Sigma), 100 µg/mL sodium pyruvate
(Sigma), 0.2 mM ascorbic acid, 50 mg/mL insulin-transferrin-selenite (ITS+1, Sigma),
100 U/ml penicillin, 100 µg/ml streptomycin, 10 ng/mL transforming growth factor
β3 (TGF-β3, RD System) was added. The samples were incubated at 37 degrees
Celsius in a humidified atmosphere containing 5 % CO2. The medium was replaced
every 3 or 4 days.

6.2.6 Cell viability and proliferation

A viability study on chondrocytes incorporated in the hydrogels was performed with
a Live-dead assay. At day 3, 7 and 14, the hydrogel constructs were rinsed with PBS
and stained with calcein AM/ethidium homodimer using the Live-dead assay Kit
(Invitrogen), according to the manufacturers’ instructions. Hydrogel/cell constructs
were visualized using a fluorescence microscope (Zeiss). Living cells fluoresce green
and the nuclei of dead cells red. Quantification of total DNA of the constructs cultured
for 1, 7, 14 and 21 days was done using the CyQuant dye kit and a fluorescent plate
reader (Perkin-Elmer) as previously reported [34].

6.2.7 Swelling in the presence of chondrocytes

To evaluate the swelling behavior of hydrogels with chondrocytes incorporated, 50 µL
of a gel/cell construct was incubated in medium at 37 degrees Celsius in a humidified
atmosphere containing 5 % CO2. After 3 days, samples (n=3) were taken out of the
medium, weighed (Wsc) and then freeze-dried (Wdc). The degree of swelling was
expressed as (Wsc-Wdc)/Wdc.



6

104
CHAPTER 6. INJECTABLE ENZYMATICALLY CROSSLINKED

HEPARIN/DEXTRAN HYDROGELS

Table 6.1: Polymerase Chain Reaction Primers

RNA extraction and reverse transcriptasepolymerase chain reaction (RT-PCR).
After culturing the hydrogel/cell constructs in differentiation medium for 21 days,
the samples were collected and washed with PBS. After converting the gels into
pieces by pipetting, Trizol reagent (Invitrogen, Carlsbad, CA) was added to lysate
the cells. Total RNA was isolated using the Nucleospin RNA II kit (Bioke) according
to manufacturers instructions. The RNA yields were determined based on the A260.
Subsequently, the RNA (250 ng) was transcribed into single strand cDNA using the
iScript Kit (BioRad) according to the manufacturers recommendations. One micro-
liter of each normalized cDNA sample was analyzed using the SYBR Green PCR Core
Kit (Applied Biosystems) and a real-time PCR Cycler (BioRad). The expression of
collagen type II and aggrecan (Table 6.1) was analyzed and normalized to the expres-
sion of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The efficiency of the single PCR reactions was determined and incorporated into the
calculation.

6.2.8 Histological staining

Samples cultured for 21 days were fixed in 10 % formalin for 1 h. After embedding
the samples in paraffin, 5 µm sections were collected and rehydrated with xylene and
a series of ethanol (from 100 % until 70 %). The slides were left in distilled water for
10 minutes. Afterwards, toluidine blue (Fluka, 0,1 % in deionized water) was added
to the sections and left to incubate for 10 minutes. The slides were then washed with
water and dehydrated. Sections were analyzed using a bright field microscope.

6.2.9 Matrix production

The secretion of chondroitin sulfate and collagen type II by chondrocytes was evalu-
ated by immunofluorescent staining as previously reported [34]. For biochemical anal-
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ysis, the constructs cultured for 1, 7, 14 and 21 days were digested using proteinase-K
[20]. The total collagen content was determined using the hydroxyproline assay [35].
The hydroxyproline content was determined via a colorimetric assay by reaction with
chloramine T and dimethylaminobenzaldehyde. All values were corrected for the
background staining of gels without cells. Data (n=3, measured in triplicate) are
expressed as mean ± standard deviation (SD).

6.2.10 Statistical analysis

Statistical differences between two groups were analyzed using a Students t-test.
Those among three or more groups were analyzed using the One-way Analysis of
Variance (ANOVA) with Turkey’s post-hoc analysis. Statistical significance was set
to a p value <0.05. Results are presented as mean ± standard deviation.

6.3 Results and discussion

6.3.1 Hydrogel formation and gelation time

The key material of this study, a heparin-tyramine (Hep-TA) conjugate, with a degree
of substitution of tyramine residues of 15 (DS 15), was synthesized by the coupling
reaction of the amino group of tyramine to the carboxylic acid groups of heparin using
EDC/NHS activation. The, enzyme-mediated crosslinking of phenol moieties in the
presence of HRP and H2O2, a method successfully used in the preparation of hydrogels
from tyramine conjugated dextrans and phloretic acid conjugated chitosans [13, 14],
was applied to form hydrogels from the Hep-TA conjugates at polymer concentrations
of 10 and 20 % wt. In previous research it was shown that at concentrations of HRP
of 0.2 mg/mL and concentrations of H2O2 of 0.01 M, biocompatible hydrogel/cell
constructs were obtained [20]. These concentration ranges were also applied in the
preparation of the hydrogels of Hep-TA, Dex-TA and mixtures thereof.

Because a short gelation time is a prerequisite for injectable gel/cell constructs, the
gelation times of the Hep-TA hydrogels, as monitored at 37 degrees Celsius by the vial
tilting method, were first optimized (Figure 6.2a). It was found that, by increasing
the HRP concentration from 0.05 to 0.2 mg/mL, the gelation time decreased from
about 340 s to 30 s (p<0.05). Moreover, shorter gelation times (less than 60 s)
were observed for the 20 % wt hydrogels than for 10 % wt hydrogels, which can be
explained by the presence of more crosslinkable moieties in the 20 % wt hydrogels.
On the basis of these data, hydrogels from a mixture of Hep-TA (DS 15) and Dex-
TA (DS 15) were prepared at a polymer concentration of 20 % wt (Figure 6.1b).
The gelation times as a function of Dex-TA/Hep-TA weight ratio are presented in
Figure 6.2b. Generally, these gels had shorter gelation times than the hydrogels
based on Hep-TA. When the Dex-TA/Hep-TA ratio decreased from 75/25 to 25/75,
the gelation times slightly increased from 30 to 50 s. The increase in the gelation time
of heparin-containing hydrogels compared to Dex-TA hydrogels may be explained by
the unfavorable interactions with the active site of the enzyme caused by the acid
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Figure 6.1: (a) Synthesis of heparin-tyramine conjugates (Hep-TA). (b)
Hydrogel formation from dextran-tyramine (Dex-TA, black) and heparin-
tyramine conjugates (Hep-TA, grey) via HRP-mediated crosslinking in the
presence of H2O2.

Figure 6.2: (a) Gelation times of Hep-TA hydrogels (10 and 20 % wt) as
a function of HRP concentration. The molar ratio of H2O2/TA was kept at
0.2. (b) Gelation times of Hep-TA/Dex-TA hydrogels (20 % wt) as a function
of Hep-TA/Dex-TA ratio (w/w). The concentrations of HRP and H2O2 were
kept at 0.05 mg/mL and 0.01 M, respectively. (n=3, ** p<0.01)
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Figure 6.3: Heparin content (wt % in dry gel mass) of extracted 20 % wt
Dex-TA/Hep-TA hydrogels.

groups in heparin chains (e.g. - NHSO3
-, -OSO3

- and -COO-) either through steric
hindrance or charge interactions [36].

6.3.2 Hydrogel characterization

The incorporation of heparin in Dex-TA hydrogels was confirmed by a toluidine blue
assay. The values of heparin content were close to the theoretical values at which
the gels were prepared (Figure 6.3b). This indicated that Hep-TA conjugates were
successfully co-crosslinked with Dex-TA conjugates to form a hydrogel. The degrees
of swelling of 20 % wt hydrogels at different Dex-TA/Hep-TA weight ratios are shown
in Figure 6.4. The Hep-TA hydrogels had a higher degree of swelling than the Dex-TA
hydrogel (16.7 vs. 4.9). Increasing the heparin content in Hep-TA in Dex-TA/Hep-TA
hydrogels also showed an increase in the swelling values of the hydrogel (p<0.05). It
needs to be mentioned here that both Dex-TA and Hep-TA had a DS of 15. Because
Hep-TA comprises disaccharide units, while Dex-TA comprises mono-saccharide re-
peating units, at the same polymer concentration, the TA concentration in Hep-TA
solutions is always half of the TA concentration in Dex-TA solutions. This leads to
a decreased crosslinking density of Hep-TA hydrogels as compared to Dex-TA gels at
similar concentrations. Therefore, the high degree of swelling of Hep-TA containing
hydrogels can be either due to the lower crosslinking density or due to the electro-
static repulsive force between negatively-charged carboxylic acid and sulfate groups
in the heparin at the physiological pH of 7.4. Rheological measurements were per-
formed to study the influence of the heparin content on the mechanical properties of
the hydrogels. The hydrogel prepared from Hep-TA at a concentration of 20 % wt
showed a low storage modulus of 3.6 kPa. The storage moduli of the Dex-TA/Hep-TA
hydrogels increased from 3.6 to 48 kPa with decreasing ratio in the gels (Figure 6.5).
This shows that heparin containing gels with an appropriate modulus can be obtained
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Figure 6.4: The degree of swelling of Dex-TA/Hep-TA hydrogels. (n=3, *
p<0.05; **p<0.01 vs. 0/100 gel)

Figure 6.5: Storage moduli of Dex-TA/Hep-TA hydrogels. The concentra-
tions of HRP and H2O2 were 0.05 mg/mL and 0.01 M, respectively (n=1).

by selecting the proper ratio of Dex-TA and Hep-TA to form the gels. The frequency
and strain sweeps of 20 % wt Dex-TA/Hep-TA hydrogels are presented in Figure 6.6.
From the frequency sweep experiments it is found that the hydrogels are elastic and
the storage modulus is not dependent on the frequency (Figure 6a). The strain sweep
tests show that the storage moduli of the hydrogels with a high Dex-TA/Hep-TA
weight ratio (50/50 or 100/0) were strain independent within a strain range of 0.1-1
% (Figure 6.6b). As the strain increased to 2 % or even higher values, the storage
moduli decreased, indicating a breakdown of the network. However, the moduli of
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Figure 6.6: (a) Frequency sweep and (b) strain sweep of Dex-TA/Hep-TA
hydrogels.

the hydrogels with a Dex-TA/Hep-TA weight ratio of 25/75 and 0/100 appeared in-
dependent of the strain up to 10%, suggesting that these hydrogels are quite robust.
Moreover, the G decreased more rapidly with increasing strain at a higher Dex-TA
content.

6.3.3 Cell viability and proliferation

Dex-TA and Dex-TA/Hep-TA hydrogels at Dex-TA/Hep-TA weight ratios of 100/0,
72/25, 50/50 and 25/75 were chosen for the biological studies. This selection was
made because these gels have a shorter gelation time and a higher storage modulus
compared to Hep-TA hydrogels. The biocompatibility of 20 % wt hydrogels was
analyzed by a Live-dead assay after culturing for 3, 7 and 14 days, in which live cells
fluoresce green and dead cells fluoresce red. At day 3, about 10-15 % dead cells were
present in the Dex-TA hydrogels, while over 95 % chondrocytes remained viable in the
Dex-TA/Hep-TA and Hep-TA hydrogels (Figure 6.7). The relatively low cell viability
observed for the Dex-TA hydrogel may be attributed to the high crosslinking density
of the hydrogels [37], and/or a limited nutrients supply resulting from the low degree
of swelling in medium (Figure 6.8). A CyQuant DNA assay was used to determine
the viability and proliferation of chondrocytes inside the Dex-TA/Hep-TA hydrogels
up to 21 days (Figure 6.9). In general, the DNA content increased in time for the
hydrogels at different Dex-TA/Hep-TA ratios from 100/0 to 25/75, indicative of cell
proliferation. The chondrocytes in the hydrogels containing both Dex-TA and Hep-
TA conjugates proliferated better than in Dex-TA hydrogels at all time intervals.
This can be ascribed to both the enhancement of nutrient exchange in these highly
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Figure 6.7: Live-dead assay showing the chondrocytes incorporated in Dex-
TA/Hep-TA hydrogels after 3, 7 and 14 days in culture. Cell density is 5
million cells/mL gel. Scale bar: 200 µm.

swollen hydrogels and the potential biological role of heparin on the chondrocytes [9,
30, 39-41]. The 50/50 Dex-TA/Hep-TA hydrogel revealed the best proliferation of
chondrocytes compared to the others (25/75 and 75/25), which suggested that there
exists an optimal Dex-TA/Hep-TA ratio for cell proliferation.

6.3.4 Matrix production

The abilities of chondrocytes to maintain a chondrocytic phenotype and to form carti-
laginous tissue in vitro were evaluated after culturing in differentiation medium up to
21 days. Gene expression of collagen type I and II and aggrecan were analyzed using
RT-PCR. It is shown that the gene expression levels were dependent on the composi-
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Figure 6.8: Degree of swelling of 20 % wt Dex-TA/Hep-TA hydrogels con-
taining chondrocytes after incubating for 3 days in vitro. Cell seeding density:
5 million cells/mL. (n=3, * p<0.05).

Figure 6.9: DNA content of 20 % wt Dex-TA/Hep-TA hydrogels containing
chondrocytes after in vitro culturing for 1, 7, 14 and 21 days. Cell seeding
density: 5 million cells/mL. (* p<0.05, ** p<0.01).
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Figure 6.10: Real-time PCR of cartilage specific markers (aggrecan and
collagen type I and II) by incorporated chondrocytes in 20 % wt Dex-TA/Hep-
TA hydrogels after 21 days in culture. The expressions of collagen type I and
II and aggrecan were normalized to the expression of the housekeeping gene
GAPDH. (** p<0.01 vs. 100/0 gel; p<0.05 vs. 50/50 gel; p<0.01 vs. 50/50
gel; p<0.01 vs. 75/25 gel; p<0.05 vs. 75/25 gel).

tion of the hydrogels (Figure 6.10). The chondrocytes in Dex-TA/Hep-TA hydrogels
maintained significantly higher levels of aggrecan and type II collagen gene expressions
compared to those in Dex-TA hydrogels (p<0.01). In contrast, Dex-TA hydrogels ex-
pressed collagen transcripts mainly of type I instead of type II, suggesting a loss of
chondrocyte phenotype. Additionally, the heparin present in the hydrogels was found
to up-regulate aggrecan and collagen type II mRNA levels in a content-dependent
manner. For example, it was observed that aggrecan gene expression was maximized
when the Dex-TA/Hep-TA weight ratio was 50/50 while collagen type II gene ex-
pression was highest for hydrogels with Dex-TA/Hep-TA weight ratio of 50/50 and
25/75. Toluidine blue was used to stain deposited proteoglycans by chondrocytes in
Dex-TA/Hep-TA hydrogels cultured for 21 days (Figure 6.11). Proteoglycans staining
purple/blue were observed in Dex-TA hydrogels. Unfortunately, in Dex-TA/Hep-TA
hydrogels, due to the presence of heparin, which is stained positive using toluidine
blue, the gels showed intense background staining. Thus, immunofluorescence stain-
ing of chondroitin sulfate and collagen type II was used to detect the accumulation
of newly formed cartilaginous matrix. The results confirmed the production of car-
tilaginous matrix in Dex-TA/Hep-TA hydrogels (Figure 6.12 and 6.13). The 50/50
and 25/75 Dex-TA/Hep-TA hydrogels showed a more intense staining of chondroitin
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Figure 6.11: Toluidine blue staining of the hydrogels with Dex-TA/Hep-TA
weight ratios of 100/0 (A), 75/25 (B), 50/50 (C) and 25/75 (D) after culturing
for 21 days. Scale bar: 100 µm.

sulfate and collagen type II than the 100/0 and 75/25 gels. In addition, chondroitin
sulfate in 100/0 and 75/25 hydrogels was only present in the pericellular region, while
in 50/50 and 25/75 hydrogels, the chondroitin sulfate was evenly distributed over
the pericellular and extracellular region. Since the 50/50 and 25/75 Dex-TA/Hep-
TA hydrogels showed a degree of swelling of 16, statistically higher than 100/0 and
75/25 gels (9 and 13, respectively) (Figure 6.8), 50/50 and 25/75 hydrogels may in-
duce more facilitated proteoglycan diffusion into the extracellular regions, thereby
resulting in a more even distribution. This observation is similar to that observed for
PEG-based hydrogels. These materials induced facilitated proteoglycan diffusion into
the extracellular regions of the scaffolds at a degree of swelling higher than 9.3 [38].

The total collagen content was determined by a hydroxyproline assay, in which
hydroxyproline makes up 12.5 % wt of collagen [35]. The total collagen accumulation
increased in time and reached the highest value at day 21 at all gel compositions
(Figure 6.14a). Hydrogels comprising both Dex-TA and Hep-TA showed significantly
higher collagen production compared to Dex-TA hydrogels (p<0.05). Moreover, the
highest collagen production was obtained from the 50/50 and 25/75 Dex-TA/Hep-TA
hydrogel. This is consistent with the results for collagen type II staining and the
RT-PCR findings for collagen type II gene expression. When normalized to the DNA
content, the total collagen content was statistically similar in all five systems at each
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Figure 6.12: Chondroitin sulfate immunofluorescent staining of the Dex-
TA/Hep-TA hydrogels containing chondrocytes after in vitro culturing for 21
days. Different Dex-TA/Hep-TA ratios: 100/0 (E and F), 75/25 (G and H),
50/50 (I and J) and 25/75 (K and L). The section of bovine cartilage without
or with incubation with primary antibodies was used as a negative (A and B)
and positive (C and D) control, respectively.

time point (Figure 6.14b).

The improvement of chondrocyte performance in the Dex-TA/Hep-TA hydrogels
with respect to Dex-TA hydrogels may be due to several reasons. First, heparin can
interact with ECM components such as fibronectin and collagen via either electro-
static or specific interactions. Through these interactions, heparin can modulate cell
signaling, cellmatrix interactions and matrix assembly [30, 39, 40]. Second, the incor-
poration of negatively charged heparin moieties into Dex-TA hydrogels contributes to
the increase in hydrogel swelling and the decrease of the storage modulus. This may
result in a gel network with appropriate crosslinking density which allows good trans-
portation of nutrients to the chondrocytes. Third, heparin can bind growth factors
supplemented in medium or secreted by chondrocytes such as TGF-β3. TGF-β3 is
a protein that regulates many aspects of cellular activity, including cell proliferation,
differentiation, and ECM deposition in the process of cartilage regeneration [41, 42].
Thus, the hydrogel system serves as a reservoir for these crucial proteins, creating a
biomimetic microenvironment favorable for chondrogenesis.
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Figure 6.13: Collagen type II immunofluorescent staining of the Dex-
TA/Hep-TA hydrogels containing chondrocytes after in vitro culturing for 21
days. Different Dex-TA/Hep-TA ratios: 100/0 (C), 75/25 (D), 50/50 (E) and
25/75 (F). The section of pellet human chondrocytes at 21 days without or
with incubation with primary antibodies was used as a negative (A) and pos-
itive (B) control, respectively.

Figure 6.14: (a) Total collagen in Dex-TA/Hep-TA hydrogels containing
chondrocytes after in vitro culturing for 1, 7, 14 and 21 days. Cell seeding
density: 5 million cells/mL. (* p<0.05, ** p<0.01).
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6.4 Conclusions

We have shown that injectable hydrogels containing a naturally occurring glycosamino-
glycan, heparin, can be prepared via enzymatic crosslinking of Dex-TA and Hep-TA
conjugates. The results showed that incorporation of heparin into the hydrogels
greatly improved the hydrogel swelling properties, which is favorable for good nu-
trient transportation for cell culture. On the other hand, the combination of Dex-TA
and Hep-TA afforded hydrogels with faster gelation and a higher storage modulus
compared to Hep-TA hydrogels. Bovine chondrocytes were incorporated in these
gels during gelation. The results showed that the hydrogel with a Dex-TA/Hep-TA
weight ratio of 50/50 induced the best chondrocyte viability and proliferation, and
an enhanced matrix production as compared to the hydrogels from Dex-TA conju-
gates. These results indicate that Dex-TA/Hep-TA hydrogels have a high potential
as matrices for cartilage tissue engineering.
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Abstract

Small cartilage defects are frequently encountered in arthroscopic procedures. The
majority of these defects are treated with debridement or left untreated, predispos-
ing to early onset osteoarthritis. Here, we propose to fill up these defects with a
cell-free injectable, in situ gelating hydrogel comprising dextran-tyramine conjugates
(Dex-TA) that can be readily applied during arthroscopic procedures. In this study,
we report on the mechanism of adhesion between cartilage and Dex-TA hydrogels
and enhancement of cell ingrowth by incorporation of Heparin-tyramine (Hep-TA)
conjugates.

The crosslinking reaction of Dex-TA and Hep-TA hydrogels is based on the cova-
lent binding of hydroxyphenyl residues catalyzed by horseradish-peroxidase (HRP).
We hypothesized that the crosslinking reaction may result in covalent bonding of hy-
droxyphenyl residues, available in Dex-TA and Hep-TA conjugates to tyrosine residues
in cartilage matrix proteins. The involvement of TA residues in the bonding was con-
firmed by modelling the enzymatic reaction occurring during hydrogel gelation. Inter-
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estingly, the mechanical analysis indicated that when the tyramine content increased,
stronger binding was achieved. Interfacial cartilage-hydrogel morphology and Raman
spectroscopy demonstrated the reorganization of collagens and evidenced the coupling
of tyramine residues to tyrosine residues in collagen. Moreover, Dex-TA allowed cell
migration and the addition of Hep-TA induced cell recruitment.

Collectively, in vitro and ex vivo functional studies provided strong evidence for
covalent bonding of hydrogels conjugated with tyramine to tyrosine residues in carti-
lage matrix proteins. The ability of these hydrogels to attract cells could be explored
as a cell-free system to guide tissue repair in focal cartilage defects, preventing or
delaying the onset of osteoarthritis.

