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Abstract
Articular cartilage tissue lacks the ability of self-repair due to its avascular structure
and limited access to the body’s healing mechanisms. Current treatment strategies based
on the use of autologous chondrocytes demand in vitro expansion in order to achieve
sufficient cell yield for implantation into the defect site. Upon monolayer passaging,
chondrocytes go under dedifferentiation, a phenomenon marked by an induction of
fibroblastic phenotype and loss of chondrogenic markers, that leads to fibrocartilage
formation and impaired clinical outcome. This thesis aims to elucidate the characteristics
of the cartilage microenvironment and cellular signaling mechanisms that govern native
chondrocyte phenotype and to develop biomimetic systems to be used in cartilage tissue
engineering.
Cartilage

extracellular

matrix

(ECM)

is

uniquely

enriched

in

sulfated

glycosaminoglycans (GAGs) which have both a physical role such as conferring
compressive strength to the tissue via entrapment of water and a biological role through
mediating ligand-receptor interactions that initiate downstream signaling pathways. In the
first part of the thesis, we developed a biomimetic model based on an inert biopolymer,
alginate, to explore the role of sulfate moieties in the chondrocyte microenvironment. We
showed that sulfation of alginate drives potent proliferation of encapsulated chondrocytes
in a three-dimensional (3D) context in a dose-response manner to the degree of sulfation.
Mitogenicity of chondrocytes in the sulfated hydrogels was found to be mediated by
activation of fibroblast growth factor (FGF) signaling and independent of biophysical
phenomena. Growth of freshly-isolated chondrocytes in alginate sulfate hydrogels led to
extensive deposition of cartilage matrix components type II collagen and aggrecan
whereas dedifferentiation and catabolic markers were suppressed. We further
v
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demonstrated that alginate sulfate acted as an active signaling matrix and facilitated a
complex formation between FGF2 and its receptor in a sulfated GAG-mimetic manner to
initiate signaling events that regulate cell proliferation and suppression of
dedifferentiation.
Cartilage damage due to acute trauma or degenerative diseases is frequently
accompanied by an induction of inflammation that leads to further deterioration of the
tissue. Engineered scaffolds for cartilage repair are thus challenged by inflammatory
cytokines in the defect site upon implantation which could promote matrix loss and
impairment of regeneration. In the second part of the thesis, we investigated the role of
sulfation in the chondrocyte microenvironment on the inflammatory signaling pathways.
Chondrocytes were encapsulated in alginate sulfate and alginate hydrogels to explore
interleukin (IL)-1β-stimulated effects on inflammation. Expression of pro-inflammatory
genes IL-6, IL-8, cyclooxygenase-2 (COX-2) and catabolic genes such as a disintegrin
and metalloproteinase with thrombospondin type 1 motifs 5 (ADAMTS5) were
significantly inhibited in chondrocytes encapsulated in sulfated hydrogels. Protein
expression of COX-2 and nuclear factor kappa B (NF-κB) as well as activation of NF-κB
and p38 mitogen-activated protein kinases (p38 MAPK) were suppressed in sulfated
hydrogels. Furthermore, alginate sulfate hydrogels were observed to exert a significantly
higher affinity to IL-1β. Biomimetic alginate sulfate hydrogels, therefore, demonstrated
an inhibition of inflammatory induction via sequestration of cytokines and provided a
protective microenvironment for the encapsulated chondrocytes.
We then developed an injectable and adhesive version of alginate sulfate hydrogels
to address in vivo stability and tissue integration for use in cartilage repair. We
demonstrated double modification of alginate with sulfate and tyramine moieties and in
situ enzymatic crosslinking with tyrosinase under physiological conditions. Alginate
sulfate tyramine (ASTA) and alginate tyramine (AlgTA) hydrogels supported the viability
of encapsulated chondrocytes and chondrogenic re-differentiation with an upregulation of
collagen type II and aggrecan. ASTA and AlgTA showed strong adhesion to native
cartilage while tyrosinase-mediated in situ crosslinking. Finally, the hydrogels were stable
in vivo and remained fully intact upon subcutaneous implantation into mice for 4 weeks.
We next investigated signaling events that regulate chondrocyte phenotype with an
emphasis on the effect of cellular microenvironment such as 3D culturing and oxygen
vi
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tension. We explored the role of Rho and Wnt signaling and their context-dependent
cross-talk in chondrocyte dedifferentiation. Monolayer expansion of chondrocytes caused
an upregulation and nuclear translocation of RhoA with concomitant loss of chondrogenic
markers. An activation of canonical Wnt signaling in a Rho-dependent manner was
observed in dedifferentiated chondrocytes. Inhibiting RhoA activation suppressed its
nuclearization, induced re-expression of chondrogenic markers in chondrocytes both on
2D and in 3D hydrogels and led to inhibition of canonical Wnt signaling. Moreover,
induction of canonical Wnt signaling in chondrocytes revealed contradictory effects on
the expression of chondrogenic markers depending on cellular microenvironment and the
activation state of RhoA.
In the last part, we explored the role of hypoxic cartilage microenvironment in the
regulation of Rho and canonical Wnt signaling in chondrocytes. We found that hypoxia
exerted context-dependent effects on the expression of RhoA and β-catenin. Within 3D
hydrogels, hypoxia caused an inhibition of RhoA and β-catenin expression with
concomitant redifferentiation and expression of chondrogenic markers. Conversely,
hypoxia induced a potent upregulation of RhoA and β-catenin when chondrocytes were
cultured on 2D accompanied with a failure in re-expression of chondrogenic phenotype.
Hypoxia-induced inhibition of Rho and canonical Wnt signaling in 3D was crucial for the
promotion of chondrocyte redifferentiation since activation of Rho or Wnt signaling
caused an abrogation of hypoxic re-expression of chondrogenic markers. The effects of
hypoxia on Rho and canonical Wnt signaling in chondrocytes were mediated via hypoxia
inducible factors (HIF) and could be mimicked by stabilization of HIFs under normoxic
conditions. Therefore, these results pointed out oxygen tension as an important factor in
regulation of chondrocyte phenotype in synergy with 3D cellular microenvironment.
In conclusion, this thesis demonstrates the importance of biomimicking the native
characteristics of the cartilage microenvironment such as ECM components, low oxygen
tension and signaling mechanisms involved in cell morphology and mechanotransduction.
The biomimetic strategies explained here lead to a better understanding of chondrocyte
signaling in different cellular contexts as well as development of scaffolds for use in
cartilage tissue engineering.
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Riassunto
Grazie alla sua natura avascolare e al limitato accesso ai meccanismi di riparazione,
la cartilagine articolare non possiede la capacità di rigenerarsi. Oggigiorno i trattamenti
per lesioni cartilaginee si basano sull’uso di condrociti autologhi che richiedono
un’espansione in vitro al fine di ottenere un numero sufficiente di cellule da trapiantare.
Durante la cultura bidimensionale i condrociti si de-differenziano: questo fenomeno è
caratterizzato dallo svilupparsi di un fenotipo fibroblastico e da una riduzione di marker
condrogenici e porta a un’imparziale riuscita delle operazioni chirurgiche. Lo scopo di
questa tesi è di elucidare le caratteristiche del microambiente cartilagineo e i meccanismi
di segnalazione cellulare che governano il fenotipo dei condrociti nativi. Inoltre di
applicare queste conoscenze per sviluppare strategie bio-mimetiche utili all’ingegneria
tissutale della cartilagine.
La matrice extracellulare (ECM) cartilaginea è ricca in glicosamminoglicani solfati
(sGAG), che hanno il ruolo sia di fornire resistenza alla compressione meccanica
attraverso la ritenzione idrica, sia di mediare le interazioni legando-recettore che iniziano
la cascata di segnalazione cellulare. Nella prima parte della tesi, è stato sviluppato un
modello bio-mimetico basato su un bio-polimero inerte, l’alginato, per esplorare il ruolo
delle molecole solfate nel microambiente dei condrociti. Si è dimostrato che la
solfatazione dell’alginato porta ad una potente proliferazione dei condrociti coltivati in
3D e che questa è proporzionale al grado di solfatazione. La crescita dei condrociti in
idrogeli solfati avviene mediante l’attivazione della segnalazione cellulare del fattore di
crescita fibroblastico (FGF) ed è indipendente da fenomeni biofisici. La proliferazione di
condrociti nativi in idrogeli di alginato solfato porta a un’abbondante deposizione dei
componenti della matrice cartilaginea come collagene 2 e aggrecani, mentre sopprime
l’espressione dei marker catabolici. È stato inoltre dimostrato che l’alginato solfato agisce
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attivamente nella segnalazione cellulare e facilita la formazione di un complesso tra il
FGF2 e il suo recettore in maniera simile ai glicosamminoglicani solfati; questo inizia la
cascata di eventi che regola la proliferazione cellulare e la soppressione della dedifferenziazione.
Le lesioni alla cartilagine, dovute a traumi e malattie degenerative, sono spesso
accompagnate da un’infiammazione che porta ad una ulteriore degenerazione del tessuto.
Una volta trapiantati nella lesione, gli scaffold ideati per la riparazione della cartilagine
sono quindi sottoposti alla presenza di citochine infiammatorie che promuovono una
perdita della matrice extracellulare e ne impediscono la rigenerazione. Nella seconda
parte della tesi si è investigato il ruolo della solfatazione in relazione al microambiente
cartilagineo e alla segnalazione cellulare in ambiente infiammatorio. Condrociti
incapsulati in alginato solfato e alginato sono stati usati per elucidare gli effetti
dell’interleuchina (IL)-1β sull’infiammazione. L’espressione di geni pro-infiammatori,
IL-6, IL-8, cicloossigenase-2 (COX-2), e di geni catabolici come disintegrina e
ADAMTS5 è significativamente inibita nei condrociti in idrogeli solfati. Allo stesso
modo, l’espressione proteica di COX-2 e NF-κB, così come l’attivazione di NF-κB e di
p38 MAPK, è soppressa in idrogeli solfati. Inoltre si è osservato che l’alginato solfato ha
una significativa affinità con IL-1β. Per questo gli idrogeli bio-mimetici di alginato
solfato inibiscono infiammazione, sequestrando citochine e fornendo un microambiente
protettivo nei confronti dei condrociti.
È stata quindi sviluppata una versione iniettabile e adesiva dell’alginato solfato per
far fronte ai problemi di stabilità in vivo e d’integrazione con il tessuto nativo per un uso
clinico nella riparazione della cartilagine. È stata dimostrata la possibilità di modificare
l’alginato sia con molecole solfate sia tiramina e di gelificarlo enzimaticamente in situ in
condizioni fisiologiche grazie all’enzima tirosinase. L’alginato solfato tiramina (ASTA)
e l’alginato tiramina (AlgTA) supportano la sopravvivenza di condrociti coltivati in 3D e
la re-differenziazione condrogenica attraverso una up-regolazione del collagene 2 e degli
aggracani. ASTA e AlgTA possiedono una forte proprietà di adesione al tessuto
cartilagineo quando sono gelificati in situ con la tirosinase. Infine, entrambi gli idrogeli
sono stabili in vivo e rimangono perfettamente intatti dopo essere trapiantati nei topi per 4
settimane.
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In seguito si è investigata la segnalazione molecolare che regola il fenotipo dei
condrociti, soprattutto in relazione al microambiente cellulare e a fattori come la cultura
tridimensionale e la tensione dell’ossigeno. Sono stati studiati i ruoli di Rho e Wnt, così
come la loro implicazione nella di-differenziazione dei condrociti. La coltura
bidimensionale dei condrociti porta alla up-regolazione e alla traslocazione di RhoA con
conseguente perdita dei marker condrogenici. È stata osservata l’attivazione della
segnalazione canonica di Wnt in maniera dipendente da RhoA. L’inibizione di RhoA
sopprime la sua nuclearizzazione e induce la re-espressione di marker condrogenici in
colture sia bidimensionali che tridimensionali e porta all’inibizione della segnalazione
canonica di Wnt. Inoltre, l’induzione della segnalazione canonica di Wnt risulta avere
effetti diversi sull’espessione di marker condrogenici a seconda del microambiente
cellulare e sullo stato di attivazione di RhoA.
Nell’ultima parte è stato investigato il ruolo dell’ipossia nella regolazione di Rho e
della segnalazione canonica di Wnt. È stato dimostrato che l’ipossia ha effetti diversi
sull’espressione di Rho e di β-catenin a seconda del contesto cellulare. In colture
tridimensionali infatti, l’ipossia provoca l’inibizione di RhoA e β-catenin con
conseguente re-differenziazione ed espressione di marker condrogenici. Diversamente, in
colture bidimensionali, l’ipossia provoca una forte up-regolazione di RhoA e β-catenin
senza re-espressione del fenotipo condrogenico. In colture tridimensionali, l’inibizione di
RhoA e la segnalazione canonica di Wnt dovute all’ipossia sono cruciali per promuovere
la re-differenziazione dei condrociti. Infatti, l’attivazione di Rho o della segnalazione di
Wnt porta all’abrogazione della re-espressione dei marker condrogenici anche in ipossia.
Gli effetti dell’ipossia su Rho e sulla segnalazione canonica di Wnt sono stati regolati in
vitro grazie a HIF e sono stati simulati stabilizzando HIF in condizioni di normossia. I
risultati di questa ricerca suggeriscono che la tensione dell’ossigeno sia un fattore
importante nella regolazione del fenotipo dei condrociti assieme al microambiente
cellulare tridimensionale.
In conclusione, questa tesi dimostra l’importanza in ingegneria tissutale della
cartilagine di imitare le caratteristiche del microambiente cartilagineo: i componenti della
matrice extracellulare, la bassa tensione dell’ossigeno e la segnalazione cellulare
coinvolta nella morfologia cellulare e nella meccano-traduzione. Le strategie biomimetiche qui illustrate portano a una maggiore comprensione della segnalazione
xi
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cellulare dei condrociti in diversi contesti cellulari, così come contribuiscono a un
migliore sviluppo di scaffold per l’ingegneria tissutale della cartilagine.
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Cartilage tissue engineering

Chapter 1

Articular cartilage tissue lacks the ability to regenerate upon injury. The challenges
for treating cartilage pathologies were emphasized more than two centuries ago by the
Scottish anatomist William Hunter with his famous quote “If we consult the standard
chirurgical writers from Hippocrates down to the present age, we shall find, that an
ulcerated cartilage is universally allowed to be a very troublesome disease; that it admits
of a cure with more difficulty than carious bone; and that, when destroyed, it is not
recovered.” [1]. Cartilage damage due to long-term wear, physical trauma or degenerative
pathologies leads to severe joint pain and orthopedic disabilities and comprises an
important societal burden [2]. Regeneration of functional articular cartilage has been a
popular target for tissue engineering approaches for over two decades [3]. However, the
challenge to fully recapitulate the unique biological and mechanical characteristics of the
tissue with engineered scaffolds still remains. The following chapter will provide an
overview of the native articular cartilage structure and pathologies, current treatment
methods and materials as well as cellular signaling mechanisms in developing and mature
cartilage and the cues needed to induce cartilage regeneration.

1.1 The structure of articular cartilage
Articular cartilage is a type of hyaline cartilage that surfaces the diarthrodial joints
and enables joint movement with low friction and high lubrication, shock absorption and
bearing of repetitive mechanical loads due to daily activities. The tissue has no blood
vessels, lymphatics or nerves which limits its access to the body‟s healing mechanisms
and leads to a low regenerative capacity [4]. The microstructure of articular cartilage can
be described with a proteoglycan and collagen-based extracellular matrix (ECM) that
surround the single resident cell type, chondrocyte [5]. The macrostructure, on the other
hand, is stratified with four zones that have distinct structure and composition: superficial,
middle, deep and calcified zones (Figure 1.1) [6, 7]. The superficial zone is marked by
flattened chondrocytes embedded within a matrix of parallel collagen fibers, low
proteoglycan and high water content [4]. The middle zone is characterized by less
organized and larger collagen fibers as well as more rounded chondrocyte morphology
[5]. In the deep zone, collagen fibers are found perpendicular to the articular surface with
columnar structure. Proteoglycan content is the highest in the deep zone whereas the
water content decreases compared to superficial and middle zones. The chondrocytes
2
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appear spherical with increased volume and show alignment with the columnar collagen
fibers [4]. The „tidemark‟ sets the beginning of the calcified zone which is a stiff matrix
that anchors the hyaline cartilage to the subchondral bone. Due to this stiff zone, the
nutrient transport from the underlying bone is blocked and the cartilage tissue depends on
the synovial fluid for nutrients [8].

Figure 1.1: The macrostructure of articular cartilage. Illustration of components and their
organization in articular cartilage (left). Different zones in cartilage tissue shown by Hematoxylin
& eosin staining (right). Images were adapted with permission from [7] and [9].