7.1 Introduction

Articular cartilage degeneration is part of the clinical condition of osteoarthritis (OA).
OA is the most common cause of chronic musculoskeletal pain and mobility disabil-
ity. A diversity of treatments has the prospective to improve healing of articular
surfaces, including micro-fracture of subchondral bone, mosaicplasty, autologous cell
implantation (ACI), growth factors, and artificial matrices [1]. However, each of these
methods exhibits disadvantages, for instance micro-fracture leads to fibro-cartilage,
mosaicplasty results in poor integration and donor site morbidity and with ACI more
hyaline cartilage is obtained, yet the long term outcome is still debated [2,3,4,5]. The
use of an artificial matrix for filling up small focal defects is an attractive strategy for
treatment of defects that are otherwise left untreated and may ultimately predispose
to early onset osteoarthritis. We hypothesize that by applying a biocompatible and
degradable hydrogel directly after the debridement, mechanical stability of cartilage
can be improved while facilitating tissue regeneration. Such hydrogel may counteract
mechanically induced cartilage erosion and, thus may effectively delay or even prevent
the development of osteoarthritis. Ideally, the hydrogel should also be an adhesive
material that can be applied in analogy to wound dressings [6].

To translate this to an approach that can be applied during an arthroscopic pro-
cedure, the following pre-requisites have to be fulfilled: i) the material should ini-
tially be fluid to fill up irregular defects, ii) should improve mechanical stability, iii)
preferably mimic cartilaginous matrix properties, and finally iv) should be fully com-
patible with cell growth and tissue remodeling. More importantly, and in addition
to these features, the biomaterial must bind strongly to the native tissue, preferably
by covalent bonding. Hydrogels consisting of natural polymers are likely to fulfil
these requirements, due to their resemblance to the cartilaginous matrix [7,8,9,10].
Injectable hydrogels are of particular interest for cartilage tissue engineering, since
they can be applied in minimally invasive procedures [11]. Enzymatic crosslinking
is an increasingly attractive method to induce in situ hydrogel formation due to the
mildness of the process. Naturally occurring enzymes such as transglutaminases and
peroxidases are commonly used as the catalysts [12,13,14,15]. Peroxidases are natural
cross-linkers commonly used for enzyme-catalyzed polymerization and are involved in
several catalytic processes within the human body. Examples of such enzymes are
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eosinophil peroxidase, myeloperoxidase and lactoperoxidase [16,17]. We and others
have previously reported the introduction of hydroxyphenyl groups in the backbone
of naturally occurring polymers, such as dextran, hyaluronic acid and chitosan, which
allow in situ gelation mediated by non-toxic concentrations of H2O2 and horseradish
peroxidase. Using this system, covalent bonds between hydroxyphenyl groups are ef-
ficiently formed. Hydroxyphenyl residues are also present in tyrosine suggesting that
during in situ gel formation the polymers may covalently bind to tyrosine-containing
extracellular matrix proteins.

Commercially available tissue glues for surgical purposes based on fibrin are the
current golden standard. Although biocompatible, these glues tend to rapidly de-
grade, in particular in the presence of increasing concentrations of chondrocytes [18].
Other injectable adhesive hydrogels based on chitosan show initial fixation, yet are
slowly gelating and mechanically fragile [19]. An elegant multi-step system using
chondroitin sulphate (CS)-based glue to covalently link cartilage to a hydrogel [20]
has been reported. This approach improves the mechanical stability, however it re-
quires an invasive procedure involving cartilage digestion followed by UV crosslinking.
More recently, a scaffold adhesive based on CS and polyethylene glycol (PEG) has
been described [21]. Although these CS-PEG gels were able to covalently crosslink
to primary amines of collagens by the formation of amide bonds, they were not per-
missive for cell ingrowth and matrix remodelling. The ability of hydrogels to equally
facilitate cell infiltration and matrix production is fundamental to develop a cell-
free biomaterial to guide tissue repair. Cell-free systems demand less legislation for
FDA approval; consequently, translation into clinical settings can occur more rapidly.
Moreover, additional surgeries to collect autologous chondrocytes are avoided, as well
as time and resource-consuming cell expansion steps.

Simultaneous positioning of a material at the diseased cartilage surface and cell-
homing by one simple injection are keys for the success of cartilage repair strategies.
Therefore, in this study, we explored the potential of covalent bond formation between
the hydroxyphenyl groups present in both Dex-TA and cartilage matrix components,
by evaluating whether Dex-TA based hydrogels promote self-attachment during the
enzymatic crosslinking reaction. Additionally, we optimized the hydrogel features to
enable cell invasion by incorporation of heparin components.

7.2 Materials and Methods

7.2.1 Synthesis of Dextran-Tyramine conjugates (Dex-TA)

Dextran from leoconostoc ssp. (Mn,dextran =14 k) and p-nitrophenyl chloroformate
(PNC) were purchased from Fluka. Tyramine (TA), N,N-dimethylformamide (DMF)
anhydrous 99,8 %, hydrogen peroxide (H2O2), pyridine anhydrous 99,8 %, lithium
chloride (LiCl) and phosphorus pentoxide were obtained from Sigma-Aldrich. Hep-
arin sodium (from porcine intestinal mucosa, molecular weight ranges from 3 to 30
kg/mol) was purchased from Celsus. Horseradish peroxidase (HRP, type VI, 256
purpurogallin unit/mg solid) was purchased from Sigma and used without further
purification. Phosphate-buffered saline (PBS, 150mM, pH 7.4) was purchased from
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B. Braun Co. LiCl was dried at 80 degrees Celsius under vacuum in the presence of
phosphorus pentoxide. Dex-TA and Hep-TA were synthesized as previously described
[22,23,24].

7.2.2 Cell culture

Bovine primary chondrocytes were isolated from bovine knee articular cartilage by col-
lagenase digestion and cultured in chondrocyte expansion medium (DMEM containing
FBS, non essential amino acids, ascorbic acid, proline, penicilline/streptomycin and
fungizone) as previously described [14]. Cells were incorporated into the hydrogels
with a cell density of 10x106/mL (passage 0). The cell suspension was mixed with
the polymer. The H2O2 and HRP solutions were added to the polymer/cell sus-
pension and gelation occurred within one minute. The schematic representation of
Dex-TA crosslinking is shown in figure 7.9-b. The amount of HRP used was fixed at
0.25mg per mmol of TA moieties and the molar ratio of H2O2/TA was 0.20 (mol/mol).
Constructs were cultured in chondrocyte expansion medium. The gelation reaction
occurring in an artificially introduced bovine articular cartilage defect is depicted in
figure 7.9-c.

7.2.3 Articular cartilage in contact with Dex-TA: SEM and
histological analysis

Dex-TA hydrogels with primary chondrocytes were prepared on top of bovine knee
articular cartilage explants (1x1x0.2 cm). After 15 days of culture, the centres of
the constructs were visualized using wet mode Scanning Electron Microscopy (SEM)
(100 % humidity, 10.0 kV, 3.7 Torr, XL 30 ESEM-FEG Philips). For high-resolution
SEM (HR-SEM), Dex-TA hydrogels were prepared on top of bovine knee articular
cartilage squares (0.5x0.5x0.2 cm) and cross-sections of these squares, to evaluate
whether the hydrogels are able to bind equally to the cartilage surface and to deeper
cartilage zones. Biopsies from rat muscle and fat pad were also analysed. After
fixation in 10 % buffered formalin, the constructs were cut in half, dehydrated and
lyophilized (CPD030 Balzers Critical Point Dryer). Dried constructs were then coated
with gold (Cressington sputter coater) and sample centres were visualized using High
Resolution (HR)-SEM. For histological analysis, hydrogel/cell constructs were formed
on top of articular cartilage squares and collected after 21 days in culture. Samples
of muscle and fat pad with Dex-TA were also processed for histology. Samples were
embedded in paraffin and sections of 5 micron were used for the staining with Safranin
O. After rehydration, the samples were counterstained with haematoxylin and fast
green. After rinsing with acetic acid solution (1 %), the sections were stained with
Safranin O solution (0.1 %) and dehydrated. Slides were assembled with resinous
medium for visualization using light microscopy (Nikon Eclipse E-400).
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7.2.4 Mechanical testing

Bovine articular cartilage explants were fixated in 4 % buffered formalin and immobi-
lized in the Dynamic Mechanical Analyzer (DMA) sample holders. Hydrogel samples
were directly crosslinked onto the cartilage. As control, previously crosslinked hydro-
gels were placed onto the cartilage. The DMA 8000 (PerkinElmer) was calibrated
in shear setup. The storage modulus and damping factor were measured at room
temperature. Average and standard deviations were calculated over similar time
frames. Values were afterwards converted into percentages, with Dex-TA 14k-15 in
situ crosslinked onto cartilage set to 100 %.

7.2.5 Micro-Raman spectroscopy

Fresh bovine articular cartilage pieces (1x3x3 mm) were collected. Dex-TA, dis-
solved in PBS, was directly crosslinked on top of the cartilage. The gel and cartilage
pieces without gel were used as controls. Raman measurements were carried out on
non-fixed freshly assembled samples. Raman measurements were performed using a
custom-built confocal Raman spectrometer. A Kr-ion laser (Coherent, Innova 90-K,
Santa Clara, CA) with an emission wavelength of 647.1 nm was used as an excitation
source. Raman spectra of a 30x30 µm scan area were collected (Power: 35mW, 30xW
objective, 50 ms/pixel accumulation time) as previously described [25,26]. A Raman
calibration standard (toluene) with accurately known peak frequencies was used for
wave number calibration of the spectra. All data manipulations were performed using
routines written in MATLAB 7.4 (The Math Works Inc.). After hierarchical cluster
analysis, a Raman cluster image and spectra for each cluster were obtained [25,27].
The peaks of interest were analysed using Origin software and Matlab.

7.2.6 Crosslinking of fluorescent labeled tyramide with
components in the ECM of articular cartilage

Cy5-labeled tyramide (PerkinElmer) stock solution was prepared according to man-
ufacturer’s instructions and further dilutions were prepared in amplification diluent
(PerkinElmer, USA). Articular cartilage explants (1x3x3 mm) were incubated for 1
hour at 37 degrees Celsius with Chondroitinase ABC (5,146 units/mL in 0,01 % BSA
in PBS, Sigma). As a negative control, Chondroitinase ABC was replaced by PBS.
Explants were washed with PBS and incubated with Cy5-labelled tyramide (1:50 or
1:100 dilutions of the stock solution, as supplied by the manufacturer), H2O2 and
HRP for 10 minutes, under agitation. As a negative control, HRP was replaced by
PBS. The volume ratio of HRP/H2O2 used was 286/218 and the volume ratio of
(HRP+H2O2)/diluted tyramide was 1/4. Samples were visualized by fluorescence
microscopy (Nikon E-400). All pictures were taken at the same exposure time. For
quantification of fluorescence intensities, the mean colour of the pictures of the sam-
ples was determined using Corel Photo Paint 12 software. The colour scale ranges
from 0 to 255, in which a value of 0 correlates with a pure black sample and a colour
of 255 represents a pure red sample.
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7.2.7 Cell adhesion and cell migration assay

Cell migration assays were performed using a transwell system. Dex-TA/Hep-TA
hydrogels in ratios of 100/0, 75/25, 50/50 and 25/75 (final polymer content of 20 %
(w/v)) were placed on the bottom of migration plates (Kit CytoSelect 24-well Cell Mi-
gration Assay 8 µm, Colorimetric format; CBA-100 Cell Biolabs, Inc.). Chondrocytes
were isolated from human articular cartilage, obtained after total joint replacement
surgery. Cartilage explants were kept in culture for two weeks to allow isolation of
chondrocyte progenitor cells, as described elsewhere [28], or immediately digested us-
ing collagenase type II (Worthington), to isolate the chondrocytes. Isolated cells were
seeded in a density of 3000 cells per cm2. Cells were expanded until use (passage
2). The insert was filled with 300 µL of a cell suspension containing 2 million hu-
man chondrocytes (hChond) or chondrocyte progenitor cells (hCPC)/ml in serum-free
medium and cultured for 24 hours. Afterwards, the medium was carefully aspirated
from the inside of the insert. The interior of the inserts was swabbed to remove all
non-migratory cells. The inserts were transferred to a clean well containing 400 µL
of Cell Stain Solution and were incubated for 10 minutes at room temperature. The
stained inserts were washed several times and allowed to dry to air. Each insert was
transferred to an empty well and 200 µL of Extraction Solution was added. After
10 minutes of incubation, each sample was transferred to a 96-well microtiter plate
and the optical density (OD) at 560 nm was measured in a plate reader. The mi-
gration of cells within the hydrogels was also assessed. Dex-TA gels containing cells
were prepared on top of Hep-TA gels without cells. Dex-TA gels contained 0.25x106

bovine primary chondrocytes (P2). Gels were removed from the wells and put upside
down (Dex-TA on the bottom) in a cell culture plate, with chondrocyte expansion
medium. Samples were fixated in 10 % buffered formalin at day 1, 3, 7 and 14.
Cryosections (20µm thickness) were stained for 10 minutes with 0.1 % toluidine blue
solution (Fluka). After washing, samples were incubated with DAPI (100x diluted,
Vector Laboratories) and analyzed by light and fluorescent microscopy.

7.3 Results

7.3.1 Higher number of hydroxyphenyl groups enabled stronger
adhesion to the host tissue

Adhesion of a biomaterial to native cartilage is considered as a critical step in in-
tegrative cartilage tissue repair [29]. Figures 7.1-a and 7.1-b show a construct of
bone-cartilage-hydrogel-cartilage-bone. Notably, Dex-TA with higher degree of sub-
stitution visually resembled cartilage and allowed the support of the whole construct.
A dynamic mechanical analyzer (DMA) was used to measure the adhesion strength
between cartilage and Dex-TA hydrogels. The shear setup was selected to determine
the shear moduli of hydrogels with two different degrees of substitution: DS8 and
DS15. In this way, the amount of hydroxyphenyl groups available for crosslinking
within the polymeric network and onto the cartilage surface is almost doubled. The
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Figure 7.1: Hydrogel adhesion and maximal shear modulus. a. and b. Con-
struct consisting of two bovine explants of sub-chondral bone covered with a
layer of cartilage of 1 cm2 with a layer of in situ formed Dex-TA hydrogel
between the explants. The final construct shows high stability when held hor-
izontally between tweezers. c, Maximal shear modulus (relative) of cartilage
with 14k-DS8 and 14k-DS15 Dex-TA hydrogels formed in situ and for cartilage
combined with pre-gelated 14k-DS8 and 14k-DS15 Dex-TA hydrogels.
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maximal shear moduli were determined both for hydrogels crosslinked in situ on top
of the cartilage and apart from the cartilage (Figure 7.1-c). In the latter case the
gel and cartilage were joined together before measurements. Interestingly, the shear
moduli of Dex-TA hydrogels in situ formed on cartilage were higher than for hydrogels
combined with cartilage after gelation. In addition, the maximal shear moduli for the
gels based on DS15 were higher than those based on DS8. Thus, higher degrees of sub-
stitution lead to both mechanically stronger gels [22] and to higher adhesion strength
between the hydrogel and the native tissue, which lead us to investigate further the
hypothesis of covalent bonding of the gels to tyrosine residues of the cartilage.

7.3.2 Analysis of the hydrogel - cartilage interface showed
evidence for gel-tissue integration

When simulating in situ gelation of Dex-TA polymers together with 10x106 chondro-
cytes/ml in an articular cartilage defect created in the bovine patella, we observed
smooth filling of the defect (figure 7.2-a). Consequently, we investigated the inter-
face between the host tissue and the Dex-TA hydrogel in more detail. Representative
histological analysis of sections showed the integration of Dex-TA hydrogels with ar-
ticular cartilage, as shown in figures 7.2-b and c. The constructs of gel-cells/cartilage
were cultured for 21 days with no further addition of growth factors. A gradient of
proteoglycans in the hydrogel was visible, as evidenced by the increase in intensity
of Safranin O staining (glycosaminoglycans stain red/pink). This staining decreased
with increasing distance to the cartilage interface (figure 7.2-b), suggesting integrative
interaction between the hydrogel and the cartilage. Intense safranin O staining was
also observed surrounding the chondrocytes. Picrosirius red staining, which is used
to visualize collagens under polarized light, showed a highly intense staining in the
interface area and in the pericellular matrix surrounding chondrocytes embedded in
the hydrogel, as shown in figure 7.2-c.

7.3.3 Bonding of the polymers to collagen fibrils in the
cartilaginous matrix

To visualize the interface between in situ crosslinked Dex-TA hydrogels and articular
cartilage at the micro and nanometre scale, two approaches were used: wet SEM and
HR SEM imaging. In wet SEM, a smooth transition between Dex-TA hydrogel and
articular cartilage was observed, as shown in figure 7.3-a. Due to the high pressure,
water was extracted from the hydrogel but not from the cartilage, chondrocytes in
the cartilage are visible as spheres allowing easy discrimination of the gel and native
cartilage. Secondly, HR-SEM was performed to analyse the interface at the nanometre
scale. The cross-sections shown in figures 7.3-b and 7.3-c clearly showed attachment
of the hydrogels to articular cartilage through interconnections with cartilage ECM
components. It is likely that these ECM components are collagen fibrils, since the D
period in the observed fibrils was clearly visible at high magnifications (figure 7.3-c).
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Figure 7.2: Overview and histological evaluation of cartilage defects filled
up with Dex-TA hydrogel. a. A cartilage defect in the bovine patella is filled
up with a Dex-TA hydrogel combined with bovine chondrocytes. The gel is
applied using a dual syringe in which one chamber contains the cell suspension
(10 million cells per mL) and the polymer (final volume of 10 % w/v) while
the other chamber contains HRP and H2O2. After mixing both chambers
contents together along the circular final mixing compartment, gelation occurs
within one minute which results in total filling of the defect, as shown in the
detailed picture of the simulated defect site at the right. b. Safranin O staining
indicating in pink/red the accumulation of glycosaminoglycans. The white
arrows indicate the cells incorporated in the hydrogel. A decreasing gradient
of glycosaminoglycans (GAGs), from cartilage to the hydrogel, indicating that
diffusion of GAGs through the interface takes place. In addition, safranin O
staining is surrounding the chondrocytes embedded in the hydrogel, indicating
newly formed GAGs. c. Picrosirius red staining, visualized by polarized light,
demonstrates the presence of collagen fibrils at the cartilage/hydrogel interface
and surrounding the chondrocytes embedded in the hydrogel, indicated by the
white arrows.
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Figure 7.3: Morphological analysis of the cartilage-Dex-TA hydrogel inter-
face. a, Representative wet mode SEM images showing a smooth transition
between Dex-TA hydrogels and cartilage The arrow indicates the cartilage-
Dex-TA hydrogel interface. c and d, Representative HR-SEM pictures showing
increasing magnifications of the hydrogel-cartilage interface. The images are
suggestive for a direct interaction between the hydrogel and collagen fibrils of
which the D period is clearly visible at higher magnifications (with arrows).
The magnifications are indicated in the figures.
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7.3.4 Formation of new C-C and C-O-C bonds suggestive of
covalent bond formation

The intricate interaction of Dex-TA with collagen fibrils and the increase of adhesion
strength when more hydroxyphenyl groups were present are strongly suggestive that
the formation of covalent bonds with ECM proteins has taken place. We next used
Raman micro-spectroscopy to identify the nature of the molecular interaction between
the hydrogel and the cartilage. The interface of cartilage and the in situ formed Dex-
TA was scanned and the spectra were analysed by hierarchal cluster analysis allowing
discrimination of hydrogel only, cartilage only and interface spectra (figures 7.4-b to
7.4-d). The red spectrum represents the average spectra of pixels corresponding to
the interface region between hydrogel and cartilage. This interfacial region spectrum
showed different spectral properties compared to the spectra of hydrogel and cartilage
only. Detailed analysis showed the presence of spectral features of both cartilage
and hydrogel in the interface (figure 7.4-c and d). However, when enlarged also
new features such as shifts in peaks, new peaks and reshaped peaks could clearly be
identified as specific for this region (7.4-e to 7.4-i). These new peaks are listed in table
7.1, according to Movasaghi et al [30]. These peaks could be assigned to collagens,
polysaccharides and aminoacids (especially tyrosine). Interestingly, new peaks could
also be assigned to remodelling of C-C and C-O-C bonds which are formed during
the peroxidase mediated crosslinking. An intricate interaction between cartilaginous
ECM proteins and the hydrogel was furthermore supported by the resulting interface
spectra with unique characteristics after subtraction of the hydrogel only spectrum
(figure 7.5).

7.3.5 HRP enabled covalent crosslinking of tyramide residues to
cartilage matrix

The enzymatic reaction occurring during crosslinking represented in figure 7.6-a on
cartilaginous tissue was mimicked by fluorescent labelled tyramide to confirm whether
the tyramine residues in Dex-TA were indeed involved in the adhesion reaction.
Fluorescent-labelled tyramides (TyrCy5) were used to visualize tyramides retained
on the cartilage surface after the peroxidase mediated crosslinking resulting in fluo-
rescence. Unbound tyramides were washed off and did not result in fluorescence of
cartilage explants. The effects of pre-digestion of articular cartilage by chondroitinase
and various concentrations of the labelled tyramide in combination with H2O2 and
HRP, were addressed. Figure 7.5-b shows a clear difference in the fluorescence level
between the samples incubated with and without HRP. When no HRP was present
the fluorescence level was lower. Moreover, a decrease in the fluorescence level could
be detected when using 1:100 instead of 1:50 diluted tyramides.
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Figure 7.4: Raman micro-spectroscopy of the interface area. a, White light
micrograph showing the scanned interface region of 30x30 µm (boxed). In
this area 1024 scans were taken. b, Hierarchical cluster analysis of 1024 Ra-
man scans (Power: 35mW, objective: 40xW, accumulation time 50 ms/pix)
identifies 3 different spectra corresponding to the hydrogel only (green), the
cartilage only (black) or the interface (red). c, d, Raman spectra of the Dex-
TA/cartilage interface with: the cartilage region (black cluster), the interface
region (red cluster) and the Dex-TA 14k-DS10 hydrogel region (green). c,
The most informative region of the spectrum; d, Spectrum showing the water
bands (Power: 35 mW, objective: 40xW, accumulation time 50 ms/pix). e-f,
Spectral range selections of figure c, of ∆=780-820 cm-1 and of ∆=1050-1230
cm-1, respectively, showing peaks of interest. g, Selected area of e, showing a
change at 816 cm-1. h, Selected area of e, showing a change at 857 cm-1. i,
Selected area of f, showing a change at 1122 cm-1.
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Table 7.1: Spectral interpretations of the Raman spectra. The detected
peaks of interest in the interface spectra, showing a shift when compared to
the spectra obtained from cartilage and hydrogel, are attributed to a specific
assignment, according to Movasaghi et al [30].