The cartilage ECM is divided into three regions defined by the proximity to
chondrocytes: the pericellular, territorial and interterritorial regions (Figure 1.2) [10, 11] .
The pericellular ECM forms the thin layer that surrounds the chondrocyte, is enriched in
proteoglycan content and plays an important role in the signal transduction of
chondrocytes [12]. The territorial matrix contains a network of thin collagen fibrils and
together with the pericellular region and the chondrocyte forms the „chondron‟ [13]. The
interterritorial region is marked by high proteoglycan content and large collagen fibrils
which orientate differently depending on the cartilage zones. The tissue stiffness and
tensile strength is mostly contributed by the collagen network in the interterritorial matrix
[4, 14]. On the other hand, the abundance of proteoglycans provides the tissue with high
3
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water content (65-80% of cartilage wet weight) that accounts for the tissue‟s ability to
withstand high compressive loads [4, 15]. The collagen composition of cartilage is 9095% type II and the rest is formed of types V, VI, IX, X and XI and the total collagen
content accounts for 10-20% of the wet weight of the tissue [4, 16]. The proteoglycan
composition is mainly occupied by aggrecan, a macromolecule which consists of a
protein core and glycosaminoglycan (GAG) side chains that are covalently bound to the
core [17]. The GAG side chains of aggrecan are unbranched chains of repeating
disaccharides with negatively charged groups such as sulfate or carboxylate that can
attract water molecules and positive counterions such as Ca2+ or Na+ to sustain
electroneutrality [4]. The main GAGs in aggrecan are chondroitin sulfate 4- and 6-,
keratan sulfate and dermatan sulfate. Multiple aggrecan molecules bind to a hyaluronic
acid chain via link protein to form large aggregates. Cartilage also contains small leucinerich proteoglycans (SLRP) such as biglycan, decorin, fibromodulin, lumican and proline
arginine-rich end leucine-rich repeat protein (PRELP) [17]. They have chondroitin,
dermatan or keratan sulfate side chains and they are found in association with collagen
fibrils in the adult cartilage [4]. Perlecan, a chondroitin/heparan sulfate proteoglycan, is
identified in cartilage tissue in the pericellular region and takes role in the signaling of
chondrocytes [17]. Besides collagens and proteoglycans, the complex structure of
cartilage tissue also include several noncollagenous proteins and glycoproteins such as
anchorin CII, cartilage oligomeric matrix protein (COMP), fibronectin, tenascin [18].
Chondrocytes embedded in the dense cartilage matrix occupy up to 10% of the
tissue volume with very few cell-cell contacts [4]. Due to lack of vascularization in the
cartilage, the tissue is marked by very low oxygen content. In the superficial zone, the
oxygen content is around 5-6% and it decreases from the articular surface to the deep
zone where it can be below 1% [19]. Despite of this hypoxic microenvironment, the
chondrocytes show a high individual metabolic activity and rely on the anaerobic
pathway to synthesize, maintain and remodel the cartilage matrix that surrounds them [4,
19, 20].
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Figure 1.2: Illustration of the microstructure of cartilage extracellular matrix. Image was
reproduced with permission from [11].

1.2 Pathology of articular cartilage
Degenerative pathologies in the cartilage tissue are mainly caused by aging and
traumatic injuries and affect millions of people worldwide both socially and economically
[21, 22]. Human cartilage demonstrates decreased thickness and cell density with
increasing age [23, 24]. Furthermore, collagen crosslinking is impaired due to
accumulation of glycation end products in the aged cartilage tissue that leads to the loss
of matrix integrity [25]. These molecular events that accompany aging as well as
excessive mechanical load [26, 27] and genetic factors [28, 29] can lead to osteoarthritis
(OA), a progressive cartilage pathology that causes severe joint pain and functional
impairment. Induction of OA can also be triggered rapidly due to physical trauma such as
ligament or meniscal injuries [30]. OA is marked by a disruption of cartilage homeostasis
and a shift to catabolic processes followed by breakdown of the cartilage ECM
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components type II collagen and aggrecan, fibrillation of articular surface, thickening of
the subchondral bone and osteophyte formation [31-33].

Figure 1.3: Illustration of inflammatory cytokine production and cartilage degradation during
osteoarthritis (OA) in the joint. Image was reproduced with permission from [34].

The complete joint is affected from OA (Figure 1.3) [22, 34-36]. Catabolic
activities are mediated by induction of inflammatory cytokines such as interleukin (IL)1β, IL-6, IL-8, IL-17 and tumor necrosis factor (TNF) in the synovium, cartilage and the
subchondral bone. These cytokines drive the production of matrix degrading enzymes
such as matrix metalloproteinases (MMP) and aggrecanases from a disintegrin and
metalloproteinase with thrombospondin type 1 motifs (ADAMTS) family as well as
formation of nitric oxide and free radicals [36-40]. Various pathways are involved in the
transduction of pro-inflammatory signals in OA such as c-Jun N-terminal kinases (JNK),
p38 mitogen-activated protein kinases (p38 MAPK) and nuclear factor kappa B (NF-κB)
pathway [35]. NF-κB pathway plays a critical role in OA progression [38, 41]. NF-κB is a
transcription factor which can be activated with cytokines IL-1β or TNF as well as
reactive oxygen species (ROS) and bacterial lipopolysaccharides (LPS). NF-κB dimer is
6
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found in the cytoplasm sequestered by inhibitor of κB (IκB) which gets degraded via the
proteasome pathway upon induction of inflammatory signals. NF-κB is thus freed and
translocates into the nucleus where it drives the transcription of inflammatory and
catabolic markers [42]. Downstream targets of the NF-κB pathway include cartilage
degrading metalloproteinases MMP-1, MMP-3, MMP-13 and aggrecanases ADAMTS4
and ADAMTS5 whose expression leads to progression of cartilage catabolism and
breakdown. Expression of inflammatory cytokines IL-1β, IL-6 and IL-8 as well as nitric
oxide synthases (iNOS) and prostaglandin-inducing enzymes such as cyclooxygenase-2
(COX-2) are also driven by the activation of NF-κB which further fuels the inflammatory
cascade [38, 43].

Figure 1.4: Role of proteoglycan loss in cartilage degradation during osteoarthritis (OA). Image
was reproduced with permission from [44].
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ECM of healthy cartilage acts as an active signaling scaffold that homes anabolic
growth factors and chemokines and mediates their interactions with chondrocytes to
regulate cartilage homeostasis (Figure 1.4) [44]. Growth factors such as fibroblast growth
factor (FGF) family members FGF2 and FGF18 are bound to the sulfated GAGs on
cartilage proteoglycans, exert chondroprotective effects on chondrocytes and suppress the
expression of catabolic markers such as ADAMTS5 [45-47]. Insulin-like growth factor 1
(IGF-1) and platelet-derived growth factor (PDGF) are shown to inhibit IL-1β-induced
NF-κB activation in chondrocytes [48]. Bone morphogenic factor (BMP) 2 and 9 alleviate
the negative effects of IL-1β on the expression of chondrogenic markers [49]. Chemokine
(C-X-C) motif ligand 6 (CXCL6) is another anabolic factor whose interaction with its
receptor CXCR1/2 is mediated by GAGs and drives the expression and homeostasis of
cartilage matrix components [50]. Additionally, GAGs such as chondroitin sulfate and
hyaluronan demonstrate intrinsic anti-inflammatory effects [51]. Therefore, cartilage
matrix degradation in OA leads to a disruption of these chondroprotective mechanisms
which further contributes to the progression of the disease.

1.3 Cartilage repair strategies
Cartilage repair remains a challenge despite the advances in orthopedic surgery.
The surgical approach for treatment of end-stage cartilage degeneration is total joint
replacement. The procedure is severely invasive with risks of various complications such
as implant failure, stiffness, instability, aseptic loosening, mal-alignment and infections
[52-57]. The failure rate of total joint replacement has been reported to be increased in
younger patients (<50 years) compared to elderly patients (>70 years) [52]. Furthermore,
the implants have limited lifetime due to wearing out which makes the method quite
undesirable for young patients as they would require multiple surgeries [58]. Therefore,
restorative techniques have been developed and used in cartilage repair for early
intervention to avoid progression of damage and total joint replacement.
Autologous osteochondral graft transplantation or mosaicplasty is a clinically
applied procedure to restore cartilage defects [59]. Defect site is cleaned from the residual
fragments and holes with 15 mm depth are created perpendicular to the cartilage surface.
Next, osteochondral plugs with 10-15 mm height are harvested from the non-load bearing
sites of the articular surface. Then, these plugs are press-fit into the holes created in the
8
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defect site to induce repair [60]. Although mosaicplasty has been shown to relieve joint
pain and improve joint function, there are numerous drawbacks of the method such as
difficulties in achieving smooth contour in the condyle with the plugs, failure of the graft
due to chondrocyte death and donor site morbidity [59, 61].
Microfracture is a technique to promote migration of mesenchymal stem cells
(MSCs) from the bone marrow to the defect site and regeneration of cartilage tissue [2].
The procedure is applied by removal of debris in the defect site and surgical introduction
of small fractures in the subchondral bone plate (Figure 1.5a-c). Microfracture leads to
formation of fibrocartilage with inferior mechanical properties compared to hyaline
cartilage [62, 63]. This causes deterioration of the repair tissue due to physiological
loading after surgery [63]. Osteophyte formation comprises another disadvantage of the
method [64]. Although microfracture is a widely accepted method in clinics, it only
serves as a short-term solution for cartilage degeneration and fails in 5 years after surgery
independent of the defect size [65].

Figure 1.5: Illustration of current cartilage repair strategies used in the clinics. (a) Full-thickness
articular cartilage defect. (b) Debridement of the cartilage defect site. (c) Microfracture procedure.
(d) Autologous chondrocyte implantation (ACI). (e) Matrix-induced autologous chondrocyte
implantation (MACI). Image was reproduced with permission from [2].

Tissue engineering approaches have been implemented to cartilage repair with an
aim of overcoming the aforementioned drawbacks of previous surgical techniques and
inducing regeneration of biochemically and mechanically functional articular cartilage.
9
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Autologous chondrocyte implantation (ACI) is a clinically applied procedure based on
implantation of patient-derived cells. In ACI, a small biopsy is surgically harvested from
a low-weight-bearing site of the joint. Chondrocytes are isolated and expanded in vitro in
order to achieve sufficient number of cells. In a second arthroscopic operation, the
expanded chondrocytes are implanted into the cartilage defect and covered by a periosteal
flap (Figure 1.5d) [2, 66, 67]. ACI has led to positive long-term clinical results in
treatment of large cartilage defects [68-70]. Although ACI has been shown to have
advantages over preceding surgical treatment procedures such as microfracture and
mosaicplasty [71, 72], it also has several drawbacks. As two invasive operations are
needed, ACI carries risks for surgical complications such as infections and demands a
long recovery time. Hypertrophy of the periosteal flap also presents a major disadvantage
of the method and has led to the use of ECM-based membranes (collagen I/III or
hyaluronan) derived from porcine to seal the implanted chondrocytes [73-75]. However,
these membranes carry a risk for immune reaction in the patients due to their allogeneic
source. Another crucial limitation of ACI is chondrocyte dedifferentiation, a phenomenon
marked by loss of chondrocyte phenotype due to monolayer cell expansion. During
passaging, chondrocytes lose the expression of cartilage matrix components type II
collagen and aggrecan as they attain a fibroblastic phenotype with elongated morphology
and concomitant upregulation of markers such as type I collagen [76, 77].
Dedifferentiation leads to formation of fibrocartilage tissue with different biochemical
and mechanical properties than hyaline cartilage and challenges the outcome of direct
implantation of autologous chondrocytes [78].
In vitro culturing of chondrocytes within 3D microenvironments such as
encapsulation into hydrogels has been shown to stimulate chondrogenic redifferentiation
and expression of cartilage matrix components [79, 80]. Thus, next generation ACI
procedures such as matrix-induced ACI (MACI) have been developed in order to provide
chondrocytes with a scaffold to support them both physically and biologically to promote
regeneration of hyaline cartilage tissue (Figure 1.5e) [2, 58]. A large number of naturallyderived materials including agarose [81, 82], alginate [83, 84], hyaluronan [85-87],
collagen [88-90], chitosan [91, 92] and fibrin [93, 94] are used in cartilage tissue
engineering. Clinically approved products for use in chondrocyte implantation are
available in the market based on collagen and hyaluronan scaffolds [58, 75, 95-97].
10
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Synthetic materials have also gained attention due to their reproducibility and tunable
chemical and mechanical properties. Polyglycolic acid (PGA) [98, 99], polylactic acid
(PLA) [100, 101], poly(lactic-co-glycolic acid) (PLGA) [102, 103] and poly(ethylene
glycol) (PEG) [104] are among the synthetic polymers used in clinical trials for cartilage
repair [58, 105].
Attempts to develop cartilage-mimetic microenvironments that present the
biological cues needed for guidance of cartilage regeneration still continue. This demands
a better understanding of the molecular pathways involved in the regulation of native
chondrocyte phenotype and expression of cartilage matrix components, particularly
signaling pathways that take role in cell-matrix interactions.

1.4 Cellular signaling in the developing and mature cartilage
The process of cartilage formation in development, chondrogenesis, starts with the
migration and condensation of MSCs in the limb bud [106-108]. An upregulation of
mediators of cell-cell interactions such as N-cadherin and neural cell adhesion molecule
(N-CAM) [109] and cell-matrix interactions with secreted ECM molecules such as
tenascin and fibronectin drives the condensation process (Figure 1.6) [110-113]. This
leads to proliferation and chondrogenic differentiation of MSCs and formation of the
cartilaginous anlage. MSCs differentiate into chondrocytes and produce cartilage matrix
components such as type II [114, 115] and type IX collagen [116, 117], aggrecan [118],
COMP [113] and link protein [119]. In endochondral ossification, chondrocytes go under
terminal differentiation or hypertrophy, a process driven by transcription factors such as
runt-related transcription factor 2 (Runx2) and lead to expression of type X collagen,
alkaline phosphatase (ALP/AP) and MMP-13 [120]. Hypertrophy is followed by
calcification of the type X collagen-rich matrix, formation of epiphyseal ossification
center, vascular invasion and bone formation [121]. Mature chondrocytes that reside at
the edge of the cartilaginous anlage form the articular cartilage of the joint [121].
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Figure 1.6: Stages of MSC chondrogenesis and temporal expression of growth factors,
chemokines and transcription factors as well as ECM components involved. Image was
reproduced with permission from [113].

A plethora of signaling pathways take role in cartilage development and
homeostasis through regulation of cellular differentiation, proliferation, cell-cell and cellmatrix interactions with distinct spatiotemporal control over these events. Transforming
growth factor-β (TGF-β) family, BMPs, FGFs, IGFs, sex determining region Y (SRY)box (Sox), Wingless-Int (Wnt) and hypoxia-inducible factors (HIFs) are among the
crucial players that orchestrate the complex cellular signaling events in cartilage
morphogenesis and maturity with numerous cross-talks [122, 123]. Thus, they have been
of particular interest in cartilage research both for elucidation of the signaling
mechanisms that govern in vivo processes such as chondrogenesis and for manipulation of
cellular phenotype in vitro for cartilage engineering.
1.4.1 TGF-β signaling
TGF-β family member proteins play a key role in cartilage development and
maintenance. Canonical TGF-β signaling is initiated via interaction of TGF-β ligands
with TGF-β receptor type II (TβRII) which then activates type I receptors (also termed
activin receptor-like kinases (ALK)) that leads to phosphorylation of Sma and mad
related (Smad) family proteins Smad2 and Smad3. Activated Smad2 and Smad3 then
interact with co-Smad (Smad4) and translocate into the nucleus to drive the expression of
12
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target genes including cartilage matrix components type II collagen and aggrecan (Figure
1.7a) [124]. TGF-β-induced activation of Smad3/4 has been shown to drive the
expression of chondrogenic markers through association of Smad3 with Sox-9 and
binding to the enhancer elements in the type II collagen gene [125]. TGF-β signals also
through non-canonical pathways that involve activation of Smad1/5/8 or Smadindependent pathways such as TGF-β activating kinase 1 (TAK-1)-mediated activation of
p38, JNK and extracellular signal-regulated kinase (ERK) signaling. These non-canonical
pathways have also been reported to be involved in regulation of chondrogenesis [126].
TGF-β signaling has been attributed an important role in all stages of
chondrogenesis from MSC condensation to terminal differentiation (Figure 1.7b). During
condensation, TGF-β stimulates the expression of N-cadherin and N-CAM in MSCs as
well as ECM molecules tenascin and fibronectin [127]. Following condensation, TGF-β
signaling also regulates the proliferation and chondrogenic differentiation of MSCs and
drives the expression of type II collagen and aggrecan in a Sox-9-dependent manner [128,
129]. However, in the later stages of MSC chondrogenesis, TGF-β signaling inhibits
terminal differentiation and expression of hypertrophic markers type X collagen and
MMP-13 via Smad2/3 activation [130, 131].
Chondrocytes in adult articular cartilage still continue expressing the TGF-β
isoforms TGF-β1 and TGF-β2 suggesting a role of TGF-β signaling not only in the
morphogenesis but also in the maintenance of mature cartilage. The importance of TGF-β
signaling for cartilage thus gave rise to the use of TGF-β molecules in tissue engineering
approaches for both inducing in vitro chondrogenesis of MSCs and redifferentiation of
adult chondrocytes in a variety of culturing platforms [122, 132-136].
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Figure 1.7: TGF-β signaling in cartilage development. (a) An overview of canonical and noncanonical TGF-β signaling pathways. (b) Illustration of TGF-β-mediated chondrogenic
differentiation and inhibition of chondrocyte hypertrophy. Image was adapted with permission
from [124].

1.4.2 FGF signaling
Another crucial pathway involved in the regulation of cartilage development and
homeostasis is FGF signaling. Mutations in the genes encoding FGF receptors lead to
numerous dysplasias in the growth plate [137-139]. Members of the FGF family proteins
and FGF receptors (FGFR) 1-4 are expressed during different stages of chondrogenesis
and take role in proliferation and differentiation of chondrocytes. FGFR2 is expressed
during mesenchymal condensation as well as in perichondrium and primary spongiosa in
the growth plate. FGFR3 is expressed mainly in the proliferating chondrocytes whereas
FGFR1 is expressed in the pre-hypertrophic and hypertrophic chondrocytes (Figure 1.8)
[140]. Activation of FGFR3 signaling via ligands such as FGF18 inhibits proliferation
and induces chondrogenic differentiation [141]. Forced expression of FGFR3 or treatment
with FGF18 has been reported to induce chondrogenic differentiation of mesenchymal
cells [142, 143]. During chondrogenesis, FGFs stimulate the expression and activation of
Sox-9 via MAPK pathway and drive the expression of type II collagen [144].
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Furthermore, FGF signaling demonstrates cross-talk with other pathways such as TGF-β
and Wnt signaling in regulation of chondrogenesis [145].

Figure 1.8: Expression of FGF receptors during cartilage development. FGF18 signaling via
FGFR3 induces chondrogenic differentiation and inhibits proliferation and terminal
differentiation. Image was reproduced with permission from [140].

In adult chondrocytes, FGF18 acts as a trophic factor and induces cartilage matrix
formation [46]. Similarly, FGF2 has been shown to induce mitogenicity of chondrocytes,
improve their redifferentiation potential upon encapsulation into hydrogels and suppress
their dedifferentiation [146, 147]. Moreover, both FGF18 and FGF2 have been
demonstrated to induce repair of articular cartilage defects in animal models [47].
Cartilage matrix also plays a crucial role in the regulation and activation of FGF
signaling in chondrocytes [17]. FGF receptors have two or three immunoglobulin-like
(Ig) domains and a heparan sulfate-binding sequence. Heparan sulfate mediates a
complex formation between two FGFR and two FGF molecules that lead to activation of
downstream tyrosine kinase (TK) signaling pathways (Figure 1.9) [148, 149]. Cartilage
proteoglycans such as the pericellular matrix component perlecan have been shown to
mediate activation of FGF signaling in cartilage via the heparan sulfate and chondroitin
sulfate chains and control chondrogenic activity [150-152].
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Figure 1.9: FGF-FGFR receptor complex formation mediated by heparan sulfate proteoglycans
(HSPG). Image was reproduced with permission from [149].

1.4.3 Wnt signaling
Wnt family proteins signal through three main pathways; the canonical β-catenindependent pathway and non-canonical planar cell polarity (PCP) and Wnt/Ca2+ pathways
(Figure 1.10) [153]. During canonical signaling, in the absence of Wnt ligands, β-catenin
binds to a destruction complex comprised of glycogen synthase kinase 3β (GSK3β),
adenomatosis polyposis coli (APC), Axin and casein kinase 1α (CK1α). GSK3β
phosphorylates β-catenin which leads to its ubiquitination and proteasomal degradation.
Upon binding of Wnt ligands to Frizzled (Fzd) receptors and co-receptors lipoproteinrelated protein (LRP)-5 and -6, GSK3β is inhibited and β-catenin is freed from
degradation. Stabilized β-catenin then translocates into the nucleus where it interacts and
activates transcription factors T cell factor (TCF)/lymphoid enhancer-binding factor
(LEF) and drives the expression of target genes [153, 154]. In the non-canonical PCP
pathway, Wnt binding to Fzd receptors induce activation of small GTPases RhoA and
Rac1 to regulate cellular events such as polarity and cell migration. Wnt-induced
activation of RhoA-ROCK signaling axis leads to actin polymerization and cytoskeletal
changes in cells [155, 156]. On the other hand, Wnt/Ca2+ pathway induces phospholipase
C (PLC) activation which triggers an intracellular calcium release that stimulates
calmodulin-dependent kinase II (CAMKII), protein kinase C (PKC) or calcineurin that
regulates a variety of cellular processes including cell migration and differentiation [153,
157].
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Figure 1.10: An overview of canonical and non-canonical Wnt signaling pathways. Image was
adapted with permission from [153].

Wnt signaling has been given an important role in regulation of cartilage
development, homeostasis and pathology. In early skeletogenesis, canonical Wnt
signaling ligands such as Wnt3a and its agonist R-spondin-2 inhibit differentiation of
progenitor cells in the apical ectodermal ridge (AER) and induces proliferation (Figure
1.11) [158, 159]. A decreasing gradient of Wnt signals drives the induction of
chondrogenic differentiation through activation of Sox-9 [160]. β-catenin and Sox-9
interact with each other and act as antagonists in differentiating chondrocytes. β-catenin
stabilization in chondrocytes lead to chondrodysplasia with aberrantly low Sox-9
expression [161]. Wnt/β-catenin signaling also regulates Runx2-induced hypertrophic
differentiation of chondrocytes and deletion of β-catenin in the hypertrophic growth plate
leads to impaired bone formation [162]. Non-canonical Wnt signaling pathways, on the
other hand, are implicated in stimulation of chondrogenic differentiation due to their
ability to suppress Wnt/β-catenin signaling [163].
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Figure 1.11: Wnt/β-catenin signaling during early skeletogenesis. β-catenin inhibits chondrogenic
differentiation of progenitor cells (red cells) and induce their proliferation (yellow cells).
Decreasing gradient of Wnt/β-catenin drives chondrogenic differentiation in a Sox-9-dependent
manner (green cells). Image was reproduced with permission from [159].

Wnt signaling also holds a significant role in the homeostasis and pathology of
mature articular cartilage such as OA. Cartilage-specific stimulation of β-catenin
activation has been shown to cause a loss of chondrocyte phenotype, promotion of
hypertrophy and destruction of cartilage matrix in mice [164, 165]. Furthermore, IL-1induced loss of cartilage matrix components has been linked to an upregulation of Wnt5a
and β-catenin in rabbit chondrocytes [166, 167]. In human osteoarthritic cartilage
samples, increased expression of β-catenin was reported compared to healthy zones [168,
169]. Conversely, there have been studies that demonstrated a protective role for Wnt
signaling in chondrocytes [170, 171]. Loss-of-function studies for β-catenin revealed
chondrocyte apoptosis and cartilage damage [171]. This duality suggests that a balance in
β-catenin expression and activity is required for maintenance of chondrocyte phenotype
(Figure 1.12, top) [159]. Wnt signaling has also been studied for its possible role in in
vitro chondrocyte dedifferentiation [172, 173]. Stimulation of chondrocytes with Wnt3a
has been revealed to induce proliferation and dedifferentiation. Chondrocyte proliferation
was shown to be induced in a β-catenin-dependent manner whereas regulation of
dedifferentiation was controlled via the non-canonical Ca2+/CAMKII pathway [173].
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Moreover, a reciprocal inhibition of the canonical and non-canonical pathways was
reported (Figure 1.12, bottom).

Figure 1.12: Dual role of canonical signaling in maintenance of cartilage homeostasis (top).
Contradictory roles of canonical and non-canonical Wnt pathways in regulation of chondrocyte
proliferation and dedifferentiation (bottom). Image was reproduced with permission from [159].

1.4.4 Cell-matrix interactions and mechanotransduction pathways
Articular cartilage ECM has a key regulatory role on chondrocyte phenotype and
homeostasis through cell-matrix interactions, integrin-mediated signal transduction and
cytoskeletal organization. Integrin signaling controls a myriad of chondrocyte functions
19

Chapter 1

including cell survival, attachment, differentiation and responses to external mechanical
stimuli [174]. Integrins are transmembrane proteins with α and β subunits that form a
heterodimer and interact with ECM molecules via their extracellular domain [175]. α10β1
and α1β1 are the main integrins that mediate interaction of chondrocytes with type II
collagen matrix and their deletion in the growth plate has been shown to cause
chondrodysplasia or OA-like cartilage destruction [176, 177]. Integrins were also shown
to be important in induction of dedifferentiation during in vitro monolayer culturing of
chondrocytes. Blocking of α5β1, an integrin that mediates interaction of chondrocytes
with fibronectin, has been shown to inhibit dedifferentiation markers [178].
Chondrocyte dedifferentiation is marked by a loss of typical round morphology
with concomitant cell elongation and formation of actin stress fibers [179, 180]. Upon
binding to ECM molecules, integrins induce activation of various kinases and effector
proteins such as focal adhesion kinase (FAK) and Src-family kinases (SFK) that initiate
signaling cascades that lead to actin polymerization [181] . Inhibition of FAK or SFK in
chondrocytes has been shown to induce in vitro upregulation of chondrogenic markers
[179, 182]. Rho GTPase family proteins RhoA, Rac1 and Cdc42 follow the signaling axis
and are crucial effectors of cytoskeletal arrangement and stress fiber formation in cells
[183, 184]. Overexpression of RhoA has been shown to suppress early chondrogenesis
whereas inhibition of RhoA or its downstream kinase, ROCK, promoted chondrogenic
differentiation in a Sox-9-dependent manner [180, 185, 186]. RhoA inhibition has been
reported to induce redifferentiation of adult chondrocytes through protein kinase A
(PKA)-dependent activation of Sox-9 [180]. RhoA signaling was also shown to be an
inducer of the IL-1α and TGF-α-mediated cartilage catabolism [187, 188]. Conversely,
other Rho GTPases Rac1 and Cdc42 have been attributed a positive role in regulation of
chondrogenic differentiation and chondrocyte maturation [189, 190].

1.4.5 Role of oxygen tension in cartilage signaling
The hypoxic microenvironment of native articular cartilage comprises an important
factor in the signaling of chondrocytes. Adaptation of chondrocytes to low oxygen
tension is mediated by hypoxia-responsive molecular factors such as HIFs [191]. HIFs are
heterodimeric transcription factors with three known isoforms (HIF-1, 2, 3) that comprise
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of α and β subunits. Under normoxic conditions, HIF-α subunit undergoes oxygendependent hydroxylation and gets targeted for ubiquitination and proteasomal
degradation. Under hypoxia, HIF-α gets stabilized, translocates into the nucleus and
associates with HIF-β to drive the transcription of HIF target genes [192].
HIF-1α is a critical survival factor for chondrocytes in the growth plate [193].
Hypoxia promotes chondrogenic differentiation of mesenchymal cells in a p38 MAPKdependent manner (Figure 1.13a) [194, 195]. HIF-1α was shown to be involved in MSC
chondrogenesis through inducing Sox-9-mediated expression of type II collagen and
aggrecan [196-198]. Furthermore, hypoxia negatively regulates chondrocyte hypertrophy
via down-regulation of type X collagen, MMP-13 and alkaline phosphatase (ALP/AP)
[195]. Hypoxic inhibition of terminal differentiation was reported to be due to Runx2
suppression via Nkx3.2 [199], histone deacetylase 4 (HDAC4) and Smad6-dependent
pathways (Figure 1.13b) [194, 195]. In contrast, HIF-2α has been shown to induce
chondrocyte hypertrophy, vascularization and cartilage matrix degradation [200]. HIF-2αmediated enhancement of Runx2 promoter activity was reported to drive upregulation of
type X collagen, MMP-13 and vascular endothelial factor (VEGF) (Figure 1.13d) [200].
In adult chondrocytes, all three HIFs have been shown to positively regulate
expression of cartilage-specific markers and redifferentiation. HIF-1α has been
demonstrated to promote cartilage matrix formation in chondrocytes [201, 202] and
inhibit expression of fibroblastic markers [203]. Despite its effects during endochondral
ossification, HIF-2α has been shown to associate with Sox-9 in articular chondrocytes and
stimulate the expression of type II collagen and aggrecan (Figure 1.13c) [204, 205].
Similarly, HIF-3α has also been recently characterized for its role in cartilage signaling
and shown to induce stable chondrocyte phenotype [206].
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Figure 1.13: Role of hypoxia in chondrogenic differentiation of MSCs and mature chondrocytes.
(a) Hypoxia-induced chondrogenesis of MSCs via p38 MAPK pathway and HIF-1α-driven Sox-9
activity. (b) Inhibition of chondrocyte hypertrophy under hypoxia mediated by HDAC4 and
Nkx3.2 activation and Smad6 inhibition that leads to suppression of Runx2. (c) Chondrogenic
effect of HIF-2α on mature chondrocytes via Sox-9 activation. (d) Runx2-driven hypertrophic
effect of HIF-2α during endochondral ossification. Figure was reproduced with permission from
[195] and was drawn by E. Öztürk.
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Articular cartilage does not regenerate upon traumatic injuries or degenerative
pathologies. Cell-based cartilage repair strategies such as autologous chondrocyte
implantation (ACI) require in vitro monolayer expansion of chondrocytes in order to
increase the cell yield obtained from the patient’s biopsy. However, chondrocytes
dedifferentiate in monolayer culture with loss of chondrogenic markers and fibrocartilage
formation. This thesis aims to elucidate the characteristics of the cartilage
microenvironment and cellular signaling mechanisms that govern native chondrocyte
phenotype and to develop biomimetic systems to be used in cartilage tissue engineering.
As summarized in Chapter 1, a high complexity exists in the signaling events through
which cartilage microenvironment governs chondrocyte homeostasis. In this work, we
focused mainly on the role of cartilage matrix components, chondrocyte-matrix
interactions and oxygen tension.
In Chapter 3, development of a cartilage-mimetic hydrogel system is described.
Inspired from the abundance of sulfated glycosaminoglycans (GAG) in native cartilage
matrix, the role of sulfate moieties on chondrocyte phenotype was investigated. Tunable
sulfation of an inert biopolymer such as alginate was shown to drive extensive
mitogenicity of freshly-isolated chondrocytes within a three-dimensional (3D) matrix in a
dose-responsive manner to the degree of sulfation. The effect of biophysical properties of
the hydrogels such as stiffness, porosity and swelling on sulfation-mediated proliferation
of chondrocytes was explored. Alginate sulfate was shown to promote chondrocyte
growth through activation of fibroblast growth factor (FGF) signaling in a GAG-mimetic
manner via mediating FGF-FGF receptor interactions. Production of cartilage matrix
components type II collagen and aggrecan was assessed for chondrocytes encapsulated in
alginate sulfate hydrogels and shown to be highly superior to chondrocytes in unmodified
alginate. Activation of FGF signaling in sulfated hydrogels was demonstrated to exert a
chondroprotective role with suppression of dedifferentiation and catabolic markers in
chondrocytes. Thus, mimicking the sulfation state of cartilage microenvironment was
shown to lead development of mitogenic and chondrogenic culture systems for
chondrocytes.
Healthy articular cartilage acts as a protective microenvironment for chondrocytes
via negatively regulating the expression of catabolic markers whereas in cartilage
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pathology, inflammation-induced cartilage matrix breakdown further stimulates the tissue
deterioration. In Chapter 4, the effect of sulfate moieties on inflammatory induction in
chondrocytes was explored. Chondrocytes were encapsulated in alginate sulfate and
alginate hydrogels and stimulated with IL-1β followed by assessment of expression of
inflammatory and catabolic markers. Chondrocytes were shown to suppress the protein
expression of inflammatory effectors NF-κB and COX-2 as well as activation of NF-κB
and p38 MAPK in alginate sulfate hydrogels compared to unmodified alginate. Moreover,
a significant downregulation of target genes IL-6, IL-8, COX-2 and ADAMTS-5 was
observed in chondrocytes in alginate sulfate hydrogels. Affinity of alginate sulfate and
alginate to IL-1β was assessed and shown to be significantly higher in sulfated matrices
pointing to a possible inhibition of IL-1β activity through cytokine sequestering.
Therefore, alginate sulfate hydrogels were demonstrated to provide a protective
microenvironment for chondrocytes against inflammatory cytokines which offers an
advantage for the implantation of these hydrogels into an inflamed cartilage defect.
Despite their biological properties, ionically crosslinked alginate sulfate hydrogels
have issues with in vivo stability. In Chapter 5, development of covalently crosslinked,
injectable and cartilage adhesive alginate sulfate hydrogels is described. Doublemodification of alginate was performed with sulfate and tyramine moieties to enable in
situ enzymatic crosslinking of hydrogels in the presence of tyrosinase. Alginate sulfate
tyramine (ASTA) and alginate tyramine (AlgTA) hydrogels demonstrated adhesion to
cartilage tissue via tyrosinase-mediated conjugation of polymer chains to the
hydroxyphenol moieties in the collagens of the cartilage matrix. Viability and TGF-β3induced redifferentiation was assessed for chondrocytes encapsulated in ASTA and
AlgTA hydrogels. Both hydrogels were shown to support good chondrocyte viability and
induce re-expression of chondrogenic markers type II collagen, aggrecan and Sox9. To
test the in vivo stability of tyrosinase-crosslinked hydrogels, ASTA and AlgTA hydrogels
were implanted into subcutaneous pockets of mice. 4 weeks after the implantation, the
hydrogels were removed and found to be fully intact.
In Chapter 6, signaling mechanisms involved in transduction of cell-matrix
interactions were investigated for their role in chondrocyte phenotype. Rho signaling was
monitored in chondrocytes during monolayer expansion and dedifferentiation. An
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upregulation and nuclear localization of RhoA was shown for chondrocytes undergoing
dedifferentiation and loss of chondrogenic markers. Activation of RhoA signaling was
found to induce canonical Wnt signaling in chondrocytes with an upregulation of
downstream effectors and target gene expression. Inhibition of RhoA activation was
demonstrated to stimulate potent redifferentiation of chondrocytes on monolayer cultures
and enhance the 3D-induced redifferentiation of chondrocytes. Nuclearization of RhoA
was observed to be lost in redifferentiating chondrocytes with concomitant suppression of
canonical Wnt signaling. Activation of upstream Wnt signaling caused a potent loss of
chondrogenic markers in chondrocytes on both 2D and in 3D. On the other hand,
activation of canonical pathway was demonstrated to exert contradictory effects on
chondrocyte phenotype depending on cellular context and activation state of Rho.
In Chapter 7, the effect of oxygen tension on Rho and canonical Wnt signaling in
chondrocytes and their involvement in regulation of chondrogenic markers were studied.
Expression of RhoA and β-catenin under normoxic and hypoxic conditions were assessed
in chondrocytes cultured on 2D and in 3D hydrogels. Hypoxia demonstrated an inhibitory
effect on RhoA and β-catenin expression when chondrocytes were in 3D accompanied
with a strong induction of redifferentiation. Activation of Rho or canonical Wnt signaling
was shown to inhibit hypoxia-mediated redifferentiation of chondrocytes in 3D. In
contrast, hypoxia stimulated upregulation of RhoA and β-catenin signaling in
chondrocytes on 2D whereas chondrogenic redifferentiation was impaired. The
involvement of HIFs in mediation of hypoxia-induced effects on chondrocytes was
assessed. Stabilization of HIFs under normoxia was shown to mimic hypoxic effects on
chondrocytes. Thus, HIF-mediated and context-dependent cellular signaling mechanisms
were revealed for hypoxic regulation of chondrocyte phenotype.
Chapter 8 concludes this thesis with a summary of the main findings and
implications for future research directions.
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Abstract
Deciphering the roles of chemical and physical features of the extracellular matrix
(ECM) is vital for developing biomimetic materials with desired cellular responses in
regenerative medicine. Here, we demonstrate that sulfation of biopolymers, mimicking
the proteoglycans in native tissues, induces mitogenicity, chondrogenic phenotype, and
suppresses catabolic activity of chondrocytes, a cell type that resides in a highly sulfated
tissue. We show through tunable modification of alginate that increased sulfation of the
microenvironment promotes FGF signaling-mediated proliferation of chondrocytes in a
three-dimensional (3D) matrix independent of stiffness, swelling, and porosity.
Furthermore, we show for the first time that a biomimetic hydrogel acts as a 3D signaling
matrix to mediate a heparan sulfate/heparin-like interaction between FGF and its receptor
leading to signaling cascades inducing cell proliferation, cartilage matrix production, and
suppression of dedifferentiation markers. Collectively, this study reveals important
insights on mimicking the ECM to guide self-renewal of cells via manipulation of distinct
signaling mechanisms.