7.3.6 Covalent bonding of hydrogels to collagen-rich tissues other
than cartilage

We next examined whether in situ formed Dex-TA hydrogels could also covalently
bind to other tissues than cartilage by evaluating their interaction between the hy-
drogels and muscle or fat pad. The ECM of these two tissues consists mainly of
collagen type I with variations in quantity and structural organization. HR-SEM and
histological evaluation was performed on constructs of tissue explants with an in situ
formed layer of Dex-TA hydrogel. HR-SEM of the muscle-hydrogel interface showed
interactions of the hydrogel with collagen fibrils (figure 7.7-a). The fat pad/Dex-TA
interface observed by HR-SEM provided also evidence for an interaction between the
hydrogel and collagen fibrils but in line with the lower quantity of collagen fibrils in
fat tissue, the interactions were less abundant (figure 7.7-b). Histological analysis
showed a smooth interface area without any gaps between muscle and Dex-TA hy-
drogels resembling the interface between cartilage and hydrogels (figure 7.7-a, right
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Figure 7.5: Average Raman spectra of average red cluster subtracted by
average spectra of green cluster. Positive bands correspond to cartilage. Neg-
ative bands at 509, 541, 838 and 1132 cm-1 correspond to hydrogel. This shows
the uptake of hydrogel by the cartilage, which occurs at the interface.

image showing a section stained with H and E). The interface morphology between
the fat pad and Dex-TA showed areas with gaps (figure 7.7-b, right image showing a
section stained with H and E), suggesting that the bonding of the in situ formed hy-
drogel to different tissues is dependent on the amount of collagen in the extracellular
matrix of the respective tissue.

7.3.7 Incorporation of Hep-TA enabled cell adhesion and
triggered cell homing in Dex-TA hydrogels

In addition to the characterization of the self-attachment properties of Dex-TA, the
potential of this hydrogel to be used as a cell-free system was evaluated. Since the cell
interaction potential of Dex-TA is limited, hydrogels were prepared with Dex-TA and
Hep-TA hydrogels in different ratios to evaluate whether this strategy could induce
cell recruitment. The cell migration potential of these hydrogels was determined
by a trans-membrane migration assay. Two different cell types were used; human
chondrocytes and chondrocyte progenitor cells, which are known to exhibit a higher
migratory potential [28]. The results show that increasing contents of heparin induced
higher cell homing towards the hydrogels, with no significant difference between the
two cell types (Figure 7.8-a). In a dynamic cell seeding experiment, cells attached
to the outer surface of a Dex-TA hydrogel were observed but these cells invaded
the hydrogel only to a limited extent (figure 7.8-b). To test whether the Dex-TA
hydrogels were compatible with cell migration Dex-TA hydrogels were incorporated
with chondrocytes. Subsequently, a cell free Hep-TA hydrogel was prepared on top
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Figure 7.6: Enzymatic crosslinking of Cy5-labeled tyramide on bovine artic-
ular cartilage. a, Fluorescent microscopy images show representatives (n=4)
of bovine articular cartilage incubated with or without chondroitinase, with
and without HRP, with H2O2 and different concentrations of TyrCy5 (diluted
1:50 or 1:100). b, Fluorescence quantification of bovine articular cartilage in-
cubated with and without chondroitinase, in the presence or absence of HRP
and H2O2 with different concentrations of TyrCy5 (diluted 1:50 or 1:100). The
mean color of the pictures was determined for quantification of fluorescence
intensities (average of 3 spots within each sample, * P<0,05), average color:
0 = black, 255 = red. c, Schematic summary of the postulated enzymatic
crosslinking between Dex-TA conjugates and collagen molecules present in the
cartilage ECM via tyramine-tyrosine covalent bond formation.
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Figure 7.7: HR-SEM and histological images, showing the interface between
other collagen-rich tissues and Dex-TA hydrogel. a, HR-SEM pictures showing
the attachment of the hydrogels to muscle tissue via bonding to collagen fibrils
(left and middle) and a representative histological section with H and E stain-
ing demonstrating the smooth transition without gaps at the muscle/hydrogel
interface (right). b, HR-SEM pictures showing limited attachment of the hy-
drogels to fat tissue via bonding to collagen fibrils (left and middle) and a
representative histological section with H and E staining, demonstrating the
irregularities and poor attachment at the fat/hydrogel interface (right).

of these cell loaded Dex-TA hydrogels (Figure 7.8-c). Migration of cells through the
Dex-TA into Hep-TA gels could be tracked as the two gel types could be distinguished
by toluidine blue staining which stained heparin but not dextran. Interestingly, cell
migration against gravity into Hep-TA hydrogels was observed indicating that Dex-TA
hydrogels are compatible with cell migration and that the incorporation of Hep-TA
renders hydrogels chemo-attractant properties (figure 7.8-d), likely due to the high
affinity of heparin to bind with growth factors and chemokines.

7.4 Discussion

Hyaline cartilage regeneration remains challenging. Tissue engineering strategies may
provide promising avenues for restoring function when the tissues self-renewal capacity
cannot overcome the degeneration caused by disease, severe injury or age-related
wear. Polymeric scaffolds that can be applied in minimally invasive procedures are of
particular interest. These scaffolds can be designed to orchestrate ingrowth of tissue
progenitor cells and facilitate the repair process. in situ gelating hydrogels of natural
or synthetic polymers provide an excellent alignment with surrounding tissues, and
both cells and bioactive molecules can easily and homogeneously be incorporated
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Figure 7.8: Evaluation of the cell migratory potential of Dex-TA-based hy-
drogels. a. Cell migration assay using human chondrocytes (hChond) and
human chondrocyte progenitor cells (hCPCs). Dex-TA was mixed with Hep-
TA in different ratios: 100/0, 75/25, 50/50 and 25/75 to prepare hydrogels
and the migratory cells were quantified. Increasing contents of heparin in-
duced higher cell homing towards the hydrogels, with no significant difference
between cell types. b. Cell adhesion onto Dex-TA hydrogels was observed,
after dynamic cell seeding. The hydrogels were kept in a spinner flask for 7
days and afterwards an MTT assay was performed. The metabolically active
cells are stained in purple and can be visualized both at the surface and, to
a lesser extent, within the hydrogel, as shown by the cross-section. c. Repre-
sentation of the assembly of constructs of Dex-TA hydrogels containing cells,
with Dex-TA/Hep-TA 50/50 gels, without cells, on top. d. Migration of cells
through the Dex-TA into Dex-TA/Hep-TA 50/50 gels. Toluidine blue staining
was used to stain the heparin fraction. Cells were stained with DAPI, which
marks in blue the cell nuclei. Cell migration against gravity towards Dex-TA
mixed with Hep-TA hydrogels was detected after 24 hours in culture, as cells
were observed in the initial cell-free Dex-TA/Hep-TA 50/50 fraction.
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Figure 7.9: Synthesis and enzymatic crosslinking of Dex-TA conjugates and
proposed mechanism involved in the adhesion onto cartilage. a, In the first step
of the Dex-TA conjugates synthesis, p-nitrophenyl chloroformate is linked to
the dextran backbone. This step is followed by substitution of the nitrophenyl
group by tyramine through the formation of a urethane bond. b, Dex-TA
hydrogels are formed by the HRP catalyzed oxidative coupling of the phenol
groups of the tyramines present on the dextran backbone, via either carbon-
carbon bonds or carbon-oxygen-carbon bond formation. c. Mechanism of
enzymatic crosslinking between Dex-TA conjugates and collagen molecules
present in the cartilage ECM via tyramine-tyrosine covalent bond formation.
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[31]. However, despite all the advantages of such hydrogels, adequate integration of
the hydrogel with native tissue, which is a prerequisite for long term integration of
neo-tissue is still an unresolved challenge for most systems [32,33].

Previously, we and others have described hydrogels of natural polymers that gelate
in situ by an enzymatic cross linking reaction [14,15,22,23,24,34]. Particularly Dex-
TA and Hep-TA hydrogels have shown promising features for application in carti-
lage tissue engineering. These biodegradable hydrogels are formed by an enzymatic
crosslinking reaction mediated by HRP (Figure 7.8-a and 7.8-b). The crosslinking re-
action occurs under mild conditions and within one to two minutes and is compatible
with incorporation of cells [22,23,24]. The integration and interaction between these
hydrogels and native cartilage is of major importance, and, therefore, the main focus
of this study. Initial adhesion is the key to fast formation of homogeneous tissue with
sufficient mechanical stability and functionality [35]. Considering that the formation
of di-tyramine, di-tyrosine and the oxidative coupling of other phenols occurs under
the influence of HRP and H2O2 [36], we hypothesized that tyramine-tyrosine bonds
could be formed during the in situ crosslinking of tyramine-containing hydrogels onto
tyrosine-containing cartilaginous ECM proteins (figure 7.5-c and figure 7.8-c). A com-
parable mechanism has been described for poly(ethylene glycol)diacrylate (PEGDA)
crosslinking on cartilage via tyrosyl radicals [35]. However, this hydrogel-cartilage
crosslinking reaction is not based on phenol-phenol coupling and it demands a multi-
step approach, involving aggressive oxidation methods with UV exposure and high
H2O2 concentration (5 %). In contrast, mild oxidation methods with low H2O2 con-
centrations (less than 0,1 %) are used in the formation of Dex-TA hydrogels.

Here, we report the mechanism of adhesion between cartilage and peroxidase
crosslinkable Dex-TA hydrogel. Mechanical analysis of the hydrogel using a rheome-
ter has been previously described, providing information about the storage moduli of
Dex-TA with various degrees of substitution and molecular weight [22]. Interestingly,
our data showed that higher degrees of substitution do not only lead to stronger gels,
but also to higher adhesion strength between the hydrogel and the native host tissue.
This means that a higher number of tyramine groups are available in the polymer with
higher degree of substitution, not only favoring the enzymatic crosslinking reaction
between Dex-TA conjugates, but also between the conjugates and cartilage.

From the morphological analysis of the interfacial area between the host tissue
and the hydrogel, we concluded that Dex-TA hydrogels do not only attached to the
articular cartilage surface, but also to deeper zones of the cartilage, which can be a
useful property in the treatment of full thickness or sub-chondral cartilage defects.
Furthermore, three interesting phenomena were identified in the HR-SEM charac-
terizations: first, a zone of approximately 2 micrometers wide was observed where
the collagen fibrils in the articular cartilage could be identified; second, collagen fib-
rils were integrated into the hydrogel and finally, the collagen fibrils at the interface
clearly reflected alignment towards the hydrogel. We addressed whether these adhe-
sion events also take place when using other collagen-rich tissues. Similar results were
obtained for muscle tissue but not for fat pad. These differences can be explained by
the differences in collagen types, availability of collagen and, thus, by the availability
of tyrosine motifs in these tissues. Taken together, these observations strongly in-



7

140
CHAPTER 7. SELF-ATTACHING AND CELL-ATTRACTING

HYDROGELS

dicate the involvement of collagen fibrils in the immobilization of Dex-TA hydrogels
onto articular cartilage and other collagen-rich tissues, during in situ gelation.

Covalent bond formation between PEGDA and cartilage analyzed by ATR-FTIR
has been previously reported [35]. However, Raman spectroscopy performs better
than ATR-FTIR in aqueous environments, therefore this technique is more adequate
for the study of biological tissues and hydrogels [37,38]. This spectroscopic method
is non-invasive, thus, does not demand any processing of the samples prior to use.
Raman spectroscopy also allows for the identification of functional groups, bonding
types and molecular conformations [30]. Previously, in our group, we have described
the molecular finger-print of both dextran and cartilage tissue alone, using Raman
Spectroscopy [27,39]. In the present study, we described the unique molecular finger-
print of the interfacial area between the Dex-TA hydrogel and cartilage. Raman
micro-spectroscopy analysis indicated the involvement and reorganization of colla-
gen, polysaccharides and aminoacids, especially tyrosine, at the hydrogel/cartilage
interface. Furthermore, and of great interest, is the fact that the cluster identified
as being the interface between hydrogel and cartilage, when represented in a Ra-
man cluster image, corresponded to a zone of 2-3 micrometers wide, comparable to
the width of the region in which reorganized collagen fibrils were identified in the
HR-SEM characterization.

The enzymatic reaction occurring during crosslinking on cartilage was mimicked
by fluorescent labelled tyramide, to confirm whether the tyramine residues in Dex-
TA were involved in the adhesion reaction. Labelled tyramides were found to be
crosslinked on articular cartilage surfaces. The reaction was more efficient when more
tyramine groups are present. Moreover, pre-treatment with chondroitinase, which
degrades polysaccharides in cartilaginous ECM [40], induced a higher fluorescence
intensity. This increase occurred because collagens were likely more accessible for the
tyramines, HRP and H2O2. Indeed the presence of HRP appeared to be essential to
crosslink tyramine residues to cartilage matrix proteins. This mechanism is illustrated
in supplementary figure 1-c. However, we cannot exclude that the obtained results
could also be due to large tyramine complexes that were trapped in the extracellular
matrix or due to deeper penetration of tyramines as a result of the digestion treatment.

Finally, an enhanced cell migratory effect in Dex-TA hydrogels was achieved by
the incorporation of Hep-TA conjugates. Cells were likely attracted by the heparin,
which might have performed as a driving force for migration of cells through the
Dex-TA gel [41]. Heparin is a glycosaminoglycan, widely used as anticoagulant and
antilipemic agent [42], which interacts with proteins involved in cell adhesion, mi-
gration, proliferation and differentiation [41,43]. Cell migration against gravity in
Dex-TA hydrogels was possible and Hep-TA hydrogels were indeed able to induce cell
recruitment. Attracting cells passively to the biomaterial/articular cartilage interface
may lead to improved tissue integration. Moreover, because cells can be attracted
from surrounding tissues, combinations of Hep-TA and Dex-TA may be used as a
very effective cell-free system.
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7.5 Conclusion

Taken together, our data clearly confirmed that it is feasible to fill up cartilage defects
with an in situ gelating and mechanically stable hydrogel of natural polymers. Dur-
ing the crosslinking reaction, Dex-TA hydrogels firmly attached to the cartilage ECM
by covalent bonding to tyrosine residues in collagen fibrils. In addition, by mixing
combinations of natural polymers, for instance Dex-TA with Hep-TA, these hydrogels
can be tailored to attract and facilitate cellular ingrowth of chondrocytes or chondro-
cyte progenitor cells. Thus, hydrogels containing mixtures of Dex-TA and Hep-TA
conjugates are promising biomaterials for the development of a cell-free system that
can repair tissue defects, not only in cartilage but also in other collagen rich tissues.
To the best of our knowledge, this is the first system where cell migration and initial
fixation is assured in a one-step minimally invasive procedure which will facilitate the
translation of this strategy into clinical applications.
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Abstract

Cell cluster formation in articular cartilage is a hallmark in Osteoarthritis (OA). These
cell clusters have been associated with both cartilage catabolism and anabolism. We
addressed this issue by investigating the effect of clustering chondrocytes in highly
controlled micro-aggregates on their morphology, stability and chondrogenic potential.

We designed a micro-mold that enables controlled formation of micro-aggregates
ranging from 20 to 200 cells in high throughput. Morphology, stability and chondro-
genic potential of micro-aggregates was evaluated and compared to single-cells cul-
tured in micro-wells and in 3D after encapsulation in a Dextran-Tyramine (Dex-TA)
hydrogel in vitro and in vivo after subcutaneous implantation in mice. We success-
fully formed micro-aggregates with highly controlled size, morphology, cell density,
stability and viability. Micro-aggregates of 100 cells presented a superior balance in
Collagen type I and Collagen type II gene expression over micro-aggregates of 20 and
50 cells. Matrix metalloproteinase (1, 9 and 13) gene expression was decreased in
micro-aggregates compared to single cells. Histological analysis of hydrogels cultured
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in vitro and after implantation in mice demonstrated enhanced matrix deposition in
constructs seeded with micro-aggregates, compared to single-cell seeded constructs.

Using a highly controlled model for high throughput formation of micro-aggregates,
we demonstrated that clustering chondrocytes in micro-aggregates stimulated carti-
lage matrix formation. Consequently, the use of micro-aggregates, compared to single
cells, resulted in greatly improved neo-cartilage formation. Furthermore, our data pro-
vided experimental evidence suggesting that cartilage clusters found in osteoarthritic
cartilage are part of a regenerative response.

8.1 Introduction

Chondrocyte clusters are a histological hallmark of osteoarthritis (OA), the most
prevalent form of degenerative joint diseases [1]. The formation of chondrocyte ag-
gregates or clusters in OA can occur by proliferation or active movement of the chon-
drocytes. Indeed, chondrocyte clusters in OA show characteristics of increased cell
proliferation [2]. Cell cluster formation by migration is supported by the abundant
presence of filopodia and cilia observed in these chondrocytes [3,4]. Chondrocyte
clusters can be composed by more than 20 cells and are localized in the proximity
of fissures in the upper cartilage layers [1,5]. Whether they are part of a catabolic
response contributing to cartilage degradation or are an attempt of the degenerating
cartilage to repair itself is not yet clear.

The up-regulation of matrix turn-over in early OA lesions [1] and the secretory
phenotype of chondrocytes [3] found in the affected areas, are indications that chon-
drocyte clusters are a self-reparative response of the cartilage [6]. During disease pro-
gression, this self-repair response of the cartilage is outweighed by a stronger catabolic
response resulting in a net loss of cartilage. We hypothesize that the chondrocyte clus-
ters found in OA lesions are an attempt to repair the injured cartilage.

To the best of our knowledge, the role of chondrocyte clusters as being part of a
catabolic or anabolic response has not been studied experimentally. The technology
to model chondrocyte cell clusters as found in OA is nowadays available. Precise
control of single cells and multicellular arrangements is enabled by recently developed
micro-engineered tools. The incorporation of small cell clusters of precise size in
photo-polymerizable hydrogels showed the first evidence that tissue organization at
the microscale modulates cartilage matrix deposition by articular chondrocytes [7].
Although previous studies using chondrocyte aggregation are highly valuable for the
technical insight, they fail at providing information related to the pathogenesis of OA.

In this study, we show that clustering chondrocytes in micro-aggregates induces
a strong anabolic response stimulating neo-cartilage formation in vitro and in vivo.
Our experimental data suggest that chondrocyte clusters in OA are likely part of a
regenerative response of the damaged cartilage. Furthermore, seeding constructs for
cartilage repair with high throughput generated clusters of chondrocytes rather than
with single cells may be an efficient strategy to boost neo-cartilage formation.
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8.2 Materials and Methods

8.2.1 Tissue source and preparation

The use of human material was approved by a local medical ethical committee. OA
cartilage was obtained from the knee joints of adult patients suffering from late stage
OA undergoing an arthroplasty, after informed consent. Tissue samples were fixated,
dehydrated and embedded in paraffin. Macroscopically OA cartilage was used to
evaluate morphological features. Sections of 5 microns were collected and stained
with H and E for further evaluation using light microscopy.

8.2.2 Mold design and micro-aggregate formation

Stainless steel molds were machined using a femto-second pulsed laser system to
produce a negative replica of the micro-wells. The depth of the mold was designed to
be 200 - 300 µm. The spacing between wells was 250 µm. To produce agarose micro-
wells, autoclave-sterilized powder Ultrapure Agarose (Invitrogen) was dissolved via
heating in sterilized PBS at 2 % w/v and added drop by drop into a previously
sterilized O-Ring (with an area of 1.9 cm2) placed on top of the micro-fabricated
stainless steel mold. The procedure is outlined in figures 8.2-A and 8.2-B. After
drying, the gels were separated from the mold and transferred into 24 well culture
plates. Each well of the 24-well culture plate contained 4 x 103 micro-wells.

Bovine primary chondrocytes were isolated from knee articular cartilage by col-
lagenase digestion and cultured in chondrocyte expansion medium composed of Dul-
beccos modified Eagles medium high glucose (Invitrogen), 10 % fetal bovine serum
(Cambrex), 100U/mL penicillin (Invitrogen), 100 mg/mL streptomycin (Invitrogen),
0.2mM ascorbic acid (ASAP; Sigma), 0.1mM non-essential amino acids (Sigma), and
0.4mM proline (Sigma). Different cell densities (20, 50, 100, 200, 300 and 500 cells
per micro-well) were used to study the effect of cell number on the form and size
of the micro-aggregates. Appropriate cell densities were seeded into each well of the
24-well plates containing 4 x 103 agarose micro-wells to obtain micro-aggregates of
50, 100 and 200 cells. Aggregation was induced by gravity in micro-wells. Both
expansion and chondrocyte differentiation medium (DMEM with 0.1 µm dexametha-
sone (Sigma), 100 µg/mL sodium pyruvate (Sigma), 0.2 mm ascorbic acid, 50 mg/mL
insulintransferrinselenite (ITS+1, Sigma), 100 U/mL penicillin, 100 µg/mL strepto-
mycin, 10 ng/mL transforming growth factor β3 (TGF-β3, Invitrogen)) were used.
The micro-aggregates were kept in culture in the micro-wells in a humidified atmo-
sphere containing 5 % CO2 at 37 degrees Celsius up to 7 days. Single cells were cul-
tured in 2D on tissue culture plastic at the same cell density. Microscopic images were
collected at several time points and morphometric analysis of the micro-aggregates
was performed using ImageJ software.