3.1 Introduction
Regenerative medicine is dependent on the ability of cells to undergo self-renewal
without loss of cell potency. Understanding the key features of the native ECM that
control processes such as proliferation and differentiation is crucial for developing
biomimetic materials that can support self-renewal of cells. The ECM serves as a
dynamic microenvironment for cells presenting the specific cues involved in cell-matrix
interactions and signaling cascades. The structure of ECM provides information to the
resident cells, acting both as a mechanical support and a reservoir of recognition and
adhesion ligands, cytokines and growth factors [207-210]. Mimicking the selected
characteristics of the native ECM to design biomaterials that control specific cellular
functions is an important challenge given the complexity of the matrisome [211].
Physical properties of the ECM such as stiffness, nanotopography, hydrophilicity,
and electric charge as well as chemical composition, and ligand density are vital for
manipulating cellular responses [212-221]. One of the major components of the ECM are
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proteoglycans, which are comprised of a core protein modified by brush-like sulfated
glycosaminoglycans (GAGs) such as heparan sulfate (HS)/heparin and chondroitin sulfate
[17, 222-225]. These sulfated GAGs are the main contributors of negative charge and
hydration in the ECM [222, 226]. Moreover, sulfated GAGs confer high affinity to
several growth factors in the transforming growth factor (TGF) and fibroblast growth
factor (FGF) families and control their relevant sequestration, presentation, activation and
signaling in the ECM [207, 222, 224, 227]. Heparin, a highly sulfated GAG, stabilizes
and protects basic FGF (FGF2) from acid, heat-mediated or proteolytic degradation [228].
Furthermore, FGF2 has distinct binding domains for FGF receptors (FGFR) and heparan
sulfates, and the biological activity of FGF has been shown to depend on the formation of
this ternary complex [229-233]. Hence, the sulfation state of the ECM is an important
factor for regulation of growth factor signaling in the tissue. Heparin has been commonly
used in tissue engineering applications in combination with synthetic and biological
materials mainly as a means to stabilize and deliver growth factors [234, 235].
Difficulties in working with heparin include fast degradation, impurity, and desulfation.
This motivated the development of sulfated mimetics that can bind and stabilize growth
factors [236-238]. However, it is still not completely understood how sulfated moieties in
a 3D matrix control growth factor signaling and tissue specific cellular functions.
Cartilage tissue is uniquely enriched in proteoglycans that provide its high water
retention and compressive strength along with entrapment and activity of growth factors
regulating chondrogenic responses such as TGFβ1/3, FGF18 and FGF2 [17, 45, 46, 108,
143, 239-242]. The chondrocyte pericellular matrix proteoglycans such as perlecan are
actively involved in mediation of FGF signaling in cartilage [150-152, 243, 244]. Thus, it
is a highly relevant tissue to explore the role of sulfation in the ECM. In fact, several
mouse models have shown that sulfation state of the ECM plays an important role for
growth plate cartilage morphogenesis controlling FGF signaling to modulate chondrocyte
proliferation and differentiation [245-248]. Therefore, a thorough understanding of how
chondrocytes respond to this highly sulfated and hydrophilic environment is essential for
recapitulating the native chemical and physical cues and guide chondrocytes for cartilage
regeneration. Autologous chondrocytes are particularly challenging to use for cartilage
repair due to a low cell yield and lack of self-renewal [249, 250]. Their two-dimensional
(2D) expansion leads to dedifferentiation, a phenomenon defined by a loss of expression
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of cartilage matrix components such as type 2 collagen and proteoglycans and increase in
expression of the fibroblastic marker type 1 collagen [76, 251]. The regenerative capacity
of these de-differentiated chondrocytes whether used directly or in combination with
materials is far from ideal. Hence, development of biomimetic materials that stimulate 3D
proliferation of freshly isolated chondrocytes and maintenance of their native phenotype
is an important challenge to overcome before cell-based therapies can be used reliably.
Here, we investigate the effect of sulfated moieties in the extracellular
microenvironment on mitogenicity and phenotype of chondrocytes. We established a 3D
model based on sulfated alginate with tunable degree of modification, stiffness and
hydrophilicity to elucidate how the sulfation of ECM components influences cellular
responses.

3.2 Materials and methods
3.2.1 Modification of alginates
Sulfation of alginate (Pronova UP LVG, FG=0.67, NG<1=14, Novamatrix), was
carried out as previously described. Briefly, 99% chlorosulfonic acid (HClSO3) (Sigma)
was diluted in formamide (Sigma) at varying concentrations (2% for AlgS-low, 2.25% for
AlgS-med, 2.5% for AlgS-high) with a total volume of 40 ml and added dropwise onto 1
g alginate. The reaction took place at 60 ˚C with agitation for 2.5 hours. Sulfated alginate
was precipitated with cold acetone and centrifuged at 5000 rpm for 7 minutes followed by
dissolution in deionized water. pH was adjusted to neutral by addition of 5M NaOH
during dissolution of sulfated alginate. Samples were purified by dialyzing against 100
mM NaCl and then deionized water and lyophilized. For acetylation, alginate (LF10/60,
FG=0.68, NG<1= 14, Protan A/S, Norway) beads were prepared by dripping a 2% (w/v)
alginate solution into 100 mM CaCl2. To remove the water, the beads were stored in
pyridine for 24h, before suspending the beads in a 1:1 solution of pyridine-acetic acid
anhydride at 38 ˚C for 12h. Gel beads were washed and dissolved in 0.05 M EDTA,
followed by dialysis and lyophilization of the acetylated alginate.
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3.2.2 Chemical characterization of modified alginates
Sulfation of alginate was confirmed using an infrared spectrophotometer in
attenuated total internal reflection mode (Frontier Spectrometer ATR-FTIR, Perkin
Elmer, Waltham, MA, USA) with spectra taken at room temperature (RT) in the range
600 cm-1 to 4000 cm-1. Elemental analysis of sulfur content was done by high-resolution
inductively coupled mass spectrometry (HR-ICP-MS) on alginate dissolved in 0.1 M
HNO3. Degree of sulfation (DS), number of sulfate groups per monomer, was estimated
from the mass balance equation assuming one sodium counterion for each negatively
charged group and one water molecule per monosaccharide: Monosaccharide mass =
C6O6H5 + (DS+1)Na+ + (DS)SO3- + H2O. Acetylation of alginate was characterized by 1H
NMR (Bruker) by dissolving the samples in D2O. Degree of acetylation (DA) was
calculated from the ratio of the integral area of the protons attributed to the acetyl peak (δ
=2-2.4 ppm). Molecular weight of the modified alginates was analyzed by size exclusion
chromatography with a multiangle laser light (SEC-MALLS) detection system. A
refractive index (dn/dc) of 0.15 was used for all the samples.
3.2.3 Rheological analysis of hydrogels
Dynamic oscillatory measurements were performed using an Anton Paar MCR 301
rheometer with parallel plate geometry (diameter: 10 mm). Alginate solution was pipetted
on the plate and adjusted to a 0.5 mm gap. CaCl2 or BaCl2 solutions were added around
the sample and the measurement was started. Storage (E’) and loss (E’’) moduli were
monitored with time under 0.5-5% strain and 1 Hz at RT. All measurements were done
within the linear viscoelastic range (LVR). The measurements were repeated at least three
times to ensure reproducibility of the gelation curves. The storage moduli of the gels were
reported as mean ± s.d. for n=3.
3.2.4 Swelling of hydrogels
50 µl of alginate, alginate sulfate or acetylated alginate solutions were pipetted onto a
disc caster (QGel SA) with 1.5 mm width. The caster was dipped into 102 mM CaCl2 or
10 mM BaCl2 for 20 minutes. The gels were weighed to obtain the initial weight (Mi) and
then incubated in 1 ml of 150 mM NaCl containing 5 mM CaCl2 for 24 and 48h at 37 ˚C.
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The buffer was completely removed at each time point and the gels were weighed to
obtain the swollen weight (MS). Swelling ratio was expressed as percent change in mass
(%) = (MS- Mi)/Mi*100 and as mean± s.d. for n=5 gels.
3.2.5 Scanning Electron Microscopy (SEM)
30 µl of alginate, alginate sulfate or acetylated alginate solutions were casted and
gelled in 102 mM CaCl2 or 10 mM BaCl2 for 20 minutes. The hydrogels were swollen in
150 mM NaCl containing 5 mM CaCl2 overnight, fractured and snap-frozen in liquid
nitrogen and lyophilized. Lyophilized samples were imaged with SEM (LEO 1530) at an
operating voltage of 3-5 kV. All samples were sputter-coated with a gold/palladium alloy
at 25 mA current for 60s before imaging.

3.2.6 Enzyme Linked Immunosorbent Assay (ELISA) for quantification of FGF2
release
10 ng FGF2 (Peprotech) was mixed with hydrogel precursor solutions and
incubated at RT for 1h. 2% (w/v) final concentration was used for sulfated and acetylated
alginate samples whereas the concentrations of alginate solutions were 0.45, 0.7 and 0.9%
(w/v). 30 µl discs from each solution were casted and gelled in 102 mM CaCl2 for 20
minutes. Hydrogels were incubated in a buffer containing 150 mM NaCl, 5 mM CaCl2
and 0.1% (w/v) bovine serum albumin (BSA) (Sigma) up to 2 weeks. At given time
points, the buffer was replaced completely and stored at -20 ˚C until used. After two
weeks, the gels were dissolved by incubating in a buffer containing 0.055 M sodium
citrate, 0.03 M EDTA and 0.15 M NaCl at pH 6.8 for 15 min with shaking at 1000 rpm at
RT. FGF2 release from hydrogels as well as FGF2 retention in the hydrogels was
quantified by an FGF2 ELISA kit (R&D Systems) according to manufacturer’s protocols.
3.2.7 Chondrocyte isolation and encapsulation in hydrogels
Chondrocytes were isolated from the knees of 1-2 year old cows obtained from the
local slaughterhouse. Articular cartilage was shaved from the condyles and minced with a
sterile blade and washed with DMEM (Glutamax, high glucose) (Invitrogen)
supplemented with 1% penicillin-streptomycin (P/S) (Gibco). Minced cartilage tissue was
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digested with 0.1% collagenase (Sigma) in DMEM supplemented with 5% fetal bovine
serum (FBS) (Invitrogen, 10270106, Lot# 41A0140K, 42F9251K) for 5h at 37 ˚C with
gentle shaking. Digested tissue was filtered through a 100 µm and then a 40 µm cell
strainer. The filtered solution of chondrocytes was centrifuged at 500 g for 10 min and
washed twice with DMEM containing 10% FBS and 50 µg/ml L-Ascorbic acid -2phosphate (Sigma). For 2D expansion, isolated chondrocytes were seeded at a density of
5000 cells cm-2 and passaged at 80-90% confluence up to three passages. For 3D growth,
freshly isolated chondrocytes were encapsulated in the alginate hydrogels at a final
density of 2 x 105, 6 x 105 or 6 x 106 cells/ml. Gel precursor solutions of alginate, alginate
sulfate and acetylated alginate were sterile filtered (0.2 µm pore size) and mixed with the
concentrated chondrocyte suspension. 30 µl discs at indicated polymer concentrations
were casted and gelled in 102 mM CaCl2 or 10 mM BaCl2 for 20 minutes. Chondrocytes
encapsulated in hydrogels were cultured in growth medium containing DMEM
supplemented with 10% FBS, 1% P/S, 50 µg/ml L-Ascorbic acid -2-phosphate and 3 mM
CaCl2 up to 6 weeks. To assess the mitogenic effect of FGF2 on chondrocytes, growth
medium was further supplemented with 5, 10 and 20 ng/ml FGF2. For the inhibition of
FGF signaling, PD173074 (500 nM) was added to the growth medium up to 3 weeks. For
the FGF2 loading of the gels, FGF2 was mixed with the alginate solutions (10 ng/30 µl
disc) and cell suspension at indicated polymer concentrations and cell densities, followed
by gelation in 102 mM CaCl2 and culturing in growth medium up to 6 weeks.
3.2.8 Assessment of chondrocyte viability and morphology
Cell viability was assessed with a commercial live/dead kit (Invitrogen). Briefly, the
gels were incubated in growth medium supplemented with 2 μM calcein AM and 4 μM
ethidium homodimer for 1h at 37 ˚C. Then the gels were washed twice with growth
medium for 20 min and imaged with fluorescence microscopy (Zeiss Axio Observer). For
assessment of cell morphology, the gels were fixed with 4% formaldehyde (Sigma) with
0.1% Triton-X (Sigma) in PBS for 1h at 4 ˚C, washed twice with 150 mM NaCl and 5
mM CaCl2, stained with phalloidin-rhodamine for actin and DAPI for DNA and imaged
with fluorescence microscopy.
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3.2.9 Quantification of DNA content in the hydrogels
At each time point, hydrogels were washed twice with 150 mM NaCl and 5 mM
CaCl2 and stored at -80 ˚C until all samples were collected. Then, the hydrogels were
digested with 125 µg/ml papain (Sigma) in 10 mM EDTA, 100 mM sodium phosphate,
10 mM L-cysteine at pH 6.3 overnight with shaking at 1000 rpm and 60 ˚C. DNA content
in the digested samples was quantified with Quant-IT PicoGreen kit (Invitrogen)
according to the manufacturer’s protocol. Experiments were done with three biological
replicates and triplicates of gels for each donor.
3.2.10 BaF3 cell culture and proliferation
BaF3 cells were washed twice in growth medium (RPMI, 10% bovine calf serum,
L-Glutamine) and seeded with a density of 3 x 104 cells/well in a 96-well microtiter plate
in 200 µl growth medium containing FGF2 (1 nM) and heparin, alginate sulfate or
alginate at indicated concentrations. 36 hours after cell seeding, 1 µCi of [3H] thymidine
was added in each well in 50 µl growth medium. Cells were collected after 4-6 hours with
a PHD cell harvestor (Cambridge Technologies Inc.). Liquid scintillation counting (LKB)
was used to determine the thymidine incorporation.
3.2.11 Western blotting
At given time points, hydrogels washed twice with 150 mM NaCl and 5 mM CaCl2
and stored at -80 ˚C. The frozen hydrogels were homogenized with a pestle in
radioimmunoprecipitation assay (RIPA) buffer with protease (Sigma) and phosphatase
(Invitrogen) inhibitors and incubated on ice for 1h followed by centrifugation at 10’000 g
for 15min and collection of the supernatant. The protein concentration in the supernatant
was determined by Bradford assay (Bio-Rad). Samples were adjusted to 1 µg/µl
concentration with RIPA and Laemmli buffer and denatured at 95 ˚C for 5 min. 20 µg
protein was loaded in pre-casted 4-12% Bis-Tris gels (Invitrogen) and run for 35 min at
125 V followed by transferring onto a nitrocellulose membrane for 1h at 25 V. Membrane
was washed twice with ddH2O, stained with Ponceau S (Sigma) for protein visualization
and washed three times with Tris-buffered saline with Tween-20 (TBST). The membrane
was blocked with 5% BSA for 1h at RT and incubated with primary antibody overnight at
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4 ˚C. After four times washing with TBST, the membrane was incubated with the
secondary antibody for 1h at RT, washed again and visualized with Clarity Western ECL
Substrate (Bio-Rad) for chemiluminescence. The primary antibodies used were antiFGFR3 (Abcam), anti-FGFR3 (phospho Y724) (Abcam) and anti-GAPDH (Cell
Signaling). The secondary antibody was anti-rabbit-HRP (Cell Signaling).
3.2.12 Real-time PCR
Samples were collected (three gels per condition) at day 7, 14 and 21 and frozen in
liquid nitrogen. The hydrogels were homogenized with a tissue pestle in Trizol®
(Invitrogen), centrifuged at 12’000 g for 10 min at 4 ˚C. The supernatant was phase
separated with chloroform and centrifuged 12’000 g for 15 min at 4 ˚C and the aqueous
phase was taken carefully. RNA isolation was performed using the NucleoSpin miRNA
kit (Macherey-Nagel AG) according to the manufacturer’s instructions. Quantification of
RNA concentration was performed with a plate reader (Tek3 plate, Synergy, BioTek,
Inc.). RNA was reverse transcribed using SuperScript III reverse transcriptase
(Invitrogen) and cDNA was amplified by quantitative real-time PCR (StepOnePlus,
Applied Biosystems) with Fast SYBR® Green master mix (Invitrogen). Ribosomal
protein L13 (RPL13a) was used as an internal reference gene and fold change was
quantified with the ΔΔCt method. The primers for bovine (Microsynth AG) listed in
Table 3.1 were used in this study. Experiments were done with three biological replicates
and three gels were pooled for each condition for all donors.
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Gene

Name

Primer sequence (5‘-3‘)

RPL13a

Ribosomal protein L13a

F- GCCAAGATCCACTATCGGAAA
R- AGGACCTCTGTGAATTTGCC

COL2A1

Type II collagen

F- GGCCAGCGTCCCCAAGAA
R- AGCAGGCGCAGGAAGGTCAT

COL1A2

Type I collagen

F- CGAGGGCAACAGCAGATTCACTTA
R- GCAGGCGAGATGGCTTGTTTG

ACAN

Aggrecan

F- GGGAGGAGACGACTGCAATC
R- CCCATTCCGTCTTGTTTTCTG

FGFR3

FGF receptor 3

F- CTGTACGTGCTGGTGGAGTA
R- GCAGGTGTCGAAGGAGTAGT

SEF

Similar expression to
FGF genes

F- TTCGGGTCATACTGGAGGAG
R- GCTACTGTTGAGCTGCTTCG

MMP-13

Matrix
metalloproteinase-13

F- AAACATCCCAAAACGCCAGACAA
R- AGGATGCAGCCGCCAGAAGA

ADAMTS5 A disintegrin and
metalloproteinase with
thrombosponditype 1 motifs

F- GATGGTCACGGTAACTGTTTGCT
R- GCCGGGACACACCGAGTAC

Table 3.1: List of bovine primers used in the study.