8.2.3 Dextran-Tyramine hydrogels (Dex-TA)

Dex-TA with a degree of substitution of 15, defined as the number of tyramine (TA)
moieties per 100 anhydroglucose (AHG) units in dextran, was prepared as described
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previously [8,9]. Bovine chondrocytes (passage 2) either as micro-aggregates or as
single cell suspension at a concentration of 10x106 cells per mL were mixed with
the polymer solution. The hydrogel precursor/cell suspension was mixed with H2O2

(hydrogen peroxide, Sigma-Aldrich) and horseradish peroxidase (HRP type VI, 298
purpurogallin unit/mg solid, Aldrich) and gelation occurred within one minute (the
final concentration of Dex-TA was 10 % wt). The amount of HRP used was fixed at
0.25mg per mmol of TA moieties and the molar ratio of H2O2/TA was 0.20 (mol/mol).

8.2.4 Metabolic activity and chondrocyte viability

Quantification of glucose consumption, as well as lactate and ammonia production
by chondrocyte micro-aggregates of 100 cells on micro-wells and single cells cultured
for 7 days in differentiation medium, was determined using a Vitros DT60 II medium
analyzer (Ortho-Clinical Diagnostics, Tilburg, The Netherlands). The viability of the
chondrocytes incorporated in the hydrogels either as single cells or as micro aggre-
gates was assessed by a Live-dead assay. At day 7 and 14, the hydrogel constructs
were rinsed with PBS and stained with calcein AM/ethidium homodimer using the
Live-dead assay Kit (Invitrogen), according to the manufacturers instructions and
evaluated using fluorescence microscopy. Living cells fluoresce green and the nuclei
of dead cells red.

8.2.5 In vivo implantation

Chondrocyte micro-aggregates of 100 cells were allowed to form for 24 hours in ex-
pansion medium. Afterwards, the aggregates were flushed out of the micro-wells and
mixed with polymer precursor, as described above. Samples of each hydrogel type,
containing either single cells or aggregates of 100 cells were cultured in vitro and
at pre-determined time-points analyzed for cell viability, metabolic activity, matrix
biosynthesis and gene expression analysis or were surgically implanted subcutaneously
in 8-weeks-old nude male mice (NMRI-Nude, Harlan) for a period of 2 or 4 weeks. The
operative procedure and the care of the mice were performed under the regulation of
the Central Laboratory Animal Institute (GDL), Utrecht University (Netherlands).
The study was approved by a local animal ethical committee.

8.2.6 Histological analysis

At 14 and 21 days, hydrogel constructs seeded with single cells or aggregates of 100
cells and cultured in differentiation medium were fixed in 10 % buffered formalin for
1 hour. For the in vivo experiments, the samples were explanted after 2 and 4 weeks
and allowed to fixate in 10 % buffered formalin overnight at 4 degrees Celsius. After
embedding the samples in cryomatrix (Cryomatrix, Shandon), a cryo-microtome (Le-
ica) was used to collect 10 µm sections onto gold-coated slides. The cryomatrix was
washed off the slides by incubation in distilled water for 10 minutes. Afterwards, three
histological stainings were performed: Picrosirius Red staining for total collagen vi-
sualization (processed according to the manufacturers instructions (Polysciences) and
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both Toluidine blue (Fluka, 0,1 % in deionized water, 10 minutes incubation) and
Safranin O (Sigma, 0,1 % in deionized water, 5 minutes incubation) for glycosamino-
glycans (GAGs) visualization. The slides were then washed, dehydrated, mounted
and analyzed using a bright field microscope (Nikon Eclipse E400).

8.2.7 Gene expression analysis

Hydrogel/cell constructs cultured for 14 and 21 days in differentiation medium were
washed with PBS and lysed using Trizol reagent (Invitrogen, Carlsbad, CA). To-
tal RNA was isolated using the Nucleospin RNA II kit (Bioke) according to man-
ufacturers instructions. The RNA yields were determined using the Nanodrop2000
(ND-1000 Spectrophotometer, Isogen LifeScience). Subsequently, cDNA was syn-
thesized using the iScript Kit (BioRad) according to the manufacturers recommen-
dations. Expression levels of individual genes were analyzed by quantitative PCR
(MiQ, Bio-rad), using the following forward and reverse primers: Collagen type I 5-
GCGGCTACGACTTGAGCTTC-3, 5-CACGGTCACGGACCACATTG-3; Collagen
type II 5- ATCAACGGTGGCTTCCACT-3, 5-TTCGTGCAGCCATCCTTCAG-3;
Collagen type X 5-CATGCTGCCACAAACAGC-3, 5-TGGATGGTGGGCCTTTTA-
3; Aggrecan 5-GACCAGAAGCTGTGCGAGGA-3, 5’-GCCAGATCATCACCACAC
AG-3; Sox 9 5-CCATTCAGGCCCACTACAAG-3, 5-CAGGGTTTCCGTCTGACAT
C-3; glyceraldehyde-3- phosphate dehydrogenase (GAPDH) 5-GCCATCACTGCCAC
CCAGAA-3, 5-GCGGCAGGTCAGATCCACAA-3. Gene expression was normalized
to the expression of GAPDH.

8.2.8 Statistical analysis

Statistical differences between two groups were analyzed using the Students t-test.
Statistical significance was set to a p value <0.05 and indicated with an asterisk.
Results are presented as mean ± standard deviation.

8.3 Results

8.3.1 High-throughput generated chondrocyte micro-aggregates
resemble chondrocyte clusters in OA

Chondrocyte clusters in OA cartilage were localized in close proximity to fissures at
the cartilage surface. They usually have a circular appearance and can consist of a
few up to 40 chondrocytes. Typical examples of chondrocyte clusters in OA cartilage
are shown in figure 8.2-A. Micro-fabricated molds were used as a tool to generate
chips of identically shaped micro-wells in agarose. These chips were placed in 24-well
plates and subsequently used to generate micro-aggregates similar to the ones observed
in OA cartilage for in vitro studies in high throughput. The procedure is outlined
in Figures 8.1A. Figure 8.1-B and supplementary Figure 8.7-A I to IV correspond
to light microscope and SEM images of the agarose chips visualizing the formed
micro-wells. Shortly after seeding, gravitational force resulted in the concentration
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Figure 8.1: High-throughput formation of chondrocyte micro-aggregates.
(A) Schematic representation of the micro-well technique for the formation of
aggregates from single cell suspensions. A stainless steel mold was used to
form micro-wells in agarose chips. (B) Each agarose chip contains 4 x 103

micro-wells. (C) Pictures at specific time points during aggregate formation.
Each well of a 24 wells plate containing an agarose micro-well chip was seeded
with the appropriate number of cells to obtain micro aggregates of 50, 100 or
200 cells. Aggregation started to occur approximately 6 hours after seeding.
After 12 hours, the aggregates had acquired a spherical shape, independently
of aggregate size. (D) Correlation between the number of cells per micro well
and the diameter (µm) and the volume (µm3) of the obtained aggregates af-
ter 12 hours. Each data point represents the measurement of minimally 50
micro aggregates. At the lower right side of the graphic, aggregates obtained
after flushing off the agarose chips are shown. (E) Micro-aggregate area (µm2)
slightly decreased over time most notably in aggregates bigger than 100 cells.
Each data point represents the measurement of minimally 50 aggregates (F)
Measurement of circularity of micro-aggregates over time demonstrated a de-
crease in average circularity and an increase in spread. A perfect circle has
a value of 1. Each data point represents the measurement of about 50 micro
aggregates. Error bars were means ± SD.
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of chondrocytes at the bottom of the micro-wells. The chondrocytes contracted to
a spherical aggregate thereby increasing intercellular contacts and minimizing free
energy (Figure 8.1-C). To study the effect of cell number in aggregation speed and
stability of the micro-aggregates, pictures of the aggregates in the micro-wells were
collected at different time points after seeding. The number of cells affected the
speed of aggregate formation. We observed that lower cell densities demanded longer
aggregation time, most likely due to limited contact opportunities (Figure 8.1-C).
After 24 hours, the aggregates were collected by flushing the non-adherent agarose
chips with medium. The percentage of aggregate recovery was 96.6 %. The aggregates
could withstand centrifugation and resuspension in medium, as shown in Figure 8.1-D.
We next studied the correlation between cell seeding density, aggregate diameter and
volume. We observed a linear correlation between seeding density and the aggregate
volume assuming a spherical conformation (Figure 8.1-D).

To evaluate aggregate stability after formation, the area and circularity of aggre-
gates composed of 50, 100 and 200 cells were analyzed, after 1, 3 and 7 days in culture.
The area and circularity of the aggregates are represented in figures 8.2-E and F. As
expected, the area of the aggregates decreased slightly over time due to condensation.
The circularity of the aggregates provided information about stability and uniformity
of the aggregates. Higher deviations in circularity were observed at later stages of
culture and particularly in aggregates with lower cell densities. In subsequent ex-
periments, aggregates were collected 24 hours after seeding, since extended culture
did not show advantageous effects. Furthermore, after increased culture time, aggre-
gates started to migrate to neighboring wells and merge, suggesting a chemotactic
attraction between the aggregates (Figure 8.7-B).

8.3.2 Micro-aggregation stimulates cartilage matrix formation

Gene expression of Aggrecan and Collagen type II was evaluated. Aggregates with
densities of 50, 100 and 200 cells were cultured in the micro-wells and compared with
single cells cultured in 2D. Figure 8.3-A shows that aggregates cultured in expansion
medium tended to slightly up-regulate the expression of both collagen type II and
aggrecan, compared to single cells cultured in 2D. Figure 8.3-B shows that, when
the aggregates were chondrogenically stimulated with TGF-β3, the gene expression
of collagen type II and aggrecan significantly increased in micro-aggregates of 50
and 100 cells, compared to single cells and to aggregates of 200 cells. Overall, gene
expression analysis demonstrated that micro-aggregates behaved similarly to single
cells when cultured without stimulation. However, when the micro-aggregates were
exposed to chondrogenic conditions containing stimulatory molecules alike found in
cartilage, cartilage matrix formation was enhanced in aggregates of 50 and 100 cells
with a less pronounced effect in aggregates of 200 cells. Given the higher stability
of aggregates of 100 cells compared to aggregates of 50 cells, these cell clusters were
selected for further experimentations.
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Figure 8.2: Cell clusters in OA cartilage. (A) OA tissue specimen stained
with H and E, showing the presence of several chondrocyte clusters near fis-
sures at the cartilage surface. (B) Detail of representative micro-aggregates
of 100 cells embedded in an in situ gelating Dex-TA hydrogel, stained with H
and E.

8.3.3 Micro-aggregated cell clusters remain viable after
embedding in a hydrogel

We studied the effect of micro-aggregation on cell metabolism in comparison to equal
numbers of single cells. Micro-aggregated cell clusters were metabolically more active
than single cell seeded constructs (Figure 8.4-A). Micro-aggregates had a significantly
higher consumption of glucose and production of both lactate and ammonia. This
suggested that aggregation of chondrocytes stimulated cell metabolism presumably
due to higher cell-cell contacts. During glycolysis, oxidation of one molecule of glucose
leads to two molecules of pyruvate and, subsequently, by anaerobic respiration, to two
molecules of lactate. This expected 2:1 ratio of lactate:glucose is obtained when single
cells were cultured in the hydrogels. When cells were cultured in aggregates this ratio
dropped to 1:1. This significant difference is suggestive for a metabolic shift in which
part of the glucose may be used for biosynthesis of extracellular matrix molecules
rather than energy consumption. Micro-aggregates of 100 cells were successfully in-
corporated into Dex-TA hydrogels and their viability was assessed after 7 and 14
days in culture. As shown in figure 8.4-B, both single cells and micro-aggregates
were uniformly distributed in the hydrogel and remained viable. The integrity of the
micro-aggregates did not change over culture time.

8.3.4 Cell cluster formation enhances cartilage matrix deposition

Micro-aggregates of 100 cells or single cells suspensions with equal cell numbers
were incorporated in a Dex-TA hydrogel and cultured in chondrocyte differentia-
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Figure 8.3: Micro-aggregation enhances COL2A1 and ACAN expression.
(A) qPCR analysis of collagen type II and aggrecan gene expression at day
1, 3 and 7 of culture in chondrocyte expansion medium. Equal amounts of
cells were cultured in micro-aggregates of 50, 100 and 200 cells and compared
with single cells cultured in a 2D system. At day 7, no changes were observed
between the different culture methods. (B) qPCR analysis of collagen type II
and aggrecan gene expression was evaluated at day 1, 3 and 7 of culture in
chondrogenic conditions. Micro-aggregated cell clusters of 50, 100 and 200 cells
were compared with single cells cultured in a 2D system. COL2A1 and ACAN
expression was potently stimulated by culturing the cells in micro-aggregates
of 50 and 100 cells. Error bars were means ± SD (n=3/condition).
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Figure 8.4: Micro-aggregation increases metabolic activity. (A) Glucose con-
sumption and ammonia and lactate production were quantified after 7 days
of culture of equal cell numbers of 100 cell micro-aggregates on agarose chips
or as single cells in 2D. The ratio between lactate production and glucose
consumption is represented in the lower right graphic. The clear difference
between both culture systems was strongly suggestive for a shift in metabolic
activity. Error bars represent means ± SD (n=3/condition). (B) Equal num-
bers of cells, either as micro-aggregates or as single cells, were embedded in an
in situ gelating Dex-TA hydrogel. After 7 and 14 days of culture, a viability
assay was performed in which living cells were shown in green and dead cells
in red. Incorporation of cells in the hydrogels did not affect viability nor did
micro-aggregation. Clusters retained their spherical shape over time.

tion medium for 14 and 21 days. The relative fold expressions of chondrogenic related
genes such as aggrecan, collagen type II and Sox9 were up-regulated in hydrogels con-
taining micro-aggregates compared to constructs seeded with equal number of single
cells (Figure 8.5-A to C). Figure 8 shows that the ratio of collagen type II and collagen
type I is improved in micro-aggregates. Over time, these differences became more pro-
nounced. Importantly, no significant differences in expression of either collagen type
I or X were observed when comparing hydrogel constructs seeded with single cells
or with micro-aggregates, at any time point (Figure 8.5-D and E). The expression
of several MMPS was analyzed after 21 days in culture to evaluate the effect of cell
clustering. As shown in figure 8.5-F, a decrease in the expression of MMP-1, MMP-9
and MMP-13 was observed in hydrogels cultured with micro-aggregated cells. The
expression of MMP-3 by the micro-aggregated cells was not detectable.
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Figure 8.5: Micro-aggregation prior to seeding in hydrogels stimulates car-
tilage matrix gene expression. Relative mRNA levels for aggrecan (A), col-
lagen type II (B), Sox9 (C), collagen type X (D) and Collagen type I (E),
expressed by single cells or micro-aggregated cell clusters incorporated into
Dex-TA hydrogels, after 14 and 21 days in culture. Similar cell numbers were
seeded in each construct. Relative mRNA levels for MMPS 1, 3, 9 and 13
(F), expressed by single cells or micro-aggregated cell clusters incorporated
into Dex-TA hydrogels, after 21 days in culture. Error bars were means ± SD
(n=3/condition).

The gene expression analysis was corroborated by histology (Figure 8.6). Picrosir-
ius red staining was more intense in hydrogels containing aggregated cells, suggesting
the presence of more collagens, as shown in Figure 8.6-A. No clear distinction in inten-
sity was observed between day 14 and day 21. The presence of GAGs was visualized
by Toluidine blue and Safranin O staining (Figure 8.6-A). Both stainings were more
intense in hydrogels seeded with micro-aggregates compared to single cell seeded con-
structs. This difference was more striking at day 21. Additionally, mainly at day
14, a gradient of GAGs diffusing out of the micro-aggregates and into the hydrogel
was visible. Similar results, and even more pronounced, were obtained 2 and 4 weeks
after subcutaneous implantation of the cell seeded hydrogel constructs in nude mice
(Figure 8.6-B).
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Figure 8.6: Micro-aggregation resulted in superior matrix production both
in vitro and in vivo. (A) Histological evaluation of in vitro cultured hydrogels
seeded with equal cell numbers either as single cells or as micro-aggregates of
100 cells, for 14 and 21 days. Picrosirius red staining was performed to vi-
sualize total collagen content (red/pink colour). Both Toluidine blue (purple
colour) and Safranin O (red/orange colour) stainings were performed to vi-
sualize glycosaminoglycans deposition. A more intense staining was observed
in constructs seeded with micro-aggregates indicative for higher matrix pro-
duction. (B) Histological evaluation of hydrogel constructs with encapsulated
single cells or micro-aggregates of 100 cells implanted subcutaneously in nude
mice for 2 and 4 weeks (n=6 mice per time point). Hydrogels with encapsulated
micro aggregates showed more cartilage matrix. (C) Histological stainings of
a representative control sample, consisting of the hydrogel without cells.
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Figure 8.7: In vitro model for size specific cell cluster formation. (A) Light
microscopic (A-I and II) and scanning electron-microscopic (SEM) (A-III and
IV) images of agarose chips evidencing the presence of uniform micro-wells
enabling high throughput formation of micro-aggregated cell clusters. (B)
Pictures at specific time points (day 1, day 3 and day 7) of aggregates cultured
on agarose chips seeded with different cell densities to obtain aggregates of
50, 100 or 200 cells. At day 7, the micro-aggregates, particularly the ones
containing 200 cells, tended to merge, migrate and started to lose their round
morphology (arrows). Single cells were used as a control.

Figure 8.8: Micro-aggregation improved the ratio between collagen type II
and both collagen type I and X expression. (A) Ratio between the relative
mRNA levels of collagen type II and Collagen type X, after 7 days of culture
of equal cell numbers of 100 cell micro-aggregates on agarose chips or as single
cells in 2D, in chondrogenic medium. At day 14 no differences were detected.
(B) Ratio between the relative mRNA levels of collagen type II and Collagen
type I, in Dex- TA hydrogel constructs seeded with equal numbers of cells
either as single cells or as micro-aggregated clusters of 100 cells, after 14 and
21 days in culture. Error bars were means ± SD (n=3/condition).
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8.4 Discussion

Cell clusters are a histological hallmark of OA cartilage [1,10]. It has been postu-
lated that chondrocyte clusters in OA are likely to represent initial stages of carti-
lage regeneration but experimental evidence is lacking. Although previous studies
have investigated the effect of chondrocyte clustering on cartilage formation, these
aggregates were formed either in insufficient quantity, with improper or poorly con-
trolled size ranges, or attached to scaffold sheets [11,12,13,14,15,16]. In our study,
we developed an in vitro micro cell-cluster model that enabled the high throughput
formation of highly controlled micro-aggregates that are able to be harvested without
enzymatic digestion or mechanical shearing. This allowed us to study the effect of
micro-aggregation of chondrocytes on cartilage matrix formation and their potential
as therapeutic cell source when combined with an in situ gelating injectable bioma-
terial. We demonstrated that formation of micro-aggregates resulted in enhanced
cartilage matrix production and decreased MMPs transcription.

Cartilage repair strategies based on autologous chondrocyte implantation still rely
on in vitro expansion to obtain sufficient cells, with all inherent drawbacks such as
chondrocyte dedifferentiation [17]. Studies focusing on chondrocyte self-aggregation
potential and their effectiveness for elastic cartilage reconstruction have approached
the problem of dedifferentiation and scarcity of starting material [11,12,18]. They have
shown that by embedding aggregates in molded hydrogels, chondron-like clusters are
formed and, thus, dedifferentiation of the chondrocytes is avoided, or at least delayed.

Due to the cartilages inherent low capacity to self repair, the retention of cells in
cell-based cartilage repair strategies is of the highest importance. A myriad of bio-
materials that provide an artificial extracellular matrix compatible with homogenous
distribution of single cells or micro-aggregates are currently available for cartilage
tissue regeneration strategies [19,20]. Among the classes of biomaterials, hydrogels
of natural polymers show promising features as defect filling scaffolds due to their
similarity to the native cartilaginous extracellular matrix. In situ gelating injectable
hydrogels have deserved much attention since they can be applied in a minimally inva-
sive procedure and allow the possibility of cell incorporation during the gelation reac-
tion [17]. Recently, we have developed a novel injectable enzymatically crosslinkable
Dextran-Tyramine hydrogel (Dex-TA, 14kDa, DS=15). This fast gelating hydrogel
does not affect cell viability and has shown high potential for cartilage regeneration
[8,9]. We have chosen these hydrogels to evaluate whether seeding constructs with
micro-aggregated cells rather than single cells has a beneficial effect on cartilage for-
mation.

Prior to incorporation of the micro-aggregates in the injectable Dex-TA hydro-
gels, different culture times and cell densities were evaluated to select the optimal
micro-aggregate size. Interestingly we observed that larger micro-aggregates, such as
200 cells, were out performed by smaller micro-aggregates, composed of 50 and 100
cells. Additionally, higher micro-aggregates stability was achieved in shorter forma-
tion time with aggregates of 50 to 100 cells than 200 cells. After 3 days in culture, the
micro-aggregates tended to merge due to cell migration, most likely facilitated by the
increasing matrix that surrounded the aggregates. The merging of aggregates with
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increasing culture time has been previously reported [11,13,21]. Most probably, this
process is driven by chemotactic factors secreted by the chondrocytes [22,23]. Based
on stability and formation characteristics, as well as expression of a chondrogenic gene
profile, we selected aggregates of 100 cells as the optimal size for further experiments.

Micro-aggregates of 100 cells in Dex-TA hydrogels proved to be viable and re-
tained their integrity. Moreover, the aggregates could be easily uniformly distributed
in the gel. Interestingly, when the chondrocytes were cultured in the aggregated form
within hydrogels, a change in cell metabolism appeared to be occurring. This might
be due to a metabolic shift from a catabolic glycolysis pathway to a more anabolic
pathway in aggregated cells. As cause or consequence of these events, glucose might
have been directed to a greater extent for biosynthesis and, thus enhancing matrix
production. Indeed this was supported by increased matrix deposition in hydrogels
seeded with micro-aggregates. Likewise, the increase in biosynthesis in early cartilage
lesions has been previously reported [10,24]. Comparable shifts from catabolic to the
anabolic responses have been recently reported to occur by varying the exposure of
chondrocytes to different oxygen percentages [18]. Lower oxygen percentages, similar
to physiological concentrations, significantly enhanced the chondrogenic capacity of
chondrocytes cultured in micromass pellets. The enhanced chondrogenic behavior of
the micro-aggregates might be explained by a relatively lower exposure to oxygen of
cells in micro-aggregates compared to single cells in 2D. However, other possibilities
such as concentrating effects of both secreted soluble factors and extracellular matrix
cannot be excluded. Regardless of the cause, micro-aggregates of 100 cells outper-
formed single cells and showed therefore a greater potential for cell-based cartilage
repair strategies.

Interestingly, morphometric analysis and gene expression profiles suggested that
without addition of chondrogenic stimuli, both single cells and micro-aggregates be-
haved similarly suggesting that aggregation itself does not change cell behavior.
However, when stimulated with a chondrogenic stimulus, such as TGF-β3, micro-
aggregated cells showed a very distinct response from single cells. A strong additional
effect on cartilage matrix formation was obtained when cells were cultured in a micro-
aggregated form. This substantiates the hypothesis that micro-clusters of chondro-
cytes, such as observed in OA, may indeed be part of a regenerative response. To
our knowledge, we are the first to address the function of micro-clusters by an exper-
imental approach showing potent stimulation of cartilage matrix formation. Since we
have not studied the function of micro-aggregates in an OA-like environment, e.g. in
the presence of inflammatory cytokines, we cannot exclude that the OA-environment
alters the behavior of the micro-aggregates. Using our model, the effect of various
factors involved in OA can be easily addressed in a high-throughput approach.

Considering the difference in expression ratio of collagen type II and collagen
type X between clusters, it might be worthwhile to explore differential seeding of
constructs with micro-aggregates of various sizes to reconstruct the zonal organization
of cartilage. The role of microscale organization in a cartilage model has previously
been investigated using cell clusters obtained by photo-immobilization of single cells
in a hydrogel as described by Albrecht et al. [7]. In contrast to our study, no effect
on cartilage matrix formation was observed. This difference might be explained by
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the cell-cell contact achieved with our approach of cell cluster formation, compared
to the cell density approach in which cells are in close proximity, yet a couple of
micrometers still apart. The two distinct outcomes suggest that close cell-cell contact
and contraction forces during condensation of cell clusters strongly affect cell behavior
[23,25]. Thus, the system reported by Albrecht et.al. resembled more a 2D cell system
within a hydrogel support. Our approach has the advantage of first enabling aggregate
condensation while still retaining the possibility of combining these aggregates with
an injectable hydrogel.

8.5 Conclusion

Collectively, our data demonstrate that chondrocyte micro-aggregation prior to seed-
ing of tissue engineered constructs has a beneficial effect on cartilage matrix for-
mation compared to single cell cultures. Our experimental approach mimicking cell
clusters, such as found in OA and other cartilage related diseases caused by chemi-
cal or mechanical injury, may indeed be part of an innate self-regenerative response
of cartilage. Using our approach, it is possible to produce in high-throughput micro-
aggregates with specific cell densities, using a simple and reproducible method. These
micro-aggregates can be successfully incorporated into injectable in situ forming hy-
drogels, without affecting cell viability and the aggregates’ spherical shape, while
boosting cartilage formation compared to single cell-seeded constructs. Therefore,
high-throughput formation of micro-aggregates prior to chondrocyte implantation,
as occurs during current autologous chondrocyte implantation (ACI)-protocols, may
improve and accelerate hyaline cartilage formation.
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Chapter 9

Improved cartilage formation in a
dextran-based hydrogel
supplemented with an autologous
growth factor source

Liliana Moreira Teixeira, Jeroen Leijten, Jos Wennink, Anindita Ganguli, Jan Feijen, Clemens

van Blitterswijk, Piet Dijkstra, Marcel Karperien

Abstract

in situ gelating dextran-tyramine (Dex-TA) injectable hydrogels have previously shown
promising features for cartilage repair. Yet, in spite of suitable mechanical properties,
this system lacks intrinsic biological signals. Opposingly, platelet lysate-derived hy-
drogels are rich in growth factors and anti-inflammatory cytokines, but mechanically
unstable. We hypothesised that the advantages of these systems may be combined in
one hydrogel that can easily be translated into clinical settings.

Platelet lysate was successfully incorporated into Dex-TA polymer solution prior
to gelation. After enzymatic crosslinking, rheological and morphological evaluations
were performed, revealing that the addition of platelet lysate did not affect the me-
chanical properties and porosity of pure Dex-TA hydrogels. Subsequently, the effect of
the platelet lysate on cell migration, adhesion, proliferation and multi-lineage differ-
entiation was determined. Cell migration was induced and both cell adhesion along
with proliferation were enhanced. Predominantly chondrogenic differentiation was
stimulated by incorporation of platelet lysate, while no significant effects were ob-

163



9

164
CHAPTER 9. AUTOLOGOUS GROWTH FACTOR SUPPLEMENTED

DEXTRAN-BASED HYDROGEL

served on osteogenic differentiation and adipogenic differentiation nor on blood vessel
in growth. Finally, we evaluated the integration potential of this gel, which showed
effective adhesion onto OA-affected cartilage.

The mechanical properties and covalent attachment of Dex-TA to cartilage tis-
sue during in situ gel formation were successfully combined with the advantages of
platelet lysate, revealing the potential of this enhanced hydrogel as a cell-free ap-
proach. Furthermore, released anabolic growth factors promoted proliferation and
triggered chondrogenic differentiation of mesenchymal stromal cells. Thus, in situ
gelating Dex-TA hydrogels with autologous platelet lysate shows high potential as an
off-the-shelf cartilage repair strategy.

9.1 Introduction

Platelet-rich plasma is an autologous source of growth factors and cytokines paramount
for local tissue homeostasis and repair of tissues after injury [1,2]. Recently, it has
emerged as a potential substitute in cartilage tissue engineering and as treatment for
osteoarthritis (OA) [3,4,5]. Cartilage damage caused by trauma or OA results in dis-
ability and, consequently, decreased quality of life. OA is one of the most prominent
chronic joint diseases, with rising incidence in an ageing population. [6,7]. The current
management of OA mainly aims at pain reduction and, at the end stage of the disease,
total joint replacement. Total or partial prosthetic replacement of the joint, however,
involves removing large parts of the joint and is usually limited to treatment of elderly
patients [8]. In young patients, prosthetic replacement engage considerable problems
mainly related to complications of revision surgery due to the limited life span of the
current implants [9]. Regenerative medicine is an emerging promising therapeutic
alternative for cartilage repair. Cartilage tissue engineering (TE) approaches require
a suitable scaffold to promote mechanical support while providing the biochemical
cues that assist the repair process. Although platelet-rich concentrates have shown
significant potential for the treatment of cartilage pathologies, platelet-derived gels
face two major limitations: i) rapid degradation and ii) poor mechanical properties
[10], which severely limits their application as scaffolds for cartilage TE.

We have recently reported the promising features of injectable dextran-tyramine
(Dex-TA) hydrogels for cartilage repair [11,12]. These gels form in situ by an enzy-
matic crosslinking reaction and possess considerable mechanical strength. Yet these
hydrogels lack biological activity. This drawback can be partially overcome by mixing
Dex-TA with other polymers such as heparin and hyaluronic acid [13,14]. Alterna-
tively, biological performance of Dex-TA hydrogels can be improved by incorporation
of different cell sources such as MSCs in combination with a limited population of
chondrocytes. It has been shown that co-culture of MSCs with primary chondro-
cytes significantly improves cartilage matrix formation (ACI) [15,16,17,18,19]. Here
we explored whether incorporation of platelet rich lysate could also improve the re-
generative potential of Dex-TA hydrogels. This combination takes advantage of the
platelet lysate richness in growth factors and anti-inflammatory cytokines that play a
key role in cartilage repair, and of the mechanical stability and in situ immobilization
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provided by a fast gelating injectable hydrogel. We hypothesized that the addition
of platelet lysate to Dex-TA hydrogels will improve its biological properties by ac-
celerating remodelling and matrix deposition. Our ultimate goal was to determine
whether we can use this system as a cell-free approach for cartilage repair by adapt-
ing the hydrogel to attract MSCs or chondrocytes from the surrounding environment,
and facilitating subsequent differentiation of these cells into the matrix producing
chondrocytes, solely by addition of an autologous source of growth factors.

9.2 Materials and Methods

9.2.1 Platelet collection and cell sources

Human MSCs were isolated from fresh bone marrow aspirates, obtained after writ-
ten consent, as previously described [20]. Briefly, aspirates were resuspended using a
20-gauge needle, plated at a density of 50x104 cells/cm2 and cultured in MSC prolif-
eration medium consisting of Alpha-MEM (α-MEM, Gibco), 10 % heat-inactivated
fetal bovine serum (Biowhittaker), 0.2 mM ascorbic acid (Sigma), 2 mM L-glutamine
(Gibco), 100 U/ml penicillin with 100 mg/ml streptomycin (Gibco) and 1 ng/ml
basic Fibroblast Growth Factor (Instruchemie). Cells were expanded and used in
passage 2. Chondrocytes were isolated from human articular cartilage, obtained af-
ter total joint replacement surgery. Cartilage pieces were digested using collagenase
type II (Worthington), as previously described [21]. Isolated cells were seeded at
3000 per cm2 and expanded in chondrocyte expansion medium containing DMEM
(Gibco), 10 % heat-inactivated fetal bovine serum (Biowhittaker), 1x non-essential
amino acids (100x, Sigma), 0.2 mM ascorbic acid, 0.4 mM proline (Sigma-Aldrich), 1
% penicillin and streptomycin. Cells were expanded and used in passage 2. Human
blood was collected from healthy volunteers, after written consent, and directly passed
through an aphaeresis unit, which separates the platelets, returning back the rest of
the blood. The platelet-rich fraction was immediately frozen until further use. Two
freeze-thawing cycles were used to lyse the platelets. Freezing and thawing have been
reported to be the superior method to release growth factors from the platelet-rich
fraction [2]. The study protocols were approved by a local medical ethical committee.

9.2.2 Mechanical properties

Dex-TA with a degree of substitution of 15, defined as the number of tyramine (TA)
moieties grafted per 100 disaccharide units, was prepared as described previously
[11,12]. Rheology experiments were performed on an Anton Paar Physica MCR 301
rheometer with flat plate geometry (20 mm diameter, 0.5 mm gap) in oscillating mode,
at 37 degrees Celsius. 20 % (w/v) Dex-TA polymer solution was mixed with pure
platelet lysate to obtain 10 (w/v) polymer solution. As a control, instead of platelet
lysate, the polymer was mixed with culture medium to obtain 10 % (w/v) polymer so-
lution. The crosslinking method was induced by mixing the polymer with horseradish
peroxidase (HRP) and hydrogen peroxide (H2O2). The reaction conditions were 0,25
mg of HRP per mmol of phenol groups and the molar ratio of H2O2/TA was 0,2.
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After the samples were applied to the rheometer, the upper plate was lowered to a
measuring gap size of 0.5 mm. The measurement was started immediately after sam-
ple preparation. A layer of oil was added to prevent evaporation. A frequency of 0.5
Hz and a strain of 0.1 % were applied in the analysis. The measurement was allowed
to proceed until the storage modulus reached a plateau value.

9.2.3 Cell migration assay

A cell migration assay based on a trans-well system was performed. 20 % (w/v)
Dex-TA polymer solution was mixed with pure platelet lysate to obtain 10 % (w/v)
polymer solution. As a control, instead of platelet lysate, the polymer was mixed
with culture medium to obtain 10 % (w/v) polymer solution. The crosslinking was
induced by mixing with a solution of HRP/H2O2. The hydrogels were added to the
bottom of the migration plates (Kit CytoSelect 24-well Cell Migration Assay 8 µm,
Colorimetric format; CBA-100 Cell Biolabs, Inc.). A volume of 300 µL of a cell
suspension of human chondrocytes or human MSCs, containing 2 million cells/ml in
serum-free media, was added to each insert and incubated for 24 hours. Afterwards,
the media was carefully aspirated from the inside of the insert. The interior of the
inserts was swabbed to remove all non-migratory cells. The inserts were transferred
to a clean well containing 400 µL of Cell Stain Solution and incubated for 10 minutes
at room temperature. The stained inserts were washed several times and allowed
to air dry. Each insert was transferred to an empty well and 200 µL of Extraction
Solution were added. After 10 minutes of incubation, each sample was transferred to a
96-well microtiter plate and the OD 560nm was measured in a plate reader. After the
assay, the hydrogels were incubated with an MTT solution that allowed visualization
of metabolically active cells. Briefly, the hydrogels were incubated with chondrocytes
proliferation medium or MSC proliferation medium with the MTT solution (5 mg/mL,
Gibco) for 2 hours at 37 degrees Celsius in a 5 % CO2 atmosphere incubator. MTT
is a pale yellow substrate that when reduced by living cells to formazan turns dark
purple. This process requires active mitochondria. Images were captured using a
colour camera (Nikon SMZ-10A).

9.2.4 DNA quantification

The bottom of 48 well plates was covered with 200 µL of Dex-TA (10 % w/v) with
or without platelet lysate. MSCs were seeded onto the pre-gelated hydrogels (25000
cells per cm2). The cells were cultured in MSC proliferation media. Quantification
of total DNA was determined with the CyQuant DNA kit, according to the manu-
facturer’s description (Molecular Probes, Eugene, Oregon, USA), using a fluorescent
plate reader (emission: 520 nm; excitation: 480 nm) (Perkin-Elmer, Victor 3, USA).
The standard curve for DNA analysis was generated with λ DNA included in the kit.
The assays were performed after 2 and 8 days in culture.
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9.2.5 Scanning Electron Microscopy analyses

MSC adhesion on scaffolds was analyzed by SEM (n=3). After 8 days in culture, Dex-
TA hydrogels with and without platelet lysate were fixated in 10 % (v/v) buffered
formalin overnight at 4 degrees Celsius. Specimens were then dehydrated using se-
quential ethanol series (from 70 %, until 100 % (v/v), 1 hour each, and critical point
dried using a Balzers CPD 030 machine. The samples were gold-sputtered for further
observation by SEM operated at 10 kV accelerating voltage.

9.2.6 Multi-lineage differentiation

Samples of 100 µL Dex-TA (10 % w/v) with or without platelet lysate were pre-
pared with 10 million cells/mL of passage 2 MSCs and gelation was induced by
adding HRP and H2O2. The constructs were cultured for 21 days in expansion
medium, chondrogenic, osteogenic or adipogenic media. For chondrogenic differentia-
tion, MSCs were cultured in chondrogenic medium composed of DMEM supplemented
with 0,1 µM dexamethasone (Sigma), 50 mg/mL ascorbic acid, 100 µg/mL sodium
pyruvate (Sigma), 40 mg/mL L-proline, 1 % insulin-transferrin selenous acid-plus
premix (BD Bioscience Pharmingen), 100U/mL penicillin, 100 mg/mL streptomycin,
and 10 ng/mL Transforming Growth Factor (TGF)-β3 (RD Systems). Osteogenic
differentiation was induced by culturing constructs in medium composed of α-MEM
with 10 nM dexamethasone, 5 mM b-glycerolphosphate (Sigma), and 50 mM ascorbic
acid-2- phosphate. Adipogenic differentiation was induced by culturing constructs
in α-MEM supplemented with 10 % fetal bovine serum, 100U/ mL penicillin, 100
mg/mL streptomycin, 1.6 µM insulin, 0.25 µM dexamethasone, 0.5mM 1-methyl-
3-isobutylxanthine, 3,7-dihydro-1-methyl-3-(2-methylpropyl)-1H-purine-2,6-dione, 3-
isobutyl-1-methyl-2,6(1H,3H)-purinedione (IBMX, Sigma-Aldrich) and 50 µM indo-
methacin.

9.2.7 Histological evaluation

After 21 days in culture, the hydrogel constructs were fixed in 10 % buffered formalin
for 1 hour. After washing with PBS, the samples were embedded in cryomatrix
(Cryomatrix, Shandon). A cryo-microtome (Leica) was used to collect 10 µm sections
onto gold-coated slides. The cryomatrix was washed off the slides by incubation in
distilled water for 10 minutes. Afterwards, histology and immunohistochemistry were
performed. Toluidine blue (Fluka, 0,1 % in demi-water, 10 minutes incubation) was
used to stain glycosaminoglycans (GAGs). For collagen type II immuno-staining,
the samples were treated with 10 mM citric acid buffer for 10 minutes, and then
were washed with PBS/BSA 1 %. Col2A1 monoclonal antibody (Purified mouse
immunoglobulin IgG1, clone 3H1-F9, Abnova) was diluted at 1:100 in PBS/BSA 1 %
and incubated overnight at room temperature. After the sections were washed twice
for 5 min in PBS/BSA 1 %, an incubation step with Alexa Fluor 488-Goat anti-Mouse
IgG1 (Invitrogen, Molecular Probes, 1:1000) followed, for 1 hour. After extensive
washes, the sections were incubated with VECTASHIELD Mounting Medium with
DAPI (Vector Laboratories, Burlingame, CA) for 1 minute and mounted. Alizarin
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Red and von Kossa stainings were used for osteogenic differentiation, and Oil Red O
was used to stain adipocytes. The slides were then washed, dehydrated, mounted and
analyzed using bright field or fluorescence (FITC filter) microscopy (Nikon Eclipse).

9.2.8 Gene expression analysis

Hydrogel/cell constructs cultured for 21 days in expansion or differentiation me-
dia were washed with PBS and lysed using Trizol reagent (Invitrogen, Carlsbad,
CA). Total RNA was isolated using the Nucleospin RNA II kit (Bioke) according
to manufacturers instructions. The RNA yields were determined using the Nan-
odrop2000 (ND-1000 Spectrophotometer, Isogen LifeScience). Subsequently, cDNA
was synthesized using the iScript Kit (BioRad) according to the manufacturers rec-
ommendations. Expression levels of individual genes were analyzed by quantita-
tive PCR (MiQ, Bio-rad), using the following forward and reverse primers: Colla-
gen type I (COL1A1) Forward 5’ GTCACCCACCGACCAAGAAACC 3’ Reverse
5’ AAGTCCAGGCTGTCCAGGGATG 3’; Collagen type II (COL2A1) Forward 5’
CGTCCAGATGACCTTCCTACG 3’ Reverse 5’ TGAGCAGGGCCTTCTTGAG 3’;
Alkaline phosphatase (ALPL) Forward 5’ ACAAGCACTCCCACTTCATC 3’ Reverse
5’ TTCAGCTCGTACTGCATGTC 3’; Osteocalcin (OC) Forward 5’ GGCAGCGAG-
GTAGTGAAGAG 3’ Reverse 5 ’GATGTGGTCAGCCAACTCGT 3’; Peroxisome
proliferator-activated receptor gamma (PPARG) Forward 5’ GATGTCTCATAAT-
GCCATCAGGTT 3’ Reverse 5’ GGATTCAGCTGGTCGATATCACT 3’; Glyceral-
dehyde-3- phosphate dehydrogenase (GAPDH) Forward 5’ CGCTCTCTGCTCCTC-
CTGTT 3’ Reverse 5’ CCATGGTGTCTGAGCGATGT 3’. Gene expression was
normalized to the expression of GAPDH.

9.2.9 Chorioallantoic membrane (CAM) model

Fertilized eggs were purchased from a local farm (Enschede, The Netherlands) and
placed horizontally in an incubator at a temperature of 37 degrees Celsius with 75 %
humidity. After 3 days of incubation, the eggs were punctured and 3 mL of liquid was
removed. A rectangle was sawed off the eggshell, the window covered with tape and
the viable eggs with a developing membrane were placed back into the incubator. On
day 7, 10 % (w/v) Dex-TA with platelet lysate gels were placed in contact with the
CAM. Eggs without hydrogels were considered as controls. Four days after placing the
hydrogels in contact with the membrane, images were collected to study vasculature
development. Additionally, after sacrificing the embryos by ethanol injection, the
CAM with the hydrogel was fixated in 10 % buffered formalin and processed for
further visualization under the microscope.

9.2.10 Growth factor release profiles

Platelet lysate is a rich source of growth factors. To quantify the release of growth
factors present in the platelet lysate incorporated into Dex-TA hydrogels, we collected
the supernatant and quantified two growth factors involved in cartilage formation:
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TGF-β3 and BMP-6. The in vitro release of TGF-β3 and BMP-6 from 10 % (w/v)
Dex-TA with platelet lysate gel was monitored up to 14 days. Samples of 100 µL of
hydrogel were prepared. After gelation, 100 µL PBS was added to each sample and
incubated at 37 degrees Celsius, under agitation. The supernatant was collected and
the PBS replaced by fresh PBS at every time point. The quantification of the released
TGF-β3 and BMP-6 was obtained by Enzyme-Linked Immunosorbent Assay (ELISA),
according to manufacturer’s instructions (human Duo ELISA sets, RD Systems). This
quantification method only detects activated TGF-β3. Cumulative release of both
growth factors was obtained by quantification of TGF-β3 and BMP-6 in the platelet
lysate and normalizing to the total amount present in the lysate solution used. All
release profiles were performed in triplicate.

9.2.11 Analysis of interface morphology

Samples of 100 µL of 10 % Dex-TA hydrogels with and without platelet lysate were
crosslinked onto standardized biopsies of human OA cartilage (0.5x0.5x0.1 mm). The
use of human material was approved by a local medical ethical committee. OA carti-
lage was obtained from the knee joints of adult patients suffering from late stage OA
undergoing an arthroplasty, after informed consent. After fixation in 10 % buffered
formalin, the hydrogel-cartilage constructs were dehydrated and lyophilized (CPD030
Balzers Critical Point Dryer). Dried samples were sputtered with gold (Cressington
sputter coater) and visualized using SEM, as described above. For histological anal-
ysis, the samples were dehydrated and embedded in paraffin. Sections of 5 µm were
used for Haematoxylin and Eosin staining (HE Sigma). Slides were assembled with
resinous medium for visualization using light microscopy (Nikon Eclipse).