3.2.13 Immunohistochemisty
After 3 or 6 weeks of culture, hydrogels were fixed with 4% formaldehyde (Sigma)
with 0.1% Triton-X (Sigma) in PBS for 1h at 4 ˚C and washed twice with 150 mM NaCl
and 5 mM CaCl2. Then, hydrogels were incubated in a 1:1 mix of PBS and optimum
cutting temperature compound (OCT, VWR) for 2h at RT followed by overnight
embedding in OCT. Then the samples were snap-frozen on dry ice and 5 µm sections
were cut with a cryotome (CryoStar NX70, ThermoScientific). The sections were fixed in
ethanol, washed in PBS, blocked with 5% BSA for 1h at RT and incubated with primary
antibody in 1% BSA overnight at 4 ˚C. For the staining against proteoglycans, special
epitope retrieval was performed prior to BSA blocking. The sections were incubated with
10 mM dithiothreitol (DTT) (Sigma) in 50 mM Tris-HCl and 200 mM NaCl (pH 7.4) for
2h at 37 ˚C and then alkylated with 40 mM iodoacetamide in PBS for 1h at 37 ˚C. Then,
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the sections were digested with chondroitinase ABC (0.2 U/ml) (Sigma) for 20 min at 37
˚C. Followed by primary antibody incubation, the sections were washed three times in
PBS, incubated with the secondary antibody in 1% BSA (IgG goat antimouse AlexaFluor
488, Invitrogen) for 1h at RT, washed again and incubated with phalloidin-rhodamine and
DAPI in PBS for 15 min at RT. Then, the sections were covered with a coverslip with
aqueous mounting media (Vector Laboratories) and imaged with fluorescence
microscopy. The primary antibodies used were anti-Col2 (II-II6B3, Developmental
Studies Hybridoma Bank (DSHB)), anti-proteoglycan hyaluronic acid-binding region
(12/21/1-C-6, DSHB), anti-Col1 (Abcam).
3.2.14 Statistical analysis
Quantitative data was expressed as mean ± standard deviation (s.d.). Statistical
analyses were carried out with OriginPro 9.1 by analysis of variance (ANOVA) with
Tukey’s and Bonferonni’s post-hoc tests for multiple comparisons and p values less than
0.05 were considered as statistically significant.

3.3 Results
3.3.1 Biomimetic alginate sulfate hydrogels and their characterization
Alginate is a naturally derived block copolymer consisting of mannuronic and
guluronic acid saccharides that can be crosslinked in the presence of divalent cations such
as calcium (Ca2+), allowing physical and reversible gelation and manipulation of
mechanical properties. Alginate lacks cell adhesion ligands, limits protein adsorption and
cell proliferation [252], and is therefore a good platform to introduce biomimetic sulfate
moieties and examine the biological responses.
Sulfation of alginate (Alg) was carried out as previously reported [253] and tuned
by varying the chlorosulfonic acid (HClSO3) concentration to yield low (AlgS-low),
medium (AlgS-med), and high (AlgS-high) degree of sulfation (DS) (Figure 3.1A). Peaks
characteristic to S=O stretching were confirmed with FTIR spectra at 1250 cm-1 and 1260
cm-1 for the sulfated alginates (Figure 3.1B) and elemental analysis was performed to
obtain the sulfur content and calculate the DS (AlgS-low: DS=0.24; AlgS-med: DS=0.32;
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AlgS-high: DS=0.64 per monosaccharide) (Figure S3.1A). Depolymerization was
minimal and a slight decrease in average molecular weight (Mw) of alginate was
measured with increasing DS indicated by a shift in the mass distribution chromatogram
(Figure S3.1B, C).
In situ rheological analysis revealed that, for a fixed polymer content of 2% (w/v),
the storage modulus (E’) of AlgS hydrogels decreased from 34 to 6 kPa with increasing
DS (Figure 3.1C). The DS of AlgS-high was the highest possible to achieve crosslinking
of alginate sulfate for the chosen molarity of CaCl2 (102 mM). To obtain control samples
having the same storage moduli as AlgS-low, -med and -high, unmodified alginate
samples with polymer concentrations of 0.9, 0.7 and 0.45% w/v were used respectively
(Alg-stiff, Alg-med, Alg-soft). Monitoring of the storage modulus over time confirmed
almost exact gelation behavior between each AlgS sample and its unmodified alginate
control (Figure 3.1C). Introduction of sulfate moieties caused an increase in the
hydrophilicity of hydrogels as was expected from the higher negative charge. Mass
swelling ratio of AlgS hydrogels increased with increasing DS, reaching 55% for the
AlgS-high samples (Figure 3.1D). On the other hand, unmodified alginate hydrogels
showed decreased swelling behavior with decreasing polymer content. Alg-stiff hydrogels
exhibited ~5% swelling, Alg-med hydrogels preserved their mass whereas Alg-soft
hydrogels showed ~10% shrinkage (Figure 3.1D).
To decouple the effects of sulfation from changes in swelling, polymer content and
network porosity, we established two different approaches to systematically tune these
parameters. In the first strategy, we changed the crosslinker to a cation with higher
affinity to alginate, barium (Ba2+), to control the swelling of AlgS-high hydrogels.
Alginates with high guluronic acid composition have been reported to exhibit shrinking
and loss of permeability [254] when crosslinked with Ba2+. Secondly, we functionalized
alginate with acetyl groups [255] (Figure S3.2A, B) to obtain hydrogels with comparable
stiffness and swelling as alginate sulfate in the absence of negatively charged sulfate
groups.
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Figure 3.1. Characterization of alginate sulfate hydrogels. (A) Chemical structure of modified
alginate and scheme showing calcium crosslinking of alginate sulfate with increasing degree of
sulfation. (B) FTIR spectra of alginate (pale blue), AlgS-low (blue), AlgS-med (green) and AlgShigh (red). Arrow indicates peaks characteristic to S=O stretching at 1250 cm-1 and 1260 cm-1. (C)
Rheology profiles of alginate sulfate (dark blue, green and red) and alginate (pale blue, green, red)
hydrogels showing storage modulus (E’) with time. (D) Percent mass swelling of alginate sulfate
(dark blue, green and red) and alginate hydrogels (pale blue, green, red) after 48 hours. n=5;
mean± s.d.; ****: p <0.0001 when compared to AlgS-high.

3.3.2 Sulfation of alginate promotes mitogenicity of chondrocytes in 3D
To explore the effects of sulfation on cell growth, we encapsulated freshly isolated
bovine articular chondrocytes in AlgS and Alg hydrogels at a density of 6x106/ml and
cultured the samples up to 3 weeks. All sulfated and unmodified hydrogels supported
very high chondrocyte viability (Figure S3.3). Furthermore, phalloidin staining revealed
distinct changes in cell morphology in sulfated hydrogels. As DS increased, chondrocytes
exhibited a more spread morphology implying cellular recognition of and adhesion to the
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sulfated microenvironment (Figure 3.2A). This is an atypical behavior for cells in alginate
hydrogels unless the hydrogel is modified by integrin-binding motifs such as RGD [252].
In line with our findings, alginate sulfate has been previously shown to induce spread
morphology of chondrocytes mediated by integrin β1 [256]. In contrast, Alg hydrogels
with decreasing polymer content and stiffness did not support such cell spreading (Figure
3.2A).
Quantification of DNA content over 3 weeks revealed that sulfation of alginate
potently promoted proliferation of chondrocytes in 3D (Figure 3.2B). Chondrocytes in
sulfated hydrogels proliferated significantly more than in unmodified hydrogels and this
mitogenic effect was found to increase with increasing sulfation. DNA content in AlgShigh hydrogels showed a more than 10 fold increase after 3 weeks which was
significantly higher than AlgS-med and AlgS-low (p< 0.0001) hydrogels. On the other
hand, chondrocyte growth was similar in all alginate gels independent of stiffness,
suggesting that the mitogenic effects of the sulfated gels were due to the chemical
modification (Figure 3.2B).
Although sulfated hydrogels and their unmodified alginate controls had matched
bulk storage modulus, scanning electron microscopy (SEM) of the samples revealed that
alginate sulfate samples had a higher porosity and a more open network structure due to
higher swelling properties (Figure S3.4A). To rule out that swelling and porosity were
responsible for alterations in cell growth, we investigated proliferation of chondrocytes in
alginate sulfate hydrogels crosslinked with barium (Ba2+) that do not show enhanced
swelling behavior or porosity (Figure S3.4B, C). Ba2+-crosslinked AlgS-high hydrogels
highly stimulated mitogenicity of encapsulated chondrocytes compared to alginate
(Figure S3.4D). Quantification of cell growth with DNA content further confirmed that
chondrocytes proliferated significantly more in AlgS-high hydrogels over 3 weeks than in
alginate hydrogels pointing out that the effect of sulfation on proliferation was also
independent of hydrophillicity of the gel network (Figure S3.4E).
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Figure 3.2. Proliferation of chondrocytes in alginate sulfate hydrogels. (A) Fluorescence imaging
of phalloidin-rhodamine (gray) and DAPI (blue) stained aggregates of chondrocytes in alginate
sulfate and alginate hydrogels, and proliferating chondrocytes throughout the entire hydrogel
space in AlgS-high. Scale bar: 50 µm. (B) Quantification of DNA content in alginate sulfate and
alginate hydrogels. DNA content at a given time point is normalized to the DNA content at day 0.
n=3 (biological replicates); mean± s.d.; *: p< 0.05, ****: p <0.0001 for AlgS-high compared to
other AlgS and Alg samples; §: p<0.05, §§: p< 0.01 for AlgS-med compared to Alg samples; †:
p< 0.05 for AlgS-low compared to Alg samples.

3.3.3 Chondrocyte growth in alginate sulfate hydrogels is mediated by entrapment of
mitogenic growth factors
Next, we investigated whether chondrocyte proliferation in alginate sulfate
hydrogels resulted from higher entrapment of mitogenic growth factors and their
downstream signaling. Alginate sulfate has been previously shown to effectively bind to
heparin-binding growth factors [257]. To account for differences in polymer content of
alginate sulfate and alginate hydrogels that could affect the permeability of the gel
network for growth factors and to better mimic the swollen state of sulfated hydrogels, we
used acetylated alginate (Figure 3.3A). Acetylated alginate (AlgAc) served as a modified
control for AlgS-high with similar stiffness, swelling behavior and porosity but without
the charge-mediated affinity of sulfated hydrogels to growth factors (Figure 3.3B-D).
We examined the growth factor binding and entrapment of AlgS-high, Alg-soft and
AlgAc hydrogels. We loaded the gel precursor solutions with FGF2 (10 ng/gel) and
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monitored the release of FGF2 from the hydrogels for 2 weeks by enzyme linked
immunosorbent assay (ELISA). AlgS-high hydrogels showed a significantly lower
cumulative release of FGF2 at all time points compared to the control AlgAc and Alg-soft
hydrogels, and almost 40% of initially loaded FGF2 was retained in the AlgS-high
hydrogels after 2 weeks (Figure 3.3E). FGF2 release from AlgAc hydrogels was
significantly higher than Alg-soft hydrogels despite the higher polymer content, which
could be attributed to the high swelling of AlgAc and shrinking of Alg-soft hydrogels and
differences in permeability (Figure 3.3E). The release of FGF2 from the swelling Algstiff hydrogels was similar to AlgAc hydrogels and was significantly higher than Alg-soft
over 2 weeks. On the other hand, the FGF2 release profile of AlgS-low, AlgS-med and
AlgS-high hydrogels were quite similar where increased swelling and permeability due to
higher sulfation might have decreased the effect of higher affinity for the growth factor
(Figure S3.5).
After showing the entrapment of FGF2 in alginate sulfate hydrogels, we
confirmed its mitogenic effects on primary chondrocytes. Reports of the effect of FGF2
on chondrocyte growth have been controversial where it has been shown to be both a
potent mitogen for chondrocytes and growth inhibitory [146, 147, 239, 258]. To test the
growth factor dependence of chondrocyte proliferation in AlgS-high hydrogels, we first
serum starved the chondrocytes. The cells no longer proliferated in AlgS-high hydrogels
when the growth factors were depleted (Figure 3.3F). When serum-containing growth
medium was further supplemented with FGF2, chondrocyte proliferation increased in a
dose-dependent manner confirming the mitogenic effect of FGF2 on chondrocytes in
AlgS-high hydrogels (Figure 3.3F). Chondrocyte growth in AlgS-high, AlgAc and Algsoft hydrogels were monitored and quantified over 3 weeks (Figure 3.3G, H). AlgS-high
hydrogels promoted proliferation of chondrocytes significantly higher than AlgAc
hydrogels with the same polymer content, stiffness and swelling reflecting the effect of
higher entrapment of mitogenic growth factors such as FGF2. On the other hand, cell
yield was quite similar in AlgAc and Alg-soft hydrogels over 3 weeks. Interestingly,
when chondrocytes were treated with an FGFR1/3 inhibitor (PD173074) to block FGF
signaling, cell proliferation in AlgS-high hydrogels was completely lost and the cell
number remained stable after 3 weeks of culture (Figure 3.3G, H, Figure S3.6). These
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results clearly demonstrated the FGF signaling-mediated mitogenicity of chondrocytes in
sulfated hydrogels.

Figure 3.3. Mitogenic activity in alginate sulfate hydrogels is mediated by FGF signaling. (A)
Chemical structure of modified alginate with sulfate or acetyl groups and scheme showing
calcium crosslinked modified hydrogels. (B) Rheological profiles of AlgS-high (dark red), Alg
(pale red) and AlgAc (gray) hydrogels showing storage modulus (E’) with time. (C) Percent mass
swelling of AlgS-high, Alg and AlgAc hydrogels after 48 hours. n=5; mean± s.d.; ****: p
<0.0001 compared to Alg. (D) SEM images of freeze-dried AlgS-high, Alg and AlgAc hydrogels.
Scale bar: 20 µm. (E) Percent cumulative FGF2 release from AlgS-high, Alg, and AlgAc
hydrogels over 2 weeks. n=3; mean± s.d.; ††††: p< 0.0001 for AlgS-high compared to Alg and
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AlgAc; §: p< 0.05 for AlgAc compared to Alg. (F) Effect of FGF2 supplementation on
chondrocyte growth in AlgS-high hydrogels. Quantification of DNA content of chondrocytes in
growth medium, growth medium supplemented with 5, 10 or 20 ng/ml FGF2 or growth medium
without serum. DNA content is normalized to the DNA content at day 0. n=3 (biological
replicates); mean± s.d.; ‡‡: p< 0.01, ‡‡‡: p< 0.001 compared to no serum condition. (G)
Quantification of DNA content of chondrocytes in Alg, AlgAc, AlgS-high hydrogels and in AlgShigh with 500 nM FGF inhibitor (PD173074) in the medium. DNA content at a given time point
is normalized to the DNA content at day 0. n=3 (biological replicates); mean± s.d.; †††: p<0.001,
††††: p<0.0001 for AlgS-high compared to Alg, AlgAc and AlgS-high with PD173074 treatment
(AlgS-high+PD). #: p<0.05, ##: p<0.01 for AlgAc and Alg compared to AlgS-high+ PD. (H)
Representative bright-field images of chondrocytes in AlgAc, Alg, AlgS-high and AlgS-high+PD
after 21 days in culture. Scale bar: 100 µm.