9.2.12 Statistical analysis

Each experiment was performed in triplicate unless otherwise specified. The results
are presented as mean ± standard deviation (SD). Experimental data were analyzed
for statistical significance using a student t-test. Statistical significance was set to
p-value <0.05 (*).

9.3 Results

9.3.1 Platelet lysate does not affect mechanical properties of
Dex-TA hydrogels

Two approaches were taken to incorporate platelet lysate in Dex-TA hydrogels. In
the first approach, a dual crosslinking was attempted by separating platelet plasma
into thrombin and fibrinogen and adding one of these components to the Dex-TA
polymer solution and the other to the solution of HRP and H2O2 (data not shown).
This approach was not successful because either the gelation did not occur, likely
due to inactivation of the enzyme or loss of oxidative properties of the H2O2, or
hydrogels were obtained in which the platelet gel was heterogeneously distributed,
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with part of the components remaining liquid. This strategy was not further pursued.
In the second approach, experiments were performed with hydrogels in which the
polymer was dissolved in platelet lysate prior to peroxidase mediated crosslinking.
Using this approach, the platelet lysate was homogeneously dispersed and successfully
incorporated into Dex-TA hydrogels. Moreover, the gelation occurred within 1 minute
and was not affected by dissolving the polymer in platelet lysate instead of PBS or
culture medium (data not shown).

The mechanical properties of 10 % (w/v) Dex-TA hydrogels with incorporated
platelet lysate were analyzed by oscillatory rheology and compared with Dex-TA
hydrogels dissolved in culture medium and with a platelet gel formed by mixing
fibrinogen with thrombin in a 1:1 ratio. The kinetics of the gelation was evaluated
by monitoring of storage and loss modulus throughout time. A gradual increase in
the storage modulus was observed in all gel types, which reached a plateau within
5 minutes after starting the crosslinking reaction (Fig. 9.1-A). The plateau moduli
values of the hydrogels were collected at 10 minutes and are presented in figure 9.1-B
as the average of three measurements for each gel type. No significant differences were
detected in the storage modulus of a Dex-TA hydrogel prepared in culture medium or
in platelet lysate. The platelet gel showed very low mechanical properties, compared
to the Dex-TA-based hydrogels, yet it showed higher visco-elasticity, as indicated by
a high damping factor value (defined as damping modulus/storage modulus). No
differences were detected in the porosity of Dex-TA dissolved in culture medium or
dissolved in platelet lysate, as shown in figures 9.1-C and 9.1-D, respectively.

9.3.2 Platelet lysate induced cell migration into Dex-TA
hydrogels

Next, we examined whether incorporation of platelet lysate would render 10 % (w/v)
Dex-TA hydrogels chemo-attractant using a cell migration assay. The chemo-attractant
properties of a 10 % Dex-TA hydrogel without platelet lysate are poor and lower
compared to a pure platelet lysate hydrogel (Fig 9.2-A), irrespective of the cell
source. Mixing platelet lysate into a 10 % Dex-TA hydrogel considerably improved
the chemo-attractant properties which surpassed the chemo-attractant properties of
a pure platelet lysate hydrogel when primary chondrocytes were used. When human
MSCs were used, the highest value was observed using a pure platelet lysate hydrogel,
which is likely due to faster dispersion of chemotactic factors, such as SDF-1α, that
are specific for MSCs. The metabolic activity of the cells that migrated and adhered
onto the hydrogels was assessed by MTT staining (figure 9.2-B). Using this assay, the
cells that crossed the membrane and entered the hydrogels were visualized. A limited
amount of cells adhered onto Dex-TA hydrogels. In contrast, a considerably higher
amount of cells could be detected in Dex-TA hydrogels mixed with platelet lysate,
using both human chondrocytes and MSCs.
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Figure 9.1: Rheological analysis and hydrogel morphology. A) Storage (G’)
and loss (G”) modulus of Dex-TA, Dex-TA with platelet lysate and platelet
gel, as a function of time; B) Storage and loss modulus plateau values, as well
as damping factors (tg=G”/G’) of Dex-TA, Dex-TA with platelet lysate and
pure platelet gel; C) Representative SEM image of critical point dried Dex-TA
hydrogel sample; D) Representative SEM image of critical point dried Dex-
TA with platelet lysate hydrogel sample, showing no difference in porosity
compared with Dex-TA only. Scale bars correspond to 100 µm.

9.3.3 Cell adhesion is enhanced by the addition of platelet lysate

The effects of the incorporation of platelet-lysate in a 10 % (w/v) Dex-TA hydrogel
on cell adhesion and proliferation were evaluated. After gelation, MSCs were seeded
onto the hydrogels. The adhered cells were quantified after 2 and 8 days in culture.
As shown in figure 9.3-A, at day 2 the number of adhered cells was more than 4-fold
higher for Dex-TA hydrogels with platelet lysate compared to pure Dex-TA hydrogels.
Similar results were obtained at day 8. At this time point, samples of both gel types
were stained for cell metabolic activity using the MTT assay. Higher number of
adhered cells with uniform distribution was found in the presence of platelet lysate
(figure 9.3-B). The uniform cell spreading and cell infiltration into the Dex-TA with
platelet lysate could also be observed using SEM (Figure 9.3-C). The surface of the
gel was covered with a uniform cell layer. In addition, upon cross-sectioning of the
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Figure 9.2: Platelet rich lysate renders Dex-TA hydrogels chemo-attractant.
A) Cell migration was assessed by a 24-hours trans-well cell migration assay
using either human chondrocytes (hChondrocytes) or human bone marrow
derived mesenchymal stromal cells (hMSCs). Platelet lysate mixed in the
culture medium, Dex-TA and Dex-TA with platelet lysate hydrogels were pre-
pared on the wells and the migratory cells that crossed the membrane were
quantified. The platelet lysate as a medium component or incorporated in
Dex-TA acted as a chemo-attractant. B) MTT assay performed in the hy-
drogels immediately after the collection of the membranes for quantification.
The metabolically active cells that crossed the membrane and adhered onto
the hydrogels are stained purple. I) Dex-TA with adhered hChondrocytes; II)
Dex-TA with platelet lysate with adhered hChondrocytes; III) Dex-TA with
adhered hMSCs; IV) Dex-TA with platelet lysate with adhered hMSCs.

gel, spindle shaped cells invading the hydrogel could be identified.

9.3.4 Platelet lysate induces chondrogenic but not osteogenic nor
adipogenic differentiation

MSCs incorporated in Dex-TA hydrogels in the presence or absence of platelet lysate
were cultured in chondrogenic, osteogenic and adipogenic differentiation inducing
medium. Expansion medium, without growth factors, was used as control. Both
histological evaluation and gene expression analyses were preformed. Cells showed
the potential to differentiate into the different mesodermal lineages. The potential to
differentiate into chondrocytes is indicated by the Toluidine Blue and Collagen type II
staining. Both staining were more intense when cells were incorporated into Dex-TA
hydrogels with platelet lysate, as shown in figure 9.4-A. Platelet lysate did not have a
beneficial effect on collagen type II mRNA expression when constructs were cultured
in chondrogenic differentiation medium (Figure 9.4-C). In control medium, collagen
type II mRNA expression was higher in the presence of platelet lysate. Interestingly,
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Figure 9.3: Adhesion and proliferation profile. A) DNA quantification of
MSCs were seeded onto the pre-gelated Dex-TA hydrogels prepared with or
without platelet lysate hydrogels (2,5x104 cells per cm2). The assays were
performed after 2 and 8 days in culture. B) MTT assay of the MSCs adhered
onto the pre-gelated Dex-TA hydrogels prepared with or without platelet lysate
hydrogels, after 8 days in culture. Metabolically active cells are stained purple.
C) Representative SEM image of critical point dried Dex-TA hydrogel with
platelet lysate with adhered MSCs, after 8 days in culture. I) Top view of the
hydrogel sample; II) Cross-section of the hydrogel sample, showing cells that
have migrated from the top into the interior of the gel.

the presence of platelet lysate potently inhibited collagen type I mRNA expression
(figure 9.4-D). Osteogenic differentiation can be detected using Alizarin Red staining,
were calcium depositions stain red, and von Kossa staining, which stains mineralized
areas dark brown. Both stainings appeared to be more intense when incorporating
MSCs into Dex-TA with platelet lysate (figure 9.5-A). Yet no significant differences
were found in ALP gene expression, which is an early osteogenic marker. The expres-
sion of OC, which is a late osteogenic marker, was decreased (figures 9.5-B and 9.5-D,
respectively). This decrease was observed in control conditions and in osteogenic cul-
ture medium. No significant differences in adipogenic differentiation were observed
between Dex-TA or Dex-TA-platelet lysate hydrogels using Oil Red O staining and
PPARg mRNA expression (figures 9.6-A and 9.6-B, respectively). Finally, to study
the effect of platelet lysate on attracting blood vessel in growth into Dex-TA hydrogels
a CAM assay was performed. Visual inspection of the CAM, four days after placing
the hydrogels in contact with the membrane, did not reveal an effect of platelet lysate
on blood vessel growth towards the hydrogel construct (figure 9.7-B).

9.3.5 Chondro-inductive effect stimulated by addition of platelet
lysate

Previously we and others have shown that combining MSC with primary human
chondrocytes potentiates cartilage formation in micromass cultures [19,22,23]. The
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Figure 9.4: Chondrogenic differentiation. A) Histological evaluation of repre-
sentative samples of Dex-TA with or without platelet lysate with incorporated
MSCs, cultured for 21 days in expansion or chondrogenic media, stained with
Toluidine blue (purple color indicates GAG deposition). B) Collagen type
II immuno-fluorescence staining of representative samples of Dex-TA with or
without platelet lysate with incorporated MSCs, cultured for 21 days in chon-
drogenic media (collagen type II is stained in green and cell nuclei are stained
blue). The negative control sample was obtained by absence of incubation
with primary anti-body. C) Expression levels of COL2A1 and COL1A1 genes
analyzed by quantitative PCR of hydrogel/cell constructs of Dex-TA with
or without platelet lysate with incorporated MSCs cultured for 21 days in
expansion or differentiation media. Gene expression was normalized to the
expression of GAPDH.
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Figure 9.5: Osteogenic differentiation. A) Histological evaluation of repre-
sentative samples of Dex-TA with or without platelet lysate with incorporated
MSCs, cultured for 21 days in expansion or osteogenic media, stained with
Alizarin Red (red colour indicates calcium deposition). B) Histological eval-
uation of representative samples of Dex-TA with or without platelet lysate
with incorporated MSCs, cultured for 21 days in expansion or osteogenic me-
dia, stained with von Kossa (dark brown color indicates mineralization). C)
Expression levels of ALP and OC genes analyzed by quantitative PCR of
hydrogel/cell constructs of Dex-TA with or without platelet lysate with in-
corporated MSCs cultured for 21 days in expansion or differentiation media.
Gene expression was normalized to the expression of GAPDH (n=3).

test whether this potentiating effect is retained in Dex-TA hydrogels, we cultured
human chondrocytes or MSCS only or a combination of 80 % human MSCs mixed
with 20 % human chondrocytes in Dex-TA dissolved in culture medium or in platelet
lysate. The constructs were cultured in chondrogenic medium without TGF-β3. Both
Collagen type II gene expression and synthesis were significantly higher in presence
of the platelet lysate in both culture systems, as shown in figures 9.8-A and 9.8-B.
This increase was more dramatic, up to 9-fold, in a co-culture system in combination
with platelet lysate.

To investigate whether improved chondrogenesis was due to the enrichment in
growth factors typically associated with chondrogenic differentiation, such as TGF-
β3 and BMP-6, in platelet lysate containing gels, we studied their release profile.
Dex-TA hydrogels with platelet lysate were prepared similarly to the cell-hydrogel
constructs and the cumulative release was determined and expressed as percentage
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Figure 9.6: Adipogenic differentiation. A) Histological evaluation of repre-
sentative samples of Dex-TA with or without platelet lysate with incorporated
MSCs, cultured for 21 days in expansion or adipogenic media, stained with Oil
Red O (red colour indicates fat deposition). B) Expression levels of PPARG
mRNA analyzed by quantitative PCR of hydrogel/cell constructs of Dex-TA
with or without platelet lysate with incorporated MSCs cultured for 21 days
in expansion or differentiation media. Gene expression was normalized to the
expression of GAPDH (n=3).

of the total initial content (figure 9.7-C). Notably, a burst release of both molecules
from the hydrogel was detected in the first days; however, approximately 20 % of
both growth factors remained entrapped within the hydrogel network up to 14 days.
The release of BMP-6 showed a more sustained profile, whereas TGF-β3 had a faster
release, up to 70 % in 4 days. At day 14, both growth factors had been released to
the same extent, approximately 80 %.

9.3.6 Effective adhesion onto OA-affected cartilage

The peroxidase crosslinking reaction results not only in crosslinking of tyramine
residues resulting in hydrogel formation but also in tyramine-tyrosine cross links. The
latter cross links enable direct fixation of the hydrogel at collagen rich tissues (Mor-
eira et al, submitted). To test whether the incorporation of platelet lysate affected
the fixation of Dex-TA hydrogels at the cartilage surface, we assessed the morphology
of the hydrogel-cartilage interface. The hydrogel integration at the defect area was
simulated by gelating Dex-TA dissolved in culture medium or in platelet lysate on top
of human OA cartilage samples. The cartilage-hydrogel interface was evaluated by
histology and SEM. As shown in figures 9.9-A and 9.9-B both hydrogels were properly
integrated with the cartilage. They were in close proximity with the defective carti-
lage surface, with only minor gaps at the interfacial area due to the extreme roughness
of the fissures in the cartilage which are typical for OA. Similar results were obtained
using SEM by which the interfacial area of Dex-TA with platelet lysate hydrogels and
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Figure 9.7: Vascularization potential using the chorioallantoic membrane
(CAM) model. A) After 7 days of incubation at 37 C, Dex-TA with platelet
lysate gels were placed in contact with the CAM, sealed and returned to the
incubator. B) Four days after placing the hydrogels in contact with the mem-
brane, images were collected to study vasculature development. After fixation,
the hydrogels with the CAM were excised and transferred onto glass slides.
The control corresponds to normal membrane development without hydrogel.

cartilage could be visualized in more detail (figure 9.9-C). The hydrogel showed close
interaction with the cartilage specimen, most likely mediated by covalent bonds be-
tween the tyramine residues of the hydrogel and tyrosine residues present in collagen
or other matrix proteins present in the cartilage tissue.

9.4 Discussion

Platelet lysate is an autologous source of a myriad of growth factors clinically rele-
vant for the treatment of injuries in a number of tissues, such as skin, bone, cartilage
and tendon. Recently, increasing attention has been focused on the high potential of
platelet lysate as an enhancer of tissue repair by inducing cell recruitment and pro-
liferation [24,25]. Indeed, previous studies have shown the efficiency of platelet gels
for guided reconstructive surgery [26]. The poor mechanical properties of platelet-
derived gels, however, hamper their application in mechanically demanding microen-
vironments, such as the joint. Additionally, platelet or fibrin gels without further
crosslinking show rapid degradation [27,28], especially when cells are incorporated
within [29]. This limits the time period in which the growth factors present in the
lysate at the defect site can participate in tissue repair. Therefore, the challenge is
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Figure 9.8: Platelet rich lysate enhances chondro-induction. A) Expression
levels of COL2A1 gene analyzed by quantitative PCR of hydrogel/cell con-
structs of Dex-TA with or without platelet lysate with incorporated hChon-
drocytes or co-cultures of hMSCs with hChondrocytes (80/20 ratio), cultured
for 21 days in chondrogenic medium without TGF-β3 supplementation. Gene
expression was normalized to the expression of GAPDH (n=3). B) Collagen
type II immuno-fluorescent staining of representative samples of Dex-TA with
or without platelet lysate with incorporated hChondrocytes or co-cultures of
hMSCs with hChondrocytes (80/20 ratio), cultured for 21 days in chondro-
genic medium without TGF-β3 supplementation (collagen type II is stained
in green and cell nuclei are stained blue). Scale bars correspond to 200 µm.
C) Release profile of the TGF-β3 and BMP-6 present in the platelet lysate
incorporated into Dex-TA hydrogels, up to 14 days. Cumulative release of
both growth factors was obtained by quantification of TGF-β3 and BMP-6
in the platelet lysate and was normalized to the total amount present in the
lysate.



9

9.4. DISCUSSION 179

Figure 9.9: Interface hydrogel-OA cartilage. The integration and adhe-
sion between the Dex-TA hydrogels with (A) and without platelet lysate (B)
crosslinked onto standardized samples of human OA cartilage. Representative
sections of the hydrogels were stained with H and E. C) Representative SEM
image of the interface between Dex-TA hydrogel with platelet lysate and OA
affected cartilage. The intricate interaction between the hydrogel and the host
tissue is evidenced, highlighting the absence of gaps at the interfacial area.

to develop a method which can preserve the beneficial effects of platelet lysate over
a longer period of time at the desired spot in the body. We have recently developed
in situ gelating hydrogels of natural polymers, revealing promising features for car-
tilage repair [11,12]. Dex-TA injectable in situ forming hydrogels are biocompatible,
biodegradable and hold mechanically suitable properties for cartilage repair strate-
gies. These gels are formed by mixing the polymer with the enzyme peroxidase and
non-toxic dilute amounts of hydrogen peroxide. In spite of these advantages, Dex-TA
hydrogels lack biological activity. Thus, our premise was that Dex-TA and platelet
lysate may complement each other, leading to one system with stable mechanical
properties and enhanced biological features. A gel formed by combination of Dex-TA
with platelet lysate is easy-to-apply and may be used to improve existing surgical
techniques for cartilage repair, such as bone marrow-stimulation procedures.

In this study, we successfully incorporated platelet lysate as an autologous source
of growth factors in Dex-TA hydrogels. The instructive signals provided by the release
of growth factors from the platelet lysate incorporated in Dex-TA hydrogels provided
the biological cues which eventually may lead to development of a cell-free system for
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cartilage repair. Feasibility of such approach was shown by demonstrating that the in-
corporation platelet lysate resulted in a strong chemotactic signal enabling the recruit-
ment and ingrowth of migratory stem or tissue progenitor cells. Additionally platelet
lysate potently triggered MSCs differentiation towards the chondrogenic lineage. The
reduction in collagen type I expression may even suggest that the lysate directs the
differentiating MSCs more into the hyaline cartilage lineage. The lysate components
were easily entrapped within the polymer matrix. Incorporation of platelet lysate did
not alter physical properties of Dex-TA hydrogels at least in vitro. It did not affect
the mechanical properties, porosity or the gelation time of pure Dex-TA hydrogels.
Moreover, the stiffness of Dex-TA with platelet lysate hydrogel is superior to pure
platelet gels [11,12].

When in contact with platelet-derived plasma, dextran triggers platelet activation
and the release of growth factors. Similarly, freeze thawing cycles lead to platelet
lyses and subsequent release of growth factors and cytokines [2,30]. The possibility
of turning an inert gel into a chemo-attracting cell-free system is one of the major
advantages of the incorporation of platelet lysate in Dex-TA. In fact, our results
showed that Dex-TA with platelet lysate induced cell migration of both chondrocytes
and MSCs. Thus, this hydrogel can be used as a chemo-attractant when injected into
cartilage defects. The gel may attract migratory cells from the synovial fluid, the
synovium, the surrounding cartilage matrix such as highly migratory chondrogenic
precursor cells [31] or from bone marrow (in case of osteochondral defects or micro-
drilling) to invade the gel. The transmigration of crosswise matrix boundaries has
been previously reported [32]. This process involved the presence of fibronectin and
growth factors such as platelet-derived growth factor-BB (PDGF-BB) which induced
the cells to express provisional matrix receptors [1,33]. These components are likely
responsible for the enhancement of cell adhesion after incorporation of platelet lysate
into Dex-TA. Furthermore, the ”natural cocktail” of growth factors present in platelet
lysate also stimulated cell proliferation. This enhancement of cell proliferation by
platelet lysate and fibrin glues has previously been shown using both MSCs and
chondrocytes [25,34].

Interestingly, our data showed that chondrogenic differentiation was induced by
incorporation of platelet lysate into Dex-TA hydrogels complemented with human
MSCs. In contrast, limited effects were observed on osteogenic or adipogenic dif-
ferentiation. These effects were observed without addition of supplementary growth
factors to the MSCs culture media. This allowed us to conclude that the growth
factors present in the platelet lysate appeared to be sufficient to trigger preferentially
the differentiation of MSCs into chondrocytes. The use of fibrin glue as inducer of
chondrogenic differentiation of MSCs has been previously reported [5]. However, in
the absence of protease inhibitors, these scaffolds degraded between 10 to 14 days.
Dex-TA hydrogels are much more resistant to degradation facilitating much longer
matrix-guided cartilage repair. Particularly relevant for cartilage repair is our ob-
servation that during chondrogenic differentiation of MSCs in Dex-TA hydrogels the
presence of platelet lysate potently repressed the expression of collagen type I while
collagen type II expression was stimulated. Roussy et al. [35] have reported that
activated platelet-rich plasma had no significant effect on in vivo bone formation,
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which is in accordance to our in vitro results showing inhibitory effects on osteoblas-
tic differentiation and repression of collagen type I expression. Previously, it has been
shown that platelet lysate has a stimulatory effect on endothelial cell division [35]. As
neo-vascularisation would be an undesired site effect of any cartilage repair strategy,
we have evaluated the effect of the combined Dex-TA/platelet rich lysate gel on blood
vessel formation and blood vessel ingrowth using the CAM-model also. Our gel did
not appear to influence blood vessel formation. Yet additional experiments focusing
on vessel development using our system are necessary for further conclusions. Taken
together our data suggest that it may be attractive to combine Dex-TA hydrogels
supplemented with platelet lysate with a bone marrow stimulation technique such as
sub-chondral drilling. In such a combined approach, MSCs from the bone marrow
are actively attracted by the chemo-attractant properties of the hydrogel. These cells
are subsequently stimulated to differentiate into chondrocytes and considering the
inhibitory effect of platelet lysate on COL1 mRNA expression, they may differentiate
into hyaline cartilage rather than into non-permanent fibrous-like cartilage.