3.3.4 Alginate sulfate mimics heparan sulfate/heparin to activate FGF signaling in
chondrocytes
We next explored the regulation of FGF signaling by chondrocytes encapsulated in
the sulfated hydrogels. In vivo, binding of FGFs to their receptor is mediated by heparan
sulfates leading to the dimerization, phosphorylation, and activation of the receptor and
initiation of downstream signaling events [229, 230]. Therefore, we decided to look into
the activation and expression of FGF receptors in the sulfated alginate hydrogels. Due to
its relevance and importance in chondrogenesis and adult cartilage anabolism [239], we
sought to investigate the expression and signaling of FGFR3. Chondrocytes growing in
AlgS hydrogels significantly downregulated FGFR3 gene (p<0.001) and protein
expression compared to Alg hydrogels (Figure 3.4A, B, Figure S3.7A). Downregulation
of FGFR3 expression on the gene and protein level upon FGF stimulation has been
reported previously via a feedback inhibitory loop [258]. As increased chondrocyte
proliferation in AlgS-high hydrogels was FGF-mediated, we hypothesized that the
downregulation of FGFR3 was a feedback inhibitory response for the activation of the
receptor. Confirming that, when the chondrocytes were treated with PD173074 and
FGFR3 signaling was blocked, gene expression of FGFR3 in the AlgS-high hydrogels
was rescued (Figure S3.7B). Protein expression of FGFR3 showed a downregulation in
AlgS hydrogels in a dose-responsive manner to the DS (Figure 3.4B). Most interestingly,
the phosphorylated active form of the receptor was only detected in the sulfated gels
indicating the necessity of a sulfated microenvironment for induction of downstream
signaling (Figure 3.4B).
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A recently identified endogenous FGF signaling modulator, Sef (similar expression
to FGF genes), has been shown to physically associate with FGF receptors and inhibit
their tyrosine phosphorylation, and hence block downstream signaling [259]. Previous
reports revealed its importance in skeletal growth as it was shown to negatively regulate
osteogenesis and osteoprogenitor cell proliferation [260], whereas its expression and
regulation in chondrocytes is unknown. Remarkably, we observed that chondrocytes in
AlgS hydrogels significantly downregulate Sef expression compared to Alg hydrogels
(p<0.001) and prevent the attenuation of FGF signaling via Sef-mediated negative
feedback inhibition (Figure 3.4C).
Distinct regulation of FGF signaling in AlgS hydrogels raised the question whether
AlgS can mimic the function of heparan sulfate/heparin to mediate a ternary complex
formation between the growth factor and its receptor. To test this hypothesis, we used a
lymphoid cell line, BaF3-FGFR31c, which was engineered to express a chimeric protein
containing the FGFR3 extracellular and transmembrane domain and FGFR1 tyrosine
kinase domain, and lacked cell-surface heparan sulfates. The FGF-mediated growth of
BaF3 cells depends on the addition of soluble heparin to activate the receptor [261]. We
cultured the BaF3 cells in the presence of FGF2 and soluble heparin, AlgS, or Alg and
monitored their growth at increasing polymer concentration up to 5 µg/ml (Figure 3.4D).
All AlgS solutions successfully mimicked heparin to mediate the binding of FGF2 to
FGFR3 and induce survival and proliferation of BaF3 cells, whereas there was no cell
growth in the presence of Alg. Below a polymer concentration of 1 µg/ml, heparin and
AlgS-high induced significantly higher cell growth than AlgS-low and AlgS-med,
whereas at higher concentrations there was no difference between AlgS samples and
heparin. These results reveal that alginate sulfate presents a heparin-mimetic biopolymer
that can facilitate a complex formation between FGF2 and FGFR3 to stimulate
mitogenicity.
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Figure 3.4. Alginate sulfate mimics heparin to mediate an interaction between FGF2 and FGFR3
to induce down-stream signaling. (A) mRNA expression of FGFR3 of chondrocytes encapsulated
in AlgS-high and alginate hydrogels after 7 days. (B) Immunoblot showing protein expression of
FGFR3 and phosphorylated FGFR3 (phospho Y724) of chondrocytes in AlgS-low, AlgS-med,
AlgS-high and alginate hydrogels. GAPDH was used as the endogenous loading control. (C)
mRNA expression of Sef of chondrocytes encapsulated in AlgS-high and alginate hydrogels. (D)
Proliferation of BaF3-FGFR31c cells with FGF2 (10-9 M) and soluble alginate, alginate sulfate or
heparin (0-5000 ng/ml). [3H]-thymidine incorporation (radioactivity counts per minute, c.p.m.)
was normalized to the condition with no polymer addition. n=3; mean± s.d.; *: p<0.05, **:
p<0.01, ***: p<0.001 compared to Alg sample. †: p<0.05 for heparin compared to AlgS samples.

3.3.5 Chondrocytes growing in biomimetic sulfated hydrogels produce cartilagespecific matrix
Type 2 collagen (Col2) and proteoglycans comprise the main components of the
cartilage ECM [17]. As chondrocytes proliferate on 2D substrates, they lose the
expression of these chondrogenic markers and undergo dedifferentiation [76, 251].
Therefore, after showing the potent proliferation capacity of freshly isolated chondrocytes
in 3D in the biomimetic alginate sulfate hydrogels, we next examined how the sulfated
microenvironment affected their production of cartilage matrix. Immunostaining results
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revealed strikingly higher amounts of Col2 and proteoglycan deposition in the alginate
sulfate hydrogels compared to alginate (Figure 3.5A, B). Col2 and proteoglycan
deposition was very homogeneous throughout the alginate sulfate hydrogels whereas only
pericellular staining could be detected in the alginate. Col2 deposition was higher in the
AlgS-low hydrogels than AlgS-med and AlgS-high while proteoglycan deposition was
higher in the higher sulfated hydrogels. Matrix deposition in the alginate sulfate
hydrogels increased even further from 3 weeks to 6 weeks whereas such maturation was
not observed in the alginate hydrogels. Moreover, proteoglycan deposition diminished in
the alginate hydrogels between 3 and 6 weeks of culture (Figure 3.5B). Gene expression
analysis showed that growth of chondrocytes in 3D hydrogels prevented them from losing
their gene expression of Col2 as opposed to 2D expansion (Figure 3.5C). Over 3 weeks,
Col2 expression in all hydrogels was significantly higher than chondrocytes proliferated
on 2D. On the other hand, chondrocytes had higher Col2 gene expression in alginate
hydrogels than alginate sulfate at all time points. Furthermore, AlgS-low and AlgS-med
hydrogels induced higher expression compared to AlgS-high hydrogels. This could be
due to decreased stiffness [262] among alginate hydrogels, as chondrocytes also tended to
have higher expression of Col2 in stiffer hydrogels (Figure S3.8). The gene expression of
the most abundant proteoglycan in cartilage, aggrecan, was stable during 2D expansion of
chondrocytes in line with previous reports [76] (Figure 3.5D). Aggrecan expression,
similar to Col2, was higher in chondrocytes growing in alginate hydrogels than in alginate
sulfate. Although chondrocytes had higher gene expression of both chondrogenic markers
in Alg hydrogels, matrix deposition as determined by immunostaining was surprisingly
inferior. Therefore, we further explored the extent of dedifferentiation and catabolic
activity of chondrocytes in alginate and alginate sulfate hydrogels.
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Figure 3.5. Alginate sulfate hydrogels promote deposition of cartilage matrix components. (A, B)
Immunofluorescence imaging of Col2 (green) (A) and proteoglycan (green) (B) antibody staining
of chondrocytes encapsulated in AlgS (left) and Alg (right) hydrogels after 21 and 42 days of
culture. Phalloidin-rhodamine (red) and DAPI (blue) was used as counterstains. (C, D) mRNA
expression of Col2 (C) and aggrecan (D) of chondrocytes expanded on 2D or encapsulated in
alginate sulfate and alginate hydrogels over 3 weeks of culture. n=3; mean± s.d.; *: p<0.05, ****:
p<0.0001 compared to 2D expansion at day 7, 14 or 21; †: p<0.05, ††: p<0.01 compared to AlgS
hydrogels. §: p<0.05, §§: p<0.01, §§§: p<0.001 compared to AlgS-high. Scale bar: 100 µm.

3.3.6 Sulfation in the microenvironment lowers the extent of chondrocyte
dedifferentiation
Loss of phenotype in chondrocytes or dedifferentiation due to 2D expansion is
accompanied by upregulation of fibroblastic markers such as type 1 collagen (Col1) [76,
251] and is a main concern for autologous chondrocyte-based cartilage therapies. Hence,
the course of dedifferentiation as freshly isolated chondrocytes proliferate within a
mitogenic 3D environment is of particular interest. As expected, chondrocytes cultured on
2D tissue culture polystyrene underwent a massive increase in Col1 expression (~40’000
fold) over 3 weeks. At day 7, Col1 expression of chondrocytes in alginate and alginate
sulfate hydrogels was much less compared to 2D, however by day 21, chondrocytes in
alginate showed even higher expression of Col1 than chondrocytes expanded on 2D.
Significantly, chondrocytes in alginate sulfate hydrogels had ~50 fold lower expression of
Col1 compared to alginate, indicating the sulfated microenvironment led to a better
preservation of phenotype in the chondrocytes (Figure 3.6A). These results were
confirmed by immunostaining, which showed that chondrocytes deposited considerably
less Col1 in the biomimetic sulfated hydrogels (Figure 3.6B). The Col1 gene expression
decreased in alginate sulfate hydrogels in a DS dependent manner pointing to a possible
effect of enhanced FGF signaling in preserving the native phenotype of chondrocytes.
FGF2 supplementation during 2D expansion has been reported to reduce dedifferentiation
of chondrocytes [146], maintain the chondrogenic potential and improve the
redifferentiation in 3D scaffolds [147]. Thus, we treated the chondrocytes growing in
AlgS-high hydrogels with PD173074 to explore the role of FGF signaling in the
preservation of phenotype. When FGF signaling was blocked, chondrocytes upregulated
Col1 expression in AlgS-high hydrogels to an even higher extent than in alginate (Figure
3.6C). This demonstrates that biomimetic hydrogels not only exert mitogenicity on
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chondrocytes but also maintain their phenotype, likely through mediation of FGF binding
to its receptor and initiation of signaling. FGF signaling has been shown to have a
chondroprotective and anabolic role in cartilage tissue through activation of FGFR3 with
FGF18 and FGF2 whereas it can also induce catabolic destruction of the cartilage ECM
via activation of FGFr1 and upregulation of MMP-13 and ADAMTS5 [45, 46, 143, 239].
Chondrocytes in AlgS hydrogels significantly downregulated the expression of
ADAMTS5 (p<0.001) (Figure 3.6D), the dominant aggrecanase in cartilage, and MMP13 (p<0.0001) (Figure 3.6E), a matrix metalloproteinase with specificity to aggrecan and
fibrillar collagen, compared to chondrocytes in alginate hydrogels [210, 240].
Downregulation of these catabolic markers correlates well with the activation of FGFR3
signaling in the AlgS hydrogels. Chondrocytes treated with PD173074 in AlgS-high
hydrogels lose their suppression of ADAMTS5 which further supports the
chondroprotective role of FGF signaling [45] (Figure 3.6D). Chondrocytes in Alg showed
~400 fold upregulation of MMP-13 expression compared to AlgS-high. When FGFR3
was blocked with PD173074 in AlgS-high hydrogels, chondrocytes slightly upregulated
MMP-13 expression but expression was still significantly lower than in Alg hydrogels
indicating there might be other pathways contributing to the strong suppression of this
catabolic marker in alginate sulfate hydrogels (Figure 3.6E). Furthermore, such
upregulation of MMP-13 and ADAMTS5 could explain the Col2 and proteoglycan loss in
the alginate hydrogels despite the high gene expression (Figure 3.5).
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Figure 3.6. Alginate sulfate hydrogels suppress the expression of dedifferentiation and catabolic
markers in chondrocytes. (A) mRNA expression of Col1 of chondrocytes expanded on 2D or
encapsulated in alginate sulfate and alginate hydrogels over 3 weeks of culture. (B)
Immunofluorescence imaging of Col1 (green) antibody staining of chondrocytes encapsulated in
AlgS and Alg hydrogels after 21 days. Phalloidin-rhodamine (red) and DAPI (blue) was used as
counterstains. Scale bar: 100 µm. (C, D, E) mRNA expression of collagen 1 (C), ADAMTS5 (D),
MMP-13 (E) of chondrocytes encapsulated in Alg, AlgS-high and AlgS-high with PD173074
treatment (500 10-9 M) after 21 days. n=3; mean± s.d.; **: p<0.01, ***: p<0.001 compared to
AlgS hydrogels; †: p<0.05, ††: p<0.01, †††: p<0.001, ††††: p<0.0001 compared to AlgS-high. ‡:
p<0.05 compared to AlgS-med. §§: p<0.01, §§§: p<0.001, §§§§: p<0.0001 compared to Alg. #:
p<0.05 for 2D at day 0 compared to later time points.

3.3.7 Alginate sulfate hydrogels support proliferation of chondrocytes encapsulated
at a clinically-relevant low cell density
As biomimetic AlgS hydrogels provide a mitogenic and chondrogenic
microenvironment for chondrocytes and promote their self-renewal in 3D, they present a
promising platform for encapsulating and expanding freshly isolated chondrocytes. Since
the yield of autologous cells is generally quite low from a clinical biopsy, biomimetic
hydrogels could serve a great need in supporting the self-renewal of chondrocytes [250].
We thus tested if alginate sulfate hydrogels could generate clinically significant amounts
of cells starting from a very low cell density.
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We encapsulated non-passaged chondrocytes in AlgS-high hydrogels at a density of
2x105 or 6x105 cells/ml and monitored their growth over 6 weeks in culture. We further
tested the effect of FGF2 loading of the hydrogels to increase the mitogenic potential of
the cells and take advantage of the availability of the affinity-bound growth factors in a
clinical-like setting. AlgS-high hydrogels induced potent proliferation of chondrocytes
with both starting cell densities. By day 14, significant increase in cell number was
observed as well as complete and homogenous filling of the hydrogels with matrix
proteins (Figure 3.7A-D). After 6 weeks, there was not a significant difference in the cell
yield between the two starting cell densities (Figure 3.7A). Moreover, FGF2 loading of
the hydrogels significantly increased the proliferation of chondrocytes and led to a
significantly higher DNA content for both cell densities at 6 weeks (Figure 3.7A, B). The
lower starting cell density and higher population doubling did not negatively affect the
cartilage matrix production and chondrocytes deposited great amount of Col2 in AlgShigh hydrogels with both cell densities (Figure 3.7D).
The fold change in DNA interestingly shows an increase with decreasing cell
density for a defined volume of hydrogel revealing higher growth rate when the cell
number is lowered (Figure 3.7B). This implies that the mitogenicity results mainly from
the signaling events induced by the hydrogel microenvironment and the effects of
intercellular distances or paracrine signaling are not pronounced. There is a more than 65
fold increase in DNA after 6 weeks from a starting cell density of 2x105 cells/ml which to
our knowledge is an extent of mitogenicity that has never been reported for 3D growth of
cells in hydrogels. Such potent stimulation of proliferation with a simple modification of
a biopolymer indicates the importance of mimicking salient features of the native ECM
and shows a strong potential for clinical usage.

52

Sulfated hydrogel matrices for cartilage tissue engineering

Figure 3.7. Alginate sulfate hydrogels support the growth of chondrocytes encapsulated at
clinically-relevant low density. (A) Quantification of DNA content of chondrocytes encapsulated
in AlgS-high hydrogels at a density of 2 x 105 or 6 x 105 cells/ml with (tan) or without (red) FGF2
loading. (B) DNA content normalized to the DNA content at day 0. n=3; mean± s.d.; ****:
p<0.0001 compared to day 0; †: p<0.05, ††: p<0.01 compared to without FGF2-loading; ‡‡:
p<0.01 for 2 x 105 cells/ml compared to 6 x 105 cells/ml. (C) Representative bright-field images
of chondrocytes in FGF2-loaded AlgS-high hydrogels at 2 x 105 or 6 x 105 cells/ml density. Scale
bar: 100 µm. (D) Immunofluorescence imaging of Col2 (green) antibody staining of chondrocytes
encapsulated in FGF2-loaded AlgS-high hydrogels at 2 x 105 or 6 x 105 cells/ ml density at day
42. DAPI (blue) was used as counterstain. Native bovine cartilage was stained as positive control.
Scale bar: 100 µm.

3.4 Discussion
The physical and chemical characteristics of the ECM microenvironment play a
vital role in tissue-specific biological function, hence providing inspiration for the design
of mimetic materials for tissue engineering and regenerative medicine. In this work, we
address sulfation as an important feature of the ECM contributed by the proteogylcans
and demonstrate its potent effect on chondrocytes, a cell type that resides in a
glycosaminoglycan-rich, highly sulfated tissue. Using alginate with tunable degree of
sulfation, we demonstrate that biomimicking the ECM microenvironment through
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incorporation of sulfate moieties regulates mitogenicity of chondrocytes and preservation
of chondrogenic phenotype.
Sulfation of alginate greatly promotes proliferation of chondrocytes in a 3D matrix
independent of biophysical properties including stiffness, swelling and porosity. The
biomimetic alginate sulfate hydrogels confer high affinity to mitogenic growth factors
such as FGF2 and mediate a HS/heparin-like interaction between the growth factor and its
receptor to initiate downstream signaling events. Such interaction between FGFs and their
receptors mediated by HS/heparin is crucial for the activation of the receptor; hence the
ECM dynamically contributes to the signaling events in the cells [230, 241]. Alginate
sulfate hydrogels similarly stimulate activation of FGFR3 in chondrocytes, which is an
important FGF receptor for cartilage anabolism. Thus, they demonstrate the unique ability
of a biomimetic 3D matrix to control activation of specific growth factor receptors and
downstream cellular responses. FGFR3 signaling induced by FGF2 and FGF18 has been
coupled with chondrogenic and anabolic responses in chondrocytes, however, it has been
shown to have paradoxical roles in mitogenicity in the growth plate, both promoting and
inhibiting chondrocyte proliferation depending on the stage of cartilage development
[239, 263]. We showed that sulfation in the microenvironment induces proliferation of
freshly isolated mature chondrocytes, stimulate cartilage matrix deposition and suppresses
expression of markers of dedifferentiation and catabolism via activation of FGF signaling
(Figure 3.8).
In the native cartilage tissue, FGFs are produced endogenously and sequestered by
the heparan sulfate proteoglycans in the pericellular matrix such as perlecan to regulate
chondrogenic responses [151, 152, 243, 244]. Moreover, FGF2 has been shown to
stimulate Sox-9, the main transcription factor driving the expression of cartilage matrix
components [144]. FGF2 has also been shown to act as a chondroprotective agent to
suppress the expression of catabolic markers such as ADAMTS5 [45]. In line with these
reports, we found that increased sulfation in the microenvironment suppresses the
expression of ADAMTS5 and MMP-13 in chondrocytes via activation of FGF signaling.
These results interestingly point to the role of the ECM composition on the phenotype of
chondrocytes as well as the way they remodel and degrade the surrounding matrix. This is
particularly important for better understanding of pathological conditions such as
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osteoarthritis where loss of proteoglycans is the first detectable change in the articular
cartilage surface and its absence may elicit increased catabolic activity of chondrocytes
and start the downwards spiral of tissue destruction.

Figure 3.8. Schematic depiction of the mechanism of activation of FGF signaling in alginate
sulfate hydrogels. Alginate sulfate mimics heparan sulfate proteogylcans to exert high affinity for
FGFs and mediates an interaction between the growth factor and its receptor leading to activation
of the receptor and initiation of downstream signaling. Activation FGF signaling in chondrocytes
mediated by the sulfated microenvironment promotes potent proliferation, cartilage matrix
deposition and suppression of dedifferentiation and catabolism.

Collectively, we demonstrate that the sulfation state of the surrounding
microenvironment modulates self-renewal of chondrocytes defined by stimulation of
proliferation and preservation of chondrogenic phenotype. This not only shows that the
ECM dynamically regulates signaling of chondrocytes but also challenges the dogma that
increased chondrocyte proliferation is accompanied by dedifferentiation and loss of
phenotype. We show that sulfation of alginate, a biopolymer known to limit cell
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proliferation, confers mitogenicity and promotes potent proliferation of encapsulated nonpassaged chondrocytes within a 3D matrix. Alginate sulfate hydrogels support the growth
of chondrocytes with very low starting cell densities and the extent of proliferation
achieved in this study has not been reported for hydrogels. Hence, such sulfated
mitogenic hydrogels could be promising for 3D expansion of many cell types where loss
of cell potency during the 2D expansion phase negatively impacts the outcome of cellbased therapies. However, for the clinical translatability of the technology, the hydrogels
should be characterized for loading with a serum-free and defined growth factor cocktail
that has been optimized for the cell type of interest.
Sulfated alginate also is a heparin-mimetic which mediates activation of distinct
growth factor signaling events in chondrocytes. Given the disadvantages of using heparin
[234, 235, 238] such as heterogeneity and fast degradation alginate sulfate offers a
promising alternative. Growth factor signaling is crucial for many cell types and multiple
cellular processes including differentiation, migration and proliferation. Therefore,
approaches to incorporate heparin into materials to increase affinity to growth factors
[234, 235], protein engineering to enhance affinity of growth factors to ECM components
[264] or immobilization of growth factors to matrices [211] have been actively pursued.
Here, we show that sulfation in the ECM not only confers higher entrapment but also
actively participates in the signaling through mediation of the interaction of growth
factors with their receptors.
The desire to incorporate some of the complexity of the tissue-specific ECM into
engineered tissues has given rise to techniques such as decellularization of native ECM
[265], anchoring of cell-derived ECM [266, 267] and microarray screening of ECM
components [268]. However, difficulties in experimental modulation of native ECMs still
reveal the necessity of deciphering the distinct roles of ECM components in order to
effectively recapitulate them in synthetic platforms. Finally, this study reveals that
sulfation contributes to the active role of ECM in cellular signaling events and thus is an
important parameter to incorporate in engineering biomimetic materials.
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3.5 Conclusions
The study demonstrates that sulfation of the cellular microenvironment is crucial for
the mitogenicity and phenotype preservation of chondrocytes. Through controlled
sulfation of an inert biopolymer such as alginate, extensive chondrocyte proliferation was
induced independent of hydrogel stiffness, swelling and porosity. The mitogenicity within
the sulfated hydrogels is shown to result from matrix-mediated activation of FGF
receptors and downstream signaling leading to cartilage matrix formation and suppression
of dedifferentiation. This involvement of the sulfated hydrogel matrix in the growth factor
signaling to exert desired cellular functions is an essential aspect for mimicking native
tissues with biomaterials and has broad implications for regenerative medicine.
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3.6 Supporting Information

Figure S3.1. Characterization of sulfated alginates. (A) Sulfur content in the alginate sulfate
samples determined by elemental analysis with HR-ICP-MS. Degree of sulfation (DS), number of
sulfate groups per monomer, was estimated from the mass balance equation assuming one sodium
counterion for each negatively charged group and one water molecule per monosaccharide:
Monosaccharide mass = C6O6H5 + (DS+1)Na+ + (DS)SO3- + H2O. (B) Molar mass distribution
chromatography chart obtained by SEC-MALLS analysis of alginate and alginate sulfate samples.
(C) Molecular weight (MW) of alginate and alginate sulfate samples determined by SEC-MALLS.
A refractive index (dn/dc) of 0.15 was used for all the samples.
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Figure S3.2. Characterization of acetylated alginate. (A) 1H NMR spectrum (D2O) of acetylated
alginate (AlgAc). The degree of acetylation (DA) was calculated as the ratio of the averaged
proton integral area of the acetyl peak (2-2.4 ppm). (B) Molar mass distribution chromatography
chart obtained by SEC-MALLS analysis of alginate and acetylated samples showing no severe
degradation due to modification.
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Figure S3.3 Viability of chondrocytes in alginate and alginate sulfate hydrogels after 21 days.
Live/dead assay showing live cells stained with calcein AM (green) and dead cells stained with
ethidium homodimer (red). Scale bar: 200 µm.
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Figure S3.4. Characterization of barium crosslinked alginate and alginate sulfate hydrogels and
chondrocyte growth. (A) SEM images of freeze-dried alginate and alginate sulfate hydrogels
crosslinked with 102 mM CaCl2 or 10 mM BaCl2. Scale bar: 20 µm. (B) Rheology profiles of
AlgS-high (2%, w/v) and alginate (0.9%, w/v) hydrogels crosslinking with 10 mM BaCl2 showing
storage modulus (E’) with time. (C) Percent mass swelling of AlgS-high (2%, w/v) and alginate
(0.9%, w/v) hydrogels after 24 and 48 hours. n=5; mean± s.d. (D) Representative bright-field
images of chondrocytes encapsulated in AlgS-high (2%, w/v) hydrogels crosslinked with 102 mM
CaCl2 or 10 mM BaCl2 and alginate (0.9%, w/v) hydrogels crosslinked with 102 mM CaCl2 after
3 weeks of culture. Scale bar: 100 µm. (E) Quantification of DNA content of chondrocytes
encapsulated in barium crosslinked AlgS-high (2%, w/v) and alginate (0.9%, w/v) hydrogels over
3 weeks. DNA content at a given time point is normalized to the DNA content at day 0. n=3
(biological replicates); mean± s.d.; **: p<0.01, AlgS-high compared to Alg.
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Figure S3.5. FGF2 release from alginate sulfate and alginate hydrogels over 2 weeks. Cumulative
mass release (%) of FGF2 quantified with ELISA from AlgS-low, -med and –high (2%, w/v)
hydrogels and Alg-stiff (0.9%, w/v), Alg-med (0.7%. w/v) and Alg-soft (0.45%, w/v) hydrogels
over 2 weeks. n=3; mean ± s.d.; *: p<0.05 for Alg-stiff compared to Alg-soft at all time points.

Figure S3.6. Effect of PD173074 treatment on viability of chondrocytes in alginate sulfate
hydrogels after 21 days. Live/dead assay showing live cells stained with calcein AM (green) and
dead cells stained with ethidium homodimer (red). Scale bar: 100 µm.
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Figure S3.7. FGFR3 gene expression. (A) Relative quantitation of FGFR3 mRNA expression of
chondrocytes in alginate and alginate sulfate hydrogels at day 7. n=3; mean± s.d.; ***: p<0.001
compared to Alg sample. (B) FGFR3 mRNA expression of chondrocytes in AlgS-high hydrogels
with PD173074 treatment (500 nM). n=3; mean± s.d.; **: p<0.01 compared to no treatment.

Figure S3.8. Effect of stiffness on gene expression of chondrocytes in alginate hydrogels with
different macromere contents. Relative quantitation of Col2 (A), aggrecan (B) and Col1 (C)
mRNA expression of chondrocytes encapsulated in Alg-soft (0.45%, w/v) (E’= 6±0.2 kPa), Algmed (0.7%, w/v) (E’= 19±0.9 kPa) and Alg-stiff (0.9%, w/v) (E’= 32±0.9 kPa) hydrogels over 3
weeks.
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Inflammatory induction in
sulfated matrices
Note: This chapter has been published in European Cells and Materials as Ø. Arlov and E.
Öztürk et. al., Biomimetic sulfated alginate hydrogels suppress IL-1β-induced
inflammatory responses in human chondrocytes. E. Öztürk and Ø. Arlov are listed as cofirst authors. E. Öztürk performed all the cell experiments and cytokine affinity assays in
the study, Ø. Arlov performed the material characterization experiments. E. Öztürk and
Ø. Arlov wrote the manuscript.
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Abstract
Loss of articular cartilage from aging, injury or degenerative disease is commonly
associated with inflammation, causing pain and accelerating degradation of the cartilage
matrix. Sulfated glycosaminoglycans (GAGs) are involved in the regulation of immune
responses in vivo, and analogous polysaccharides are currently being evaluated for tissue
engineering matrices to form a biomimetic environment promoting tissue growth while
suppressing inflammatory and catabolic activities. Here, we characterize physical
properties of sulfated alginate (S-Alg) gels for use in cartilage engineering scaffolds, and
study their anti-inflammatory effects on encapsulated chondrocytes stimulated with IL1β. Sulfation resulted in decreased storage modulus and increased swelling of alginate
gels, whereas mixing highly sulfated alginate with unmodified alginate resulted in
improved mechanical properties compared to gels from pure S-Alg. S-Alg gels showed
extensive anti-inflammatory and anti-catabolic effects on encapsulated chondrocytes
induced by IL-1β. Cytokine-stimulated gene expression of pro-inflammatory markers IL6, IL-8, COX-2 and aggrecanase ADAMTS5 were significantly lower in the sulfated gels
compared to unmodified alginate gels. Moreover, sulfation of the microenvironment
suppressed the protein expression of COX-2 and NF-κB as well as the activation of NFκB and p38-MAPK. The sulfated alginate matrices were found to interact with IL-1β, and
proposed to inhibit inflammatory induction by sequestering cytokines from their
receptors. This study shows promising potential for sulfated alginates in biomimetic
tissue engineering scaffolds, by reducing cytokine-mediated inflammation and providing
a protective microenvironment for encapsulated cells.

4.1 Introduction
Osteoarthritis (OA) can be idiopathic in nature or initiated by trauma, joint
malformation or excessive load on joints [269]. Recent evidence has shown that OA also
has an inflammatory component [270, 271], where matrix fragments can signal through
toll-like receptors. Proteolytic degradation of the matrix can also release immobilized
cytokines such as interleukin (IL)-1β and IL-6 and tumor necrosis factor (TNF) which in
turn further induce cytokine expression and secretion of matrix-degrading enzymes from
chondrocytes, thus propagating tissue breakdown [272, 273]. These effects are largely
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mediated by nuclear transcription factors such as nuclear factor-kappaB (NF-κB), which
has

been

shown

to

induce

expression

of

inflammatory

cytokines,

matrix

metalloproteinases (MMPs), cyclooxygenase-2 (COX-2), as well as adhesion molecules
(ICAM-1, VCAM-1 and E-selectin) implicating NF-κB in the recruitment of leukocytes
[274, 275].
Cultivation of chondrocytes in vitro is a strategy of cell-based therapies to repair
damaged and diminished cartilage due to injuries or degenerative diseases. One approach
is by autologous chondrocyte implantation (ACI), where chondrocytes are isolated from a
biopsy of healthy cartilage and passaged in vitro, followed by reintroduction to the defect
site [276]. Matrix-induced autologous chondrocyte implantation (MACI) has been
developed as a technique to incorporate a supportive scaffold for the chondrocytes to
enhance cartilage matrix synthesis, overcome donor variability and improve the clinical
outcome [277]. Scaffolds for cartilage regeneration must provide a suitable environment
with physical support and hydration, promote proliferation and production of extracellular
matrix and prevent dedifferentiation of the chondrocytes [278, 279]. The engineered
biological or synthetic matrix must be biocompatible and have low immunogenicity to
prevent an inflammatory response in the host upon introduction of cultivated tissues.
Furthermore, it should serve as a protective microenvironment for the encapsulated cells
against the effects from the inflamed defect site such as diffusion of inflammatory
cytokines or matrix-degrading enzymes. Therefore, developing biomimetic materials with
both intrinsic anti-inflammatory and chondropermissive properties is crucial for
improving the clinical success of tissue engineering strategies in cartilage repair.
Articular cartilage is rich in sulfated glycosaminoglycans (GAGs) which have
significant roles in hydration, cell motility and intra- and intercellular communication,
and are thus of great interest for incorporation in tissue engineering scaffolds [280, 281].
Heparin, in particular, has been shown to have anti-inflammatory effects by reducing
nuclear translocation of NF-κB, thus lowering expression of inflammatory cytokines, and
may further inhibit downstream processes by direct association with cytokines, adhesion
proteins and the complement and coagulation cascades [282-285].
Alginate has long been considered for cell encapsulation due its gentle gelling
conditions, good biocompatibility and high availability [286]. As native alginate is
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relatively inert, functionalization by covalent modification has been extensively explored
[252, 287, 288]. One such strategy is by chemical sulfation, increasing the negative
charge and thus promoting electrostatic interactions characteristic of sulfated GAGs. We
have previously presented sulfated alginate as a potential heparin/heparan sulfate analog,
as it associates with heparin-binding proteins and exhibits anti-inflammatory effects in
blood [289-291]. Furthermore, we recently demonstrated that sulfated alginate gels
induce mitogenicity of chondrocytes within a three-dimensional microenvironment while
preserving their native phenotype, by mediating fibroblast growth factor (FGF) signaling
[292]. As cells have specific requirements to their surrounding scaffold, a sulfated
alginate-based matrix may show promise in its customizability, through sequence
modifications using C5-epimerases [293] and by tuning the sulfation degree (DS) to
optimize biological efficacy while minimizing cross-reactivity and destabilization of the
matrix. Compared to unmodified alginate, sulfated alginates form weaker gels which
swell and disrupt faster as a function of sulfation degree, due to the relatively bulky
sulfate groups preventing ideal network formation described in the “egg-box” model
[294]. It is therefore desirable to evaluate whether pure sulfated alginate gels are
necessary for the observed beneficial effects, and if gel stability can be increased by
mixing with unmodified alginate without loss of effectiveness.
In the present work, we explored the effect of sulfation on the physical properties of
alginate gels, as well as the chondropermissive and immunoprotective effects on human
chondrocytes. To study the anti-inflammatory potential and the influence of sulfate
content, human chondrocytes were encapsulated in hydrogels containing varying amounts
of sulfated alginate, and the expression of inflammatory and catabolic markers was
studied following stimulation with IL-1β.

4.2 Materials and methods
4.2.1 Sulfation of alginates
The alginate used was protanal LF200S (FG = 0.68, Mw = 270 kDa, [η] = 1085
dL/g), referred throughout as Alg, extracted from the stipe of Laminaria hyperborea
(FMC Biopolymer). Sulfation of the alginate was performed using 99% chlorosulfonic
acid (Sigma) in formamide (Merck) as previously described[290], with an HClSO3
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concentration range of 1.5-4.0 vol% in formamide at 60°C for 2.5 h. High Resolution
Inductively Coupled Plasma Mass Spectrometry (HR-ICP-MS) was employed to quantify
the wt% content of sulfur in the lyophilized samples, and the average number of sulfates
per monosaccharide (DS) was estimated using equation (1).
Monosaccharide mass = C6O6H5 + (DS+1) Na+ + (DS x SO3-) + H2O

(1)

The sulfated alginates (S-Alg) were analyzed by NMR, showing a sulfation pattern
consistent with previous findings (not shown). For further structural characterization of
sulfated alginates, the reader is referred to earlier publications [290, 291]. The molecular
weight of the alginates was measured using size exclusion chromatography with light
scattering (SEC-MALS).
4.2.2 Rheological characterization of sulfated alginate gels
Alg and S-Alg were dissolved in deionized water and mixed with calcium carbonate
(CaCO3) before degassing using a vacuum pump to remove air bubbles. Glucono-δlactone (GDL) (Sigma) was dissolved in deionized water and added to the alginate
solution under gentle stirring. Final concentrations of CaCO3 and GDL were respectively
30 mM and 60 mM for a 2 wt/vol% Alg/S-Alg solution. The mixture (2 ml) was
immediately applied to a Kinexus rheometer system (Malvern, Worcestershire, UK)
equipped with 40 mm serrated geometry, and the storage modulus of the gelling solution
was measured at 20 °C over 15 h in oscillatory mode at 1 Hz and 0.005 strain, with a
solvent trap to reduce evaporation. The data were recorded and processed using the
software rSpace (Malvern).
4.2.3 Swelling properties of sulfated alginate gels
Solutions were prepared from Alg or Alg mixed with 20-80 wt% S-Alg (DS=0.90)
(2 wt/vol% in 300 mM mannitol), and their average diameter was measured following
hourly changes of the saline. Alginate/sulfated alginate gel beads were prepared using a
Pasteur pipette to drip the polysaccharide solution into a gelling bath of 50 mM calcium
chloride (CaCl2) or 50 mM CaCl2 + 1 mM barium chloride (BaCl2), both supplemented
with 150 mM mannitol. Mannitol was added to the alginate solution and gelling bath as
an osmolyte that does not interact with cross-linking junction zones in alginate. The gels
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were left overnight in the gelling solution before transferring them to 150 mM sodium
chloride (NaCl). The average diameter of the gels was then measured following hourly
replacements of a 150 mM NaCl medium. The sulfur, barium and calcium concentrations
of the gels were measured at three time points at the start, middle and end of the
experiment, by dissolving 20 gels in ethylenediaminetetraacetic acid (EDTA) at 18 mM
for calcium gels or 36 mM for calcium-barium gels, followed by elemental analysis using
HR-ICP-MS.
4.2.4 Chondrocyte isolation
Human chondrocytes were isolated from non-arthritic articular cartilage obtained
from surgical knee operations (over 60 years old, male) (ethics approval number KEKZH 2013-0097) and kept in phosphate-buffered saline (PBS) supplemented with 10 µg/ml
gentamycin (Gibco). The cartilage specimens were minced into 1-3 mm3 pieces with a
sterile blade and washed with Dulbecco's modified eagle medium (DMEM) (Glutamax,
high glucose) (Invitrogen) with 10 µg/ml gentamycin. Minced cartilage tissue was
digested with 0.1% collagenase (Sigma) in DMEM supplemented with 10% fetal bovine
serum (FBS) (Invitrogen) overnight at 30 ˚C with gentle shaking. Digested tissue was
filtered through a 100 µm and then a 40 µm cell strainer. The filtered solution of
chondrocytes was centrifuged at 500 g for 10 min and washed twice with growth medium
(DMEM containing 10% FBS, 50 µg/ml L-Ascorbic acid -2-phosphate (Sigma) and 10
µg/ml gentamycin). The chondrocytes were seeded at a density of 3000 cells/cm2 and
expanded in growth medium to passage 4 before encapsulation in the hydrogels.
4.2.5 Chondrocyte encapsulation in hydrogels
Gel precursor solutions of Alg, S-Alg (DS=0.32) and mixtures of Alg/S-Alg (20, 40
or 60 wt% of S-Alg (DS=0.9)) were prepared in 150 mM NaCl and sterile filtered (0.2
µm pore size). The solutions were gently mixed with a concentrated cell suspension to
yield 2 wt/vol% polymer solution with a cell density of 6 x 106 cells/ml. 30 µl discs of
each solution were cast and gelled in 100 mM CaCl2 for 20 min. Chondrocytes
encapsulated in hydrogels were cultured in growth medium supplemented with 3 mM
CaCl2.

70

Inflammatory induction in sulfated matrices

4.2.6 Assessment of cell viability and morphology
In order to assure the cells were viable before addition of IL-1β, viability and
morphology were assessed. After 1 week of culture, the gels were incubated in growth
medium supplemented with 2 µM calcein AM and 20 µM propidium iodide for 1 h at 37
˚C. The gels were washed twice with growth medium for 20 min and imaged with
fluorescence microscopy (Zeiss Axio Observer). For assessment of cell morphology, the
gels were fixed with 4% formaldehyde (Sigma) with 0.1% Triton-X-100 (Sigma) in PBS
for 1 h at 4 ˚C and washed twice with 150 mM NaCl and 5 mM CaCl 2. Then the gels
were stained with phalloidin-rhodamine for actin and 4',6-diamidino-2-phenylindole
(DAPI) for DNA for 45 min followed by two washes with 150 mM NaCl and 5 mM
CaCl2 and imaged with fluorescence microscopy. For the quantification of viability, 200
µM z-stacks from the gels were projected with maximum intensity followed by
determination of the number of live and dead cells with ImageJ. Twenty images from
each sample were projected for analysis and three replicates were used for each condition.
4.2.7 Chondrogenic redifferentiation and immunohistochemistry
For the assessment of chondrogenic redifferentiation, chondrocytes were
encapsulated in the hydrogels (n=3 for all conditions) and cultured for 3 weeks in
chondrogenic medium (DMEM supplemented with 1% ITS+ Premix (Corning), 50 µg/ml
L-Ascorbic acid -2-phosphate, 10 µg/ml gentamycin, 40 µg/ml L-proline, 100 nM
dexamethasone and 10 ng/ml transforming growth factor-β3 (TGF-β3) (Peprotech)). After
3 weeks, the gels were collected and fixed with 4% formaldehyde with 0.1% Triton-X in
PBS for 1 h at 4 ˚C. Then, the gels were washed twice with 150 mM NaCl supplemented
with 5 mM CaCl2. The hydrogels were incubated with a 1:1 mixture of PBS and optimum
cutting temperature compound (OCT) (VWR) for 2 h at RT and then were completely
embedded in OCT overnight. The gels were snap-frozen on dry ice and cut with a
cryotome (CryoStar NX70, ThermoScientific) in 5 µm sections. The sections were fixed
with 96% ethanol and washed several times with PBS to remove the OCT. Epitope
retrieval was performed by incubating the sections in 2 mg/ml hyaluronidase (Sigma) in
PBS for 30 min at 37 ˚C. Then, the sections were blocked for 1 h at RT with 5% bovine
serum albumin (BSA) followed by incubation with the primary antibody in 1% BSA at 4
˚C overnight. The sections were washed three times in PBS and incubated with the
71

Chapter 4

secondary antibody in 1% BSA (IgG goat antimouse AlexaFluor488, Invitrogen) for 1h at
RT. The samples were washed with PBS, stained with DAPI for 15 min, washed again,
mounted with aqueous mounting media (Vector Laboratories) and imaged with
fluorescence microscopy. The primary antibodies used were mouse anti-collagen 2 (IIII6B3, Developmental Studies Hybridoma Bank) and mouse anti-collagen 1 (Abcam).
4.2.8 Inflammatory induction of chondrocytes with IL-1β
The hydrogels were cultured for a week in growth medium and serum starved
overnight before the inflammatory induction. Then, the hydrogels were cultured with
medium containing DMEM supplemented with 50 µg/ml L-Ascorbic acid-2-phosphate,
10 µg/ml gentamycin and 1 ng/ml IL-1β (Peprotech) for either 24 h or 48 h before
harvesting of the samples.
4.2.9 Western blotting
After 24 or 48 h of IL-1β induction hydrogels (n=3 for all conditions) were washed
twice with 150 mM NaCl and 5 mM CaCl2 and stored at -80 ˚C. The frozen hydrogels
were homogenized with a pestle in radioimmunoprecipitation assay (RIPA) buffer with
protease inhibitors (Sigma), incubated on ice for 1 h, and then centrifuged at 10 000 g for
15 min. The supernatant was collected and the protein concentration was determined by
Bradford assay (Bio-Rad). Samples were adjusted to 0.5 µg/µl concentration with RIPA
and Laemmli buffer and denatured at 95 ˚C for 5 min. 10 µg protein was loaded in precast 4-12% Bis-Tris gels (Invitrogen) and run for 35 min at 125 V followed by transfer
onto a nitrocellulose membrane for 1h at 25 V. The membrane was washed twice with
ddH2O, stained with Ponceau S (Sigma) for protein visualization and washed three times
with tris-buffered saline with tween-20 (TBST) buffer. The membrane was then blocked
with 5% BSA for 1h at RT and incubated with primary antibody overnight at 4 ˚C. The
membrane was washed four times with TBST and then incubated with the secondary
antibody for 1 h (25 °C), washed again and visualized with Clarity Western ECL
Substrate (Bio-Rad) for chemiluminescence. The primary antibodies used were antiCOX-2, anti-phospho-NF-κB p65 (Ser 536), anti-NF-κB p65, anti-phospho-p38-MAPK
(Thr180/Tyr182) (Cell Signaling) and anti-actin (Sigma). The secondary antibody was
anti-rabbit-HRP (Cell Signaling).
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4.2.10 Real-time PCR
Samples were collected (n=3 for all conditions) and frozen at -80 ˚C until used. The
hydrogels were homogenized with a tissue pestle in Trizol® (Invitrogen), and centrifuged
at 12 000 g for 10 min at 4 ˚C. The supernatant was removed and chloroform was added
followed by centrifugation at 12 000 g for 15 min at 4 ˚C, before removing the aqueous
phase. RNA isolation was performed using the NucleoSpin miRNA kit (Macherey-Nagel
AG) according to the manufacturer’s instructions. Quantification of RNA concentration
was done with a plate reader (Tek3 plate, Synergy, BioTek, Inc.). RNA was reverse
transcribed using SuperScript III reverse transcriptase (Invitrogen) and the resulting
cDNA was amplified by quantitative real-time PCR (StepOnePlus, Applied Biosystems)
with Fast SYBR® Green master mix (Invitrogen). Ribosomal protein L13 (RPL13a) was
used as an internal reference gene and fold change was quantified with the ΔΔCt method.
The primers listed in Table 4.1 were used in the study.

Gene

Name

Primer sequence (5‘-3‘)

RPL13a

Ribosomal protein L13a

F- AAGTACCAGGCAGTGACAG
R- CCTGTTTCCGTAGCCTCATG

COX-1

Cyclooxygenase-1

F- CTCTTCGTCTGATCCGTCCTA
R- TGAGGTTGCGGTCTGTTAGT

COX-2

Cyclooxygenase-2

F- GCAATAACGTGAAGGGCTGT
R- CGGGAAGAACTTGCATTGAT

IL-6

Aggrecan

F- GAAAGCAGCAAAGAGGCACT
R- TTTCACCAGGCAAGTCTCCT

IL-8

FGF receptor 3

F- GTTCCACTGTGCCTTGGTTT
R- GCTTCCACATGTCCTCACAA

MMP-13

Matrix
metalloproteinase-13

F- TGGTCCAGGAGATGAAGACC
R- TCCTCGGAGACTGGTAATGG

ADAMTS5 A disintegrin and
metalloproteinase with
thrombosponditype 1 motifs

F- CGATGGCACTGAATGTAGGC
R- CTCCGCACTTGTCATACTGC

Table 4.1: List of human primers used in the study.
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4.2.11 Enzyme Linked Immunosorbent Assay (ELISA) for quantification of IL-1β
retention
Hydrogel precursor solutions were mixed with IL-1β (R&D Systems) to yield a
polymer concentration of 2 wt/vol% and cytokine concentration of 1 ng/30 µl and the
mixtures were incubated at RT for 2 h. 30 µl discs from each solution were pipetted onto
casters and gelled in 102 mM CaCl2 for 20 minutes (n=3 for all conditions). Then, the
hydrogels were incubated in a buffer containing 150 mM NaCl, 5mM CaCl2 and 1 mg/ml
bovine serum albumin (BSA) (Sigma) for 24 or 48h. The gels were collected at given
time points and dissolved by incubating in a buffer containing 55 mM sodium citrate, 30
mM EDTA and 150 mM NaCl at pH 6.8 for 10 min with shaking at 1000 rpm at RT. IL1β retention in the hydrogels was quantified by an IL-1β enzyme-linked immunosorbent
assay (ELISA) kit (R&D Systems) according to manufacturer’s instructions.
4.2.12 Statistical analysis
Quantitative data was expressed as mean ± standard deviation (s.d.). Statistical
analyses were performed with OriginPro 9.1 by analysis of variance (ANOVA) with
Tukey’s post-hoc test. Values of p below 0.05 were considered statistically significant.

4.3 Results
4.3.1 Rheological characterization of sulfated alginate gels
Alg/S-Alg gels were prepared and the storage modulus (G) was measured to
evaluate gelling kinetics and the final stiffness of the gels. Using mixtures of highly
sulfated alginate (S-Alg, DS=0.90) and Alg a prominent decrease in gel stiffness was
observed with increasing S-Alg content (Figure 4.1a). Furthermore, the introduction of
highly sulfated alginate was shown to have a negative effect on gelling, as excluding SAlg resulted in increased gel stiffness by approximately 1000 Pa for a 1.2 wt/vol%
solution of Alg (Table 4.2). Using pure sulfated alginates, stable gels were formed at
DS=0.20 and 0.28 with stiffness similar to that of 40% S-Alg (DS=0.90). At DS=0.36
there was observed an approximately tenfold decrease in stiffness resulting in fragile gels

74

Inflammatory induction in sulfated matrices

(Figure 4.1b), while samples with DS>0.50 did not form true gels under the present
conditions (not shown).

Sample
Alg (2% w/v)
Alg (1.2% w/v)

S-Alg / Alg

S-Alg

DS= 0.20
DS= 0.28
DS= 0.36
DS= 0.50

S-Alg content

E (Pa)

0%
0%

6 650
2 530

20%
40%
60%
80%

2 330
1 580
803
343

100%
100%
100%
100%

1 470
1 310
110
79

Table 4.2: Mechanical characterization of alginate and sulfated alginate gels. Young’s modulus
(E) of gels prepared from mixtures of alginate (Alg) and sulfated alginates (S-Alg, DS=0.90), or
from exclusively S-Alg with increasing degrees of sulfation. Gelation occurred over 15 h using 30
mM CaCO3 and 60 mM GDL. All sulfated alginate gels were prepared from a total
polysaccharide solution of 2% w/v and the modulus was measured by oscillatory shear
deformation.
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Figure 4.1: Measurement of the storage modulus in solutions of (a) alginate (Alg) mixed with
sulfated alginate (S-Alg, DS=0.90), or (b) exclusively sulfated alginate with increasing sulfation
degree during gelation (15 h). Solutions were gelled with 30 mM CaCO3 and 60 mM GDL for a
final polysaccharide concentration of 2% w/v. Oscillating shear deformation was carried out at 20
°C with a frequency of 1 Hz and strain of 0.005.

4.3.2 Swelling properties of sulfated alginate gels
Calcium-crosslinked gels
There was observed a difference in the initial size of the calcium gels, where a
higher S-Alg content was associated with a larger volume (Figure 4.2a). The Alg control
and the 20-60% S-Alg gels displayed initially similar swelling rates following hourly
replacements of the saline, while the volume increase of the 80% S-Alg gels was
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considerably higher, causing gel disruption after 10 h. After 6 h, the swelling of the Alg
gels accelerated and eventually gained a similar volume to that of the 40%. The 20% SAlg gels displayed considerably less swelling and remained intact for longer than all other
samples, a trend also observed for S-Alg samples of lower DS (not shown). Gels were
retrieved after 0, 7 and 15 h, and the relative concentrations of calcium and sulfur in the
gels are shown in Figure 4.2b and c, respectively. The calcium content of all gels was
reduced by approximately 60% from 0 to 7 h. A higher concentration of calcium was
detected in the S-Alg samples compared to Alg at 0 h, which was also observed at 7 and
15 h for the 20% and 40% S-Alg samples, whereas the 60% and 80% S-Alg gels had
dissolved at 15 h. Furthermore, there was a decrease in sulfur over time, indicating loss of
sulfated alginate during swelling. The 20% S-Alg gels displayed no material loss at 7 h,
whereas the sulfur content was reduced by approximately one third at 15 h.

Figure 4.2: Characterization of alginates. (a) The average volume of alginate gel beads made in a
gelling solution of 50 mM CaCl2, following hourly replacements of a 150 mM NaCl medium. The
gels were made from 2 wt/vol% solutions of LF 200S alginate (Alg), or Alg mixed with sulfated
alginate (S-Alg, DS=0.90). Gel content of (b) Calcium (Ca) and (c) Sulfur (S) after 0, 7 and 15 h.
The gels were dissolved in 18 mM EDTA (30 ml) prior to analysis by HR-ICP-MS.
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Calcium-barium-crosslinked gels
The calcium-barium gels displayed overall higher stability than the calcium gels
and were monitored over 33 h (Figure 4.3a), with elemental analysis of the gels carried
out after 0, 17 and 33 h. The initial gel volume was similar for all samples; the swelling
rate was the highest for 80% S-Alg and lowest for the Alg sample. Past 17 h a decrease in
gel volume was measured for the 80% S-Alg samples, resulting in lower volumes than the
remaining samples at 33 h. A high degree of barium retention was observed in all samples
(Figure 4.3b), contrasting with the steep decrease in calcium (Figure 4.3c). Similar to the
calcium gels, higher initial concentrations of gelling ions were detected in the calciumbarium gels containing sulfated alginate compared with the Alg control.
Gels were additionally prepared from exclusively S-Alg with varying degrees of
sulfation. When using a gelling bath of 50 mM CaCl2, the gels took on a highly
inhomogeneous shape and were disrupted overnight. Gels were successfully prepared
with the CaCl2/BaCl2 gelling bath, but increased rapidly in volume and disrupted after
fewer replacements compared with gels containing unmodified alginate (not shown).
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Figure 4.3: Characterization of alginates crosslinked with calcium-barium. (a) The average
volume of alginate gel beads made in a gelling solution of 50 mM CaCl 2 and 1 mM BaCl2,
following hourly replacements of a 150 mM NaCl medium. The gels were made from 2 wt/vol%
solutions of LF 200S alginate (Alg), or Alg mixed with sulfated alginate (S-Alg, DS=0.90). Gel
content of (b) Barium (Ba), (c) Calcium (Ca) and (d) Sulfur (S) after 0, 17 and 33 h. The gels
were dissolved in 36 mM EDTA (30 ml) prior to analysis by HR-ICP-MS.

4.3.3 Visualization of chondrocyte viability, morphology and chondrogenic
redifferentiation in sulfated alginate gels
As the inclusion of unmodified alginate resulted in increased stability of sulfated
hydrogels, we aimed to explore whether mixed gels demonstrate similar biological effects
on encapsulated chondrocytes as pure S-Alg gels, as well as the influence of varying SAlg content. For the pure S-Alg gels, a sulfation degree of 0.32 was chosen, whereas the
mixed 80% S-Alg sample was excluded due to the high swelling potential. Live/dead
staining of encapsulated chondrocytes showed good viability after one week and no
significant differences between unmodified alginate and gels containing sulfated alginate
(Figure 4.4a). Phalloidin-rhodamine staining showed formation of filopodia from cells
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encapsulated in sulfated alginate gels, most prominently for the gel containing exclusively
sulfated alginate (S-Alg DS=0.32), whereas the cells in the unmodified alginate displayed
a spherical morphology after one week culture (Figure 4.4b). Filopodia were also
observed in the mixed gels, with no apparent differences based on S-Alg content. The
differences in cellular morphology between chondrocytes encapsulated within sulfated
alginate or unmodified gels became much more evident after 3 weeks of culture with
chondrogenic induction. Chondrocytes in sulfated alginate showed extensive spreading
throughout the gel whereas the chondrocytes in unmodified alginate still revealed round
cell morphology (Figure 4.5a).
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Figure 4.4: Cell viability and morphology in alginate and alginate sulfate hydrogels. (a)
Quantification of chondrocyte viability in hydrogels of alginate (Alg), sulfated alginate (S-Alg
DS=0.32) or mixtures of Alg and S-Alg (DS=0.90) after 1 week. (b) Fluorescence imaging of
chondrocytes encapsulated in calcium gels of alginate (Alg), sulfated alginate (DS=0.32) or
sulfated alginate (DS=0.90) mixed with unmodified alginate. Cells