Previous reports have highlighted the trophic role of MSCs in stimulating chon-
drocyte proliferation and matrix deposition [19]. This effect is known as chondro-
induction. To investigate whether the presence of the platelet lysate would have a
stimulatory effect on chondro-inductivity, chondrocytes and co-cultures of chondro-
cytes with MSCs were cultured in Dex-TA with platelet lysate in the absence of
growth factors. Gene expression and deposition of collagen type II by chondrocytes
was enhanced by the presence of platelet lysate in the gel. Remarkably, the stimu-
latory effect was more pronounced in the co-culture system resulting in significantly
higher deposition of extracellular matrix when Dex-TA hydrogels were combined with
MSCs, chondrocytes and platelet lysate. This highly advantageous stimulatory effect
of platelet lysate may possibly be combined with well-recognized cell based strategies
such as autologous chondrocyte implantation (ACI) which may result in improved-
cartilage repair.

TGF-β3 and BMP-6 are growth factors typically associated with chondrogenic
differentiation of MSCs. These growth factors are abundantly present in platelet
lysate and , therefore, we have examined their release from a Dex-TA/platelet rich
lysate gel. The release profiles from Dex-TA with platelet lysate showed an overall
sustained release. This is suggestive that the enhanced chondrogenic effect observed
was at least partly mediated via the sustained release of these growth factors from
the hydrogel. The use of autologous platelet rich lysate avoids the use of recombi-
nant growth factors or products from animal origin avoiding the risk of an adverse
immunological response. In addition, the use of platelet rich lysate is cost effective
compared with the use of expensive recombinantly produced growth factors.

The adhesion and retention of the hydrogel at the cartilage defect site are of
extreme importance for the tissue regeneration and integration of the neo-tissue with
native cartilage. Previously, we have identified covalent binding of Dex-TA onto
collagen fibrils present in cartilage via tyramine-tyrosine motifs during in situ gel
formation (Moreira et al, submitted). The presence of platelet rich lysate did not
interfere with this mechanism. Thus, the combination with Dex-TA allowed the
retention of platelet rich lysate at the defect site. The initial fluidity of the gel allows
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filling up irregularities at the cartilage surface as present in OA which may then
provide mechanically support to the damaged cartilage Moreover, platelet lysate has
anti-inflammatory properties, which enhances its therapeutic potential of Dex-TA
hydrogels for treatment of diseases caused by catabolic inflammatory cytokines, such
as OA [36].

9.5 Conclusion

The present study described the use of autologous blood derived platelet rich plasma
that can be efficiently incorporated into Dex-TA hydrogels. Dex-TA provided the me-
chanical strength and a resistance to enzymatic degradation which lack in platelet gels.
In addition, the mild enzymatic crosslinking method allows retention of the platelet
rich lysate at the defect site in the cartilage. The incorporation of platelet lysate
provided biological cues that lack in Dex-TA hydrogels, such as chemo-attractant
properties and anabolic growth factors. Taken together, our data shows that an in
situ forming Dex-TA hydrogel complemented with platelet lysate can potentially be
used as a cell-free approach to repair cartilage defects. Furthermore, we show that the
bioactivity of the growth factors released by the gel promoted proliferation and trig-
gered chondrogenic differentiation of MSCs. Therefore, this hydrogel system shows
high potential as an out-of-the-shelf cell-free product for cartilage repair strategies
either or not in combination with marrow stimulation by combining scaffold-guided
regenerative medicine with an autologous source of growth factors.
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Chapter 10

General discussion

Stimulation of cartilage repair by
nature mimicry

The current trend in tissue engineering strategies is to mimic what happens in nature
[1]. On one hand, biomimetic biomaterials have proven their suitability and success
as repair strategies for e.g. skin, bladder, bone and cartilage. On the other hand, the
mimicry of the events occurring in native regenerative responses remains challenging,
yet worth exploring to take tissue engineering one step further. One approach to har-
ness the innate regenerative capacity is to design a scaffold with intrinsic regenerative
signals that can activate local cell populations [2]. Induced regeneration is the funda-
mental nature of tissue engineering, thereby, the aim of this discipline is to persuade
and encourage cells, tissues or organs (or their functions) to regenerate when this
process does not occur spontaneously [3]. The challenge arises when tissues have a
limited capacity of self-repair, such as cartilage. The progressive deeper understand-
ing of cartilage biology is strengthening the link between engineering and functional
tissue repair, as described in chapter 2, translating into the successful development of
scaffolds that facilitate and accelerate tissue regeneration.

Generally, to ease clinical translation, cell-free products are favored. Clinicians
typically try to minimize handling as well as try to simplify procedures. The draw-
backs of using autologous cell-laden constructs are mainly related to time demanding
cell isolation procedures and prolonged in vitro cell expansion prior to implantation.
These practical issues highlight the magnitude of the intrinsic properties of scaffolds
as key orchestrators of the repair mechanisms [4]. However, the importance of cells in
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repair mechanisms cannot be disregarded. Overall, three approaches can be used to
overcome the challenges inherent to the application of cell-laden scaffolds: i) design
of instructive materials that can be loaded with (recombinant) proteins to enhance
cell-mediated repair, ii) improve cell seeding procedures, either using co-culture sys-
tems or cell micro-aggregation, to ultimately achieve the best outcome with less cell
numbers, or iii) the scaffold is implanted initially as a cell-free system that, once at
the defect site, recruits local cells.

Overall, this thesis aimed at tailoring injectable hydrogel scaffolds for cartilage
tissue engineering. In situ forming hydrogels were designed for the treatment of local
cartilage defects and degenerative cartilage diseases, such as OA, acting as healing
plasters. A recently developed technology platform of enzymatically crosslinkable hy-
drogels of natural polymers was the base of this study, in which we have focused on
their in vitro biological evaluation. Several strategies described in this thesis were
adopted to improve the biological properties of these hydrogels. In situ forming
injectable hydrogels can be used for the delivery of chondrocytes or MSCs, immobi-
lizing them at the defect site via an non-invasive procedure, or, alternatively, these
hydrogels can attract cells from the sub-chondral bone or synovial fluid to restore joint
homeostasis and stimulate cartilage regeneration. The incorporation of bioactive com-
pounds in these hydrogels is a highly attractive approach to stimulate regeneration.
The optimal microenvironment, which mimics the cartilaginous matrix in the hydro-
gel, will, in principle, allow direct contribution of the cells in new tissue formation.

10.1 Dextran-based in situ forming hydrogels as a potential
off-the-shelf injectable system

The success of a repair strategy in the management of cartilage defects relies on the
following requirements: i) It must be easy applicable, for example in a minimally
invasive procedure, such as an arthroscopy or a single injection; ii) It must remain
immobilized at the defect site; iii) be able to cope with normal wear of the joint;
iv) be biodegradable and allow cartilaginous matrix deposition/remodelling; and v)
be biocompatible and may not cause tissue irritation or an inflammatory response.
Hydrogels consisting of natural polymers are likely to fulfil all these requirements due
to their resemblance to the native cartilaginous matrix. Dextran was the polysac-
charide of choice to form the backbone of the hydrogels described in this thesis, due
to its stability, biocompatible properties and more interestingly, due to its structural
resemblance to ECM components.

As described in chapter 3, enzymatic crosslinking is a mild and effective method
to obtain injectable hydrogels of natural polymers, such as dextran. In chapter 4, we
showed that enzymatic crosslinking is indeed a highly efficient method to prepare in
situ forming dextran-based hydrogels [5,6]. Firstly, hydroxyphenyl groups were intro-
duced on the polymer backbone by linking tyramine (TA) residues via an urethane
bond to the polymer backbone, denoted as Dex-TA. Once hydroxyphenyl groups are
introduced, in situ gelation rapidly induced. This mechanism is based on the covalent
crosslinking of the hydroxyphenyl groups in the presence of the enzyme horseradish
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peroxidase, as catalyst, and low, non-toxic concentrations of H2O2. The reaction time
is adjustable and occurs between several seconds and a couple of minutes. In com-
parison to Michael-type addition reactions and photo-polymerization [7], the gelation
time in enzymatic crosslinking reactions are substantially shorter. After crosslink-
ing, a highly porous 3D network is formed. The size of these pores can be tailored,
as higher degree of substitution and polymer concentration resulted in smaller pore
size. The pores created support cell encapsulation. The storage modulus of Dex-TA
reached up to 60 kPa. The mechanical properties of Dex-TA can easily be customized
by changing the polymer backbone properties. Chondrocytes incorporated within
the hydrogels showed high cell viability and retained their typical round morphology.
Moreover, the cells were capable of producing a cartilaginous matrix, which highlights
the suitability of these hydrogels for cartilage repair.

10.2 Bioactivity and biomimicry to improve biological
performance

The micro-environment sensed by cells consists of many different ECM molecules,
such as GAGs and collagens each with tissue-specific functions. In spite of its ex-
cellent biocompatibility and stability, dextran has limited cell interaction capacities.
Unlike other polysaccharides, such as hyaluronic acid, chondrocytes do not express
specific receptors for dextran, which hampers cell attachment and migration of cells
in the hydrogel. In addition, chondrocytes do not express enzymes that can degrade
dextran, so the encapsulated cells are compromised in remodeling their extracellular
environment once they are captured in a 3D-network of dextran.

We hypothesized that Dex-TA hydrogel biological performance could be improved
by incorporation of different GAGs and/or (autologous sources of) growth factors.
Three strategies were selected to improve the biological performance of Dex-TA: i)
engraftment with hyaluronic acid, ii) mixing with heparin, and iii) incorporation of
platelet lysate. The first two approaches are based on relatively simple chemistry
to introduce tyramine residues in the selected model molecules: hyaluronic acid and
heparin. In this thesis, we focused on these two model molecules, however, this method
could also be used to obtain conjugates with other polysaccharides, such as chondroitin
sulphate, or ECM proteins, like collagen type II, to tailor mechanical and biological
properties. In this way a wide range of possible combinations of biofunctional scaffolds
can be created each specifically adapted to modulate e.g. cell adhesion, migration,
proliferation and differentiation as well as to direct new tissue formation [8,9]. The
wide availability of functional groups such as hydroxyl groups, amino groups and/or
carboxylic acid groups present in these polysaccharides are open to further chemical
modifications and crosslinkable or bioactive moieties can easily be introduced into the
polysaccharide precursors of these enzymatically cross linkable hydrogels.

Hyaluronic acid (HA) is one of the main components of the ECM in cartilage
tissue and, for this reason, it was chosen as a biomimetic component of Dex-TA. HA
interacts with chondrocytes through surface receptors, such as CD44, enabling mod-
ulation of cell activity by contributing significantly to cell proliferation and migration
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[10,11,12]. Novel polysaccharide hybrids were designed, as described in chapter 5,
in which Dex-TA was grafted onto HA (HA-g-Dex-TA) [13]. HA-g-Dex-TA copoly-
mers were prepared with different degrees of substitution of tyramine units to HA
using EDAC/NHS activation. Hybrid hydrogels could subsequently be obtained by
enzymatic crosslinking. Overall, these biomimetic HA-g-Dex-TA hydrogels induced
an enhanced cell proliferation and matrix deposition/remodeling as demonstrated by
increased deposition of glycosaminoglycans and collagens, compared to Dex-TA hy-
drogels.

Preliminary in vivo evaluation of dextran-based hydrogels was performed by sub-
cutaneous implantation in immmunocompetent mice (unpublished data). Histolog-
ical evaluation of representative samples, shown in Figure 10.1-a, indicates that a
mild fibrous capsule was formed around the HA-g-Dex-TA hydrogel as a result of
a foreign body response. The diameter of this capsule decreased throughout time
of implantation, with almost no eosinophils or multinucleated cells being present in
the hydrogel surroundings at day 28. No acute reaction seemed to be occurring,
strongly suggesting that this hydrogel is biocompatible. Similar results were obtained
with Dex-TA hydrogels (data not shown). This is furthermore supported by data
showing that Dex-TA hydrogels could not elicit a respiratory burst when co-cultured
with neutrophils in vitro (unpublished data). After verifying that HA-g-Dex-TA is
biocompatible, the chondrogenic potential of this hydrogel was evaluated in vivo.
HA-g-Dex-TA hydrogels were subcutaneously implanted in nude mice with and with-
out chondrocytes. Samples were explanted after 28 days and representative sections
were stained with Safranin O to determine the content in glycosaminoglycans. The
strong red staining of HA-g-Dex-TA hydrogels with chondrocytes is indicative of the
high amount of glycosaminoglycans being deposited (Figure 10.1b). Staining in these
hydrogels was more intense than in implanted Dex-TA hydrogels (data not shown).
The neo-cartilage formation within the hydrogels with chondrocytes appears to be
replacing the HA-g-Dex-TA hydrogel, as this biomaterial slowly degrades. Overall,
dextran-based hydrogels appear to be biocompatible and allow significant amounts of
matrix deposition in vivo. Incorporation of HA in Dex-TA hydrogels increased car-
tilage matrix formation, confirming our hypothesis that HA incorporation increases
biological performance of the Dex-TA presumably by matrix mimicry. Heparin was
selected as model compound to further improve the bioactivity of dextran-based hy-
drogels, as described in chapter 6. Heparin is well known for its biocompatibility and
resemblance to heparan sulphate, which is a natural component of the ECM. Heparin-
containing hydrogels have previously been studied for biomedical applications such as
controlled release of growth factors and tissue regeneration. To enable the enzymatic
crosslinking of Dex-TA and heparin (Hep), tyramine residues were grafted on the free
carboxylic groups of heparin also using EDAC/NHS chemistry to obtain Hep-TA [14].
The presence of Hep-TA increased cell survival 1 day after encapsulation of the cells
in the gel from more than 95 percent to more than 99 percent. Moreover, cell prolifer-
ation and the de novo formation of a cartilaginous matrix were significantly improved
by the incorporation Hep-TA. Interestingly, increasing ratios of Hep-TA in Dex-TA
hydrogels also induce cell migration, as described in chapter 7. Thus, cells from the
synovial fluid and/or bone marrow might be able to migrate into Dex-TA/Hep-TA
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Figure 10.1: a) Subcutaneous implantation of in situ gelating HA-g-Dex-TA
hydrogel in immuno-competent mice or injected with the polymer as a con-
trol. Samples were explanted after 7 and 28 days. Representative sections
were stained with H and E. b) Subcutaneous implantation of HA-g-Dex-TA
hydrogel in nude mice with incorporated chondrocytes with cell density of 10
million/mL or without cells. Samples were explanted after 28 days. Represen-
tative sections were stained with Safranin O. Glycosaminoglycans are stained
red. Unpublished results.

hydrogels, allowing matrix to be produced within the hydrogel. The acquired data is
indicative that this system can likely be developed and optimized as a cell-free system
for cartilage repair.

As an alternative for the engraftment of hyaluronic acid or heparin, we explored
whether incorporation of autologous platelet-rich lysate could also improve the re-
generative potential of Dex-TA hydrogels. Platelet lysate is rich in growth factors
and anti-inflammatory cytokines that play a key role in cartilage repair, yet platelet-
derived gels are mechanically unstable [15,16]. Opposingly, Dex-TA is mechanical
stable and can be immobilized in situ at the defect site, however, the biological per-
formance of this hydrogel limited and could be improved. The advantages of both
systems were successfully combined by incorporation of platelet lysate into Dex-TA.
Interestingly, the bioactivity of the growth factors released by the gel promoted prolif-
eration and triggered chondrogenic differentiation of MSCs. The Dex-TA/platelet-rich
lysate hydrogels described in chapter 9 showed high potential as an out-of-the-shelf
cell-free product for cartilage repair strategies by combining scaffold-guided regener-
ative medicine with an autologous source of growth factors.

10.3 Integrate to repair

Integration of TE constructs is of major importance for its function. Inappropriate
tissue integration can ultimately result in failure, particularly at the interface be-
tween scaffolds and mechanically challenging tissues, such as joints [17,18]. Strategies
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Figure 10.2: Representative histological section stained with H and E,
demonstrating the smooth transition without gaps at the OA-affected car-
tilage/hydrogel interface. It should be noted that this hydrogel system has
the initial fluidity that allows infiltration into cartilage gaps and cover uni-
formly irregular surfaces. This characteristic is strongly indicative of the high
potential of dextran-based hydrogels as ”healing plasters” for the repair of
cartilage related diseases, such as OA. Unpublished results.

currently explored in cartilage resurfacing are based on attachment of the implanted
material with sutures to the surrounding cartilage or involve a multistep glue-mediated
procedure for the attachment of a synthetic hydrogel to the cartilage [19,20,21,22].
The polymers described in this thesis are designed to simultaneously form covalent
bonds creating a 3D hydrogel network and firmly attach to the cartilage tissue by tak-
ing advantage of the hydroxyphenyl residues that are present in tyrosine-containing
ECM proteins. We introduced hydroxyphenyl groups in the backbone of naturally oc-
curring polymers, such as dextran, hyaluronic acid and heparin, which allow covalent
bonding between tyramine groups of the hydrogels and tyrosine residues of cartilage
collagens during in situ crosslinking reaction on articular cartilage. In chapter 7, we
described the self-attachment of Dex-TA hydrogels during the enzymatic crosslink-
ing reaction to predominantly collagen residues in the cartilaginous matrix. Similar
results were obtained with other dextran-based hydrogels, such as Dex-TA/Hep-TA
50/50. Figure 10.2 shows that these hydrogels attach to not only healthy bovine carti-
lage, but also onto human OA-affected cartilage (unpublished data). Thus, hydrogels
containing mixtures of Dex-TA and Hep-TA conjugates are promising biomaterials
that can be used to repair tissue defects, not only in cartilage but also in other col-
lagen rich tissues. This novel and simple, yet effective mechanism distinguishes itself
from previously developed strategies, as it allows direct positioning and upholding of
the hydrogel at the diseased cartilage surface by one simple injection. Therefore, the
translation of this strategy into clinical applications is likely facilitated.
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10.4 Boosting up cartilaginous ECM deposition

The native ECM composition and features were the base for the development of the re-
pair strategies described in this thesis, mainly by structural mimicry. However, when
using cell-laden constructs, cells play an equally important role as the carrier scaffolds.
Current seeding methods could be improved to enhance cell performance and cell an-
abolic responses can also be mimicked from nature. Chondrocyte clusters have been
associated with cartilage self-repair mechanisms. We explored this catabolic and an-
abolic cell response, hypothesizing that chondrocyte aggregation could stimulate both
cartilaginous matrix deposition and remodeling thereby enhancing cartilage repair. In
chapter 8, we provide evidence that seeding hydrogels with micro-aggregated chon-
drocytes rather than with single cells, which is the current golden standard, may be
an effective strategy to boost neo-cartilage formation. We show that high-throughput
formation of micro-aggregates prior to chondrocyte implantation may be an efficient
approach to improve and accelerate hyaline cartilage formation during current autol-
ogous chondrocyte implantation procedures.

10.5 Concluding remarks and future perspectives

In this thesis we have described a recently developed technology platform of in situ
gelating hydrogels of natural polymers that shows promising features for cartilage re-
pair. These dextran-based hydrogels provide a protective environment and mechanical
support to the eroded cartilage surface, while facilitating regeneration by attracting
progenitor cells. Moreover, these hydrogels can be applied in a one-step minimal
invasive procedure, such as an arthroscopy. Translation into a pre-clinical setting is
the next step to further develop this injectable hydrogel system. This translation
will involve the optimization of an injectable device, typically a syringe based on a
double-jet system as is currently used for the application of fibrin glue, for application
of dextran-based hydrogels in cartilage defects using minimally invasive procedures.
Moreover, injection of these in situ forming hydrogels in simulated cartilage defects
in medium and large animals, namely rabbits and horses, will pave the road for the
initiation of clinical trials in man.

The sustained delivery of a myriad of compounds involved in cartilage repair and
protection are worthwhile exploring in combination with dextran-based hydrogels.
The high affinity of heparin [23,24,25] to bind to growth factors and the easy incorpo-
ration of drugs in HA [26] highlight the potential of Dex-TA/Hep-TA and HA-g-Dex-
TA as possible mediators of sustained drug delivery. Further research may focus on
sustained delivery of, for example, BMPs, DKK-1 or drugs for OA treatment. This
would be valuable to further enhance the chondrogenic potential of these hydrogels
and to assure the formation of hyaline neo-cartilage or explore anti-inflammatory OA
treatments, respectively. Moreover, the influence of mechanical stimulation in matrix
deposition in dextran-based hydrogels will be of great value in the development and
selection of combinations other possible GAG-TA or collagen-TA fractions.

The features of the dextran-based hydrogels described in this thesis were focused
on cartilage repair strategies. Cartilage is essentially an avascular and aneural tissue;
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on the contrary, most of the other tissues such as bone, skin, cardiac tissue or muscle,
are highly vascularized. TE strategies for these tissues rely on vascular development
for efficient and functional repair. The biomimetic and bioactive properties of the
dextran-based hydrogels described herein can potentially assist on vessel development.
Other TE strategies might also explore the potential of these hydrogels to covalently
bind to collagen-rich tissues, such as the development of skin replacements for wound
healing or tendon reconstruction. Moreover, these hydrogels gels could potentially be
optimized by mixing different combinations of various ECM compounds and evaluated
in medium to high throughput to select the proper combinations for each specific
desired function.
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50/50 gel; p<0.01 vs. 75/25 gel; p<0.05 vs. 75/25 gel). . . . . . . . . . . 112

6.11 Toluidine blue staining of the hydrogels with Dex-TA/Hep-TA weight ra-
tios of 100/0 (A), 75/25 (B), 50/50 (C) and 25/75 (D) after culturing for
21 days. Scale bar: 100 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . 113
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6.12 Chondroitin sulfate immunofluorescent staining of the Dex-TA/Hep-TA
hydrogels containing chondrocytes after in vitro culturing for 21 days.
Different Dex-TA/Hep-TA ratios: 100/0 (E and F), 75/25 (G and H),
50/50 (I and J) and 25/75 (K and L). The section of bovine cartilage
without or with incubation with primary antibodies was used as a negative
(A and B) and positive (C and D) control, respectively. . . . . . . . . . . 114

6.13 Collagen type II immunofluorescent staining of the Dex-TA/Hep-TA hy-
drogels containing chondrocytes after in vitro culturing for 21 days. Dif-
ferent Dex-TA/Hep-TA ratios: 100/0 (C), 75/25 (D), 50/50 (E) and 25/75
(F). The section of pellet human chondrocytes at 21 days without or with
incubation with primary antibodies was used as a negative (A) and positive
(B) control, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.14 (a) Total collagen in Dex-TA/Hep-TA hydrogels containing chondrocytes
after in vitro culturing for 1, 7, 14 and 21 days. Cell seeding density: 5
million cells/mL. (* p<0.05, ** p<0.01). . . . . . . . . . . . . . . . . . . . 115

7.1 Hydrogel adhesion and maximal shear modulus. a. and b. Construct
consisting of two bovine explants of sub-chondral bone covered with a
layer of cartilage of 1 cm2 with a layer of in situ formed Dex-TA hydrogel
between the explants. The final construct shows high stability when held
horizontally between tweezers. c, Maximal shear modulus (relative) of
cartilage with 14k-DS8 and 14k-DS15 Dex-TA hydrogels formed in situ
and for cartilage combined with pre-gelated 14k-DS8 and 14k-DS15 Dex-
TA hydrogels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

7.2 Overview and histological evaluation of cartilage defects filled up with
Dex-TA hydrogel. a. A cartilage defect in the bovine patella is filled up
with a Dex-TA hydrogel combined with bovine chondrocytes. The gel is
applied using a dual syringe in which one chamber contains the cell sus-
pension (10 million cells per mL) and the polymer (final volume of 10
% w/v) while the other chamber contains HRP and H2O2. After mixing
both chambers contents together along the circular final mixing compart-
ment, gelation occurs within one minute which results in total filling of
the defect, as shown in the detailed picture of the simulated defect site at
the right. b. Safranin O staining indicating in pink/red the accumulation
of glycosaminoglycans. The white arrows indicate the cells incorporated
in the hydrogel. A decreasing gradient of glycosaminoglycans (GAGs),
from cartilage to the hydrogel, indicating that diffusion of GAGs through
the interface takes place. In addition, safranin O staining is surround-
ing the chondrocytes embedded in the hydrogel, indicating newly formed
GAGs. c. Picrosirius red staining, visualized by polarized light, demon-
strates the presence of collagen fibrils at the cartilage/hydrogel interface
and surrounding the chondrocytes embedded in the hydrogel, indicated by
the white arrows. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
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7.3 Morphological analysis of the cartilage-Dex-TA hydrogel interface. a, Rep-
resentative wet mode SEM images showing a smooth transition between
Dex-TA hydrogels and cartilage The arrow indicates the cartilage-Dex-TA
hydrogel interface. c and d, Representative HR-SEM pictures showing in-
creasing magnifications of the hydrogel-cartilage interface. The images are
suggestive for a direct interaction between the hydrogel and collagen fib-
rils of which the D period is clearly visible at higher magnifications (with
arrows). The magnifications are indicated in the figures. . . . . . . . . . . 130

7.4 Raman micro-spectroscopy of the interface area. a, White light micrograph
showing the scanned interface region of 30x30 µm (boxed). In this area
1024 scans were taken. b, Hierarchical cluster analysis of 1024 Raman
scans (Power: 35mW, objective: 40xW, accumulation time 50 ms/pix)
identifies 3 different spectra corresponding to the hydrogel only (green),
the cartilage only (black) or the interface (red). c, d, Raman spectra of the
Dex-TA/cartilage interface with: the cartilage region (black cluster), the
interface region (red cluster) and the Dex-TA 14k-DS10 hydrogel region
(green). c, The most informative region of the spectrum; d, Spectrum
showing the water bands (Power: 35 mW, objective: 40xW, accumulation
time 50 ms/pix). e-f, Spectral range selections of figure c, of ∆=780-820
cm-1 and of ∆=1050-1230 cm-1, respectively, showing peaks of interest. g,
Selected area of e, showing a change at 816 cm-1. h, Selected area of e,
showing a change at 857 cm-1. i, Selected area of f, showing a change at
1122 cm-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7.5 Average Raman spectra of average red cluster subtracted by average spec-
tra of green cluster. Positive bands correspond to cartilage. Negative
bands at 509, 541, 838 and 1132 cm-1 correspond to hydrogel. This shows
the uptake of hydrogel by the cartilage, which occurs at the interface. . . 134

7.6 Enzymatic crosslinking of Cy5-labeled tyramide on bovine articular car-
tilage. a, Fluorescent microscopy images show representatives (n=4) of
bovine articular cartilage incubated with or without chondroitinase, with
and without HRP, with H2O2 and different concentrations of TyrCy5 (di-
luted 1:50 or 1:100). b, Fluorescence quantification of bovine articular
cartilage incubated with and without chondroitinase, in the presence or
absence of HRP and H2O2 with different concentrations of TyrCy5 (di-
luted 1:50 or 1:100). The mean color of the pictures was determined for
quantification of fluorescence intensities (average of 3 spots within each
sample, * P<0,05), average color: 0 = black, 255 = red. c, Schematic sum-
mary of the postulated enzymatic crosslinking between Dex-TA conjugates
and collagen molecules present in the cartilage ECM via tyramine-tyrosine
covalent bond formation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
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7.7 HR-SEM and histological images, showing the interface between other
collagen-rich tissues and Dex-TA hydrogel. a, HR-SEM pictures showing
the attachment of the hydrogels to muscle tissue via bonding to collagen
fibrils (left and middle) and a representative histological section with H
and E staining demonstrating the smooth transition without gaps at the
muscle/hydrogel interface (right). b, HR-SEM pictures showing limited
attachment of the hydrogels to fat tissue via bonding to collagen fibrils
(left and middle) and a representative histological section with H and
E staining, demonstrating the irregularities and poor attachment at the
fat/hydrogel interface (right). . . . . . . . . . . . . . . . . . . . . . . . . . 136

7.8 Evaluation of the cell migratory potential of Dex-TA-based hydrogels. a.
Cell migration assay using human chondrocytes (hChond) and human
chondrocyte progenitor cells (hCPCs). Dex-TA was mixed with Hep-TA
in different ratios: 100/0, 75/25, 50/50 and 25/75 to prepare hydrogels
and the migratory cells were quantified. Increasing contents of heparin
induced higher cell homing towards the hydrogels, with no significant dif-
ference between cell types. b. Cell adhesion onto Dex-TA hydrogels was
observed, after dynamic cell seeding. The hydrogels were kept in a spin-
ner flask for 7 days and afterwards an MTT assay was performed. The
metabolically active cells are stained in purple and can be visualized both
at the surface and, to a lesser extent, within the hydrogel, as shown by the
cross-section. c. Representation of the assembly of constructs of Dex-TA
hydrogels containing cells, with Dex-TA/Hep-TA 50/50 gels, without cells,
on top. d. Migration of cells through the Dex-TA into Dex-TA/Hep-TA
50/50 gels. Toluidine blue staining was used to stain the heparin fraction.
Cells were stained with DAPI, which marks in blue the cell nuclei. Cell
migration against gravity towards Dex-TA mixed with Hep-TA hydrogels
was detected after 24 hours in culture, as cells were observed in the initial
cell-free Dex-TA/Hep-TA 50/50 fraction. . . . . . . . . . . . . . . . . . . 137

7.9 Synthesis and enzymatic crosslinking of Dex-TA conjugates and proposed
mechanism involved in the adhesion onto cartilage. a, In the first step of
the Dex-TA conjugates synthesis, p-nitrophenyl chloroformate is linked to
the dextran backbone. This step is followed by substitution of the nitro-
phenyl group by tyramine through the formation of a urethane bond. b,
Dex-TA hydrogels are formed by the HRP catalyzed oxidative coupling
of the phenol groups of the tyramines present on the dextran backbone,
via either carbon-carbon bonds or carbon-oxygen-carbon bond formation.
c. Mechanism of enzymatic crosslinking between Dex-TA conjugates and
collagen molecules present in the cartilage ECM via tyramine-tyrosine co-
valent bond formation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
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8.1 High-throughput formation of chondrocyte micro-aggregates. (A) Schematic
representation of the micro-well technique for the formation of aggregates
from single cell suspensions. A stainless steel mold was used to form micro-
wells in agarose chips. (B) Each agarose chip contains 4 x 103 micro-wells.
(C) Pictures at specific time points during aggregate formation. Each
well of a 24 wells plate containing an agarose micro-well chip was seeded
with the appropriate number of cells to obtain micro aggregates of 50, 100
or 200 cells. Aggregation started to occur approximately 6 hours after
seeding. After 12 hours, the aggregates had acquired a spherical shape,
independently of aggregate size. (D) Correlation between the number of
cells per micro well and the diameter (µm) and the volume (µm3) of the
obtained aggregates after 12 hours. Each data point represents the mea-
surement of minimally 50 micro aggregates. At the lower right side of
the graphic, aggregates obtained after flushing off the agarose chips are
shown. (E) Micro-aggregate area (µm2) slightly decreased over time most
notably in aggregates bigger than 100 cells. Each data point represents the
measurement of minimally 50 aggregates (F) Measurement of circularity of
micro-aggregates over time demonstrated a decrease in average circularity
and an increase in spread. A perfect circle has a value of 1. Each data
point represents the measurement of about 50 micro aggregates. Error
bars were means ± SD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

8.2 Cell clusters in OA cartilage. (A) OA tissue specimen stained with H and
E, showing the presence of several chondrocyte clusters near fissures at the
cartilage surface. (B) Detail of representative micro-aggregates of 100 cells
embedded in an in situ gelating Dex-TA hydrogel, stained with H and E. 152

8.3 Micro-aggregation enhances COL2A1 and ACAN expression. (A) qPCR
analysis of collagen type II and aggrecan gene expression at day 1, 3 and 7
of culture in chondrocyte expansion medium. Equal amounts of cells were
cultured in micro-aggregates of 50, 100 and 200 cells and compared with
single cells cultured in a 2D system. At day 7, no changes were observed
between the different culture methods. (B) qPCR analysis of collagen
type II and aggrecan gene expression was evaluated at day 1, 3 and 7 of
culture in chondrogenic conditions. Micro-aggregated cell clusters of 50,
100 and 200 cells were compared with single cells cultured in a 2D system.
COL2A1 and ACAN expression was potently stimulated by culturing the
cells in micro-aggregates of 50 and 100 cells. Error bars were means ± SD
(n=3/condition). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
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8.4 Micro-aggregation increases metabolic activity. (A) Glucose consumption
and ammonia and lactate production were quantified after 7 days of cul-
ture of equal cell numbers of 100 cell micro-aggregates on agarose chips
or as single cells in 2D. The ratio between lactate production and glucose
consumption is represented in the lower right graphic. The clear differ-
ence between both culture systems was strongly suggestive for a shift in
metabolic activity. Error bars represent means ± SD (n=3/condition).
(B) Equal numbers of cells, either as micro-aggregates or as single cells,
were embedded in an in situ gelating Dex-TA hydrogel. After 7 and 14
days of culture, a viability assay was performed in which living cells were
shown in green and dead cells in red. Incorporation of cells in the hydro-
gels did not affect viability nor did micro-aggregation. Clusters retained
their spherical shape over time. . . . . . . . . . . . . . . . . . . . . . . . . 154

8.5 Micro-aggregation prior to seeding in hydrogels stimulates cartilage matrix
gene expression. Relative mRNA levels for aggrecan (A), collagen type II
(B), Sox9 (C), collagen type X (D) and Collagen type I (E), expressed
by single cells or micro-aggregated cell clusters incorporated into Dex-TA
hydrogels, after 14 and 21 days in culture. Similar cell numbers were
seeded in each construct. Relative mRNA levels for MMPS 1, 3, 9 and 13
(F), expressed by single cells or micro-aggregated cell clusters incorporated
into Dex-TA hydrogels, after 21 days in culture. Error bars were means ±
SD (n=3/condition). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

8.6 Micro-aggregation resulted in superior matrix production both in vitro and
in vivo. (A) Histological evaluation of in vitro cultured hydrogels seeded
with equal cell numbers either as single cells or as micro-aggregates of 100
cells, for 14 and 21 days. Picrosirius red staining was performed to visu-
alize total collagen content (red/pink colour). Both Toluidine blue (pur-
ple colour) and Safranin O (red/orange colour) stainings were performed
to visualize glycosaminoglycans deposition. A more intense staining was
observed in constructs seeded with micro-aggregates indicative for higher
matrix production. (B) Histological evaluation of hydrogel constructs with
encapsulated single cells or micro-aggregates of 100 cells implanted subcu-
taneously in nude mice for 2 and 4 weeks (n=6 mice per time point). Hy-
drogels with encapsulated micro aggregates showed more cartilage matrix.
(C) Histological stainings of a representative control sample, consisting of
the hydrogel without cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

8.7 In vitro model for size specific cell cluster formation. (A) Light micro-
scopic (A-I and II) and scanning electron-microscopic (SEM) (A-III and
IV) images of agarose chips evidencing the presence of uniform micro-wells
enabling high throughput formation of micro-aggregated cell clusters. (B)
Pictures at specific time points (day 1, day 3 and day 7) of aggregates
cultured on agarose chips seeded with different cell densities to obtain
aggregates of 50, 100 or 200 cells. At day 7, the micro-aggregates, partic-
ularly the ones containing 200 cells, tended to merge, migrate and started
to lose their round morphology (arrows). Single cells were used as a control.157
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8.8 Micro-aggregation improved the ratio between collagen type II and both
collagen type I and X expression. (A) Ratio between the relative mRNA
levels of collagen type II and Collagen type X, after 7 days of culture
of equal cell numbers of 100 cell micro-aggregates on agarose chips or as
single cells in 2D, in chondrogenic medium. At day 14 no differences were
detected. (B) Ratio between the relative mRNA levels of collagen type II
and Collagen type I, in Dex- TA hydrogel constructs seeded with equal
numbers of cells either as single cells or as micro-aggregated clusters of
100 cells, after 14 and 21 days in culture. Error bars were means ± SD
(n=3/condition). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

9.1 Rheological analysis and hydrogel morphology. A) Storage (G’) and loss
(G”) modulus of Dex-TA, Dex-TA with platelet lysate and platelet gel, as
a function of time; B) Storage and loss modulus plateau values, as well
as damping factors (tg=G”/G’) of Dex-TA, Dex-TA with platelet lysate
and pure platelet gel; C) Representative SEM image of critical point dried
Dex-TA hydrogel sample; D) Representative SEM image of critical point
dried Dex-TA with platelet lysate hydrogel sample, showing no difference
in porosity compared with Dex-TA only. Scale bars correspond to 100 µm. 171

9.2 Platelet rich lysate renders Dex-TA hydrogels chemo-attractant. A) Cell
migration was assessed by a 24-hours trans-well cell migration assay us-
ing either human chondrocytes (hChondrocytes) or human bone marrow
derived mesenchymal stromal cells (hMSCs). Platelet lysate mixed in the
culture medium, Dex-TA and Dex-TA with platelet lysate hydrogels were
prepared on the wells and the migratory cells that crossed the membrane
were quantified. The platelet lysate as a medium component or incorpo-
rated in Dex-TA acted as a chemo-attractant. B) MTT assay performed in
the hydrogels immediately after the collection of the membranes for quan-
tification. The metabolically active cells that crossed the membrane and
adhered onto the hydrogels are stained purple. I) Dex-TA with adhered
hChondrocytes; II) Dex-TA with platelet lysate with adhered hChondro-
cytes; III) Dex-TA with adhered hMSCs; IV) Dex-TA with platelet lysate
with adhered hMSCs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

9.3 Adhesion and proliferation profile. A) DNA quantification of MSCs were
seeded onto the pre-gelated Dex-TA hydrogels prepared with or without
platelet lysate hydrogels (2,5x104 cells per cm2). The assays were per-
formed after 2 and 8 days in culture. B) MTT assay of the MSCs ad-
hered onto the pre-gelated Dex-TA hydrogels prepared with or without
platelet lysate hydrogels, after 8 days in culture. Metabolically active cells
are stained purple. C) Representative SEM image of critical point dried
Dex-TA hydrogel with platelet lysate with adhered MSCs, after 8 days
in culture. I) Top view of the hydrogel sample; II) Cross-section of the
hydrogel sample, showing cells that have migrated from the top into the
interior of the gel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
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9.4 Chondrogenic differentiation. A) Histological evaluation of representa-
tive samples of Dex-TA with or without platelet lysate with incorporated
MSCs, cultured for 21 days in expansion or chondrogenic media, stained
with Toluidine blue (purple color indicates GAG deposition). B) Col-
lagen type II immuno-fluorescence staining of representative samples of
Dex-TA with or without platelet lysate with incorporated MSCs, cultured
for 21 days in chondrogenic media (collagen type II is stained in green
and cell nuclei are stained blue). The negative control sample was ob-
tained by absence of incubation with primary anti-body. C) Expression
levels of COL2A1 and COL1A1 genes analyzed by quantitative PCR of
hydrogel/cell constructs of Dex-TA with or without platelet lysate with
incorporated MSCs cultured for 21 days in expansion or differentiation
media. Gene expression was normalized to the expression of GAPDH. . . 174

9.5 Osteogenic differentiation. A) Histological evaluation of representative
samples of Dex-TA with or without platelet lysate with incorporated MSCs,
cultured for 21 days in expansion or osteogenic media, stained with Alizarin
Red (red colour indicates calcium deposition). B) Histological evaluation
of representative samples of Dex-TA with or without platelet lysate with
incorporated MSCs, cultured for 21 days in expansion or osteogenic media,
stained with von Kossa (dark brown color indicates mineralization). C)
Expression levels of ALP and OC genes analyzed by quantitative PCR of
hydrogel/cell constructs of Dex-TA with or without platelet lysate with
incorporated MSCs cultured for 21 days in expansion or differentiation
media. Gene expression was normalized to the expression of GAPDH (n=3).175

9.6 Adipogenic differentiation. A) Histological evaluation of representative
samples of Dex-TA with or without platelet lysate with incorporated MSCs,
cultured for 21 days in expansion or adipogenic media, stained with Oil
Red O (red colour indicates fat deposition). B) Expression levels of PPARG
mRNA analyzed by quantitative PCR of hydrogel/cell constructs of Dex-
TA with or without platelet lysate with incorporated MSCs cultured for
21 days in expansion or differentiation media. Gene expression was nor-
malized to the expression of GAPDH (n=3). . . . . . . . . . . . . . . . . 176

9.7 Vascularization potential using the chorioallantoic membrane (CAM) model.
A) After 7 days of incubation at 37 C, Dex-TA with platelet lysate gels
were placed in contact with the CAM, sealed and returned to the incubator.
B) Four days after placing the hydrogels in contact with the membrane,
images were collected to study vasculature development. After fixation,
the hydrogels with the CAM were excised and transferred onto glass slides.
The control corresponds to normal membrane development without hydrogel.177



9.8 Platelet rich lysate enhances chondro-induction. A) Expression levels of
COL2A1 gene analyzed by quantitative PCR of hydrogel/cell constructs
of Dex-TA with or without platelet lysate with incorporated hChondro-
cytes or co-cultures of hMSCs with hChondrocytes (80/20 ratio), cultured
for 21 days in chondrogenic medium without TGF-β3 supplementation.
Gene expression was normalized to the expression of GAPDH (n=3). B)
Collagen type II immuno-fluorescent staining of representative samples of
Dex-TA with or without platelet lysate with incorporated hChondrocytes
or co-cultures of hMSCs with hChondrocytes (80/20 ratio), cultured for 21
days in chondrogenic medium without TGF-β3 supplementation (collagen
type II is stained in green and cell nuclei are stained blue). Scale bars cor-
respond to 200 µm. C) Release profile of the TGF-β3 and BMP-6 present
in the platelet lysate incorporated into Dex-TA hydrogels, up to 14 days.
Cumulative release of both growth factors was obtained by quantification
of TGF-β3 and BMP-6 in the platelet lysate and was normalized to the
total amount present in the lysate. . . . . . . . . . . . . . . . . . . . . . . 178

9.9 Interface hydrogel-OA cartilage. The integration and adhesion between
the Dex-TA hydrogels with (A) and without platelet lysate (B) crosslinked
onto standardized samples of human OA cartilage. Representative sections
of the hydrogels were stained with H and E. C) Representative SEM image
of the interface between Dex-TA hydrogel with platelet lysate and OA
affected cartilage. The intricate interaction between the hydrogel and the
host tissue is evidenced, highlighting the absence of gaps at the interfacial
area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

10.1 a) Subcutaneous implantation of in situ gelating HA-g-Dex-TA hydrogel
in immuno-competent mice or injected with the polymer as a control.
Samples were explanted after 7 and 28 days. Representative sections were
stained with H and E. b) Subcutaneous implantation of HA-g-Dex-TA
hydrogel in nude mice with incorporated chondrocytes with cell density
of 10 million/mL or without cells. Samples were explanted after 28 days.
Representative sections were stained with Safranin O. Glycosaminoglycans
are stained red. Unpublished results. . . . . . . . . . . . . . . . . . . . . . 191

10.2 Representative histological section stained with H and E, demonstrating
the smooth transition without gaps at the OA-affected cartilage/hydrogel
interface. It should be noted that this hydrogel system has the initial
fluidity that allows infiltration into cartilage gaps and cover uniformly
irregular surfaces. This characteristic is strongly indicative of the high
potential of dextran-based hydrogels as ”healing plasters” for the repair of
cartilage related diseases, such as OA. Unpublished results. . . . . . . . . 192
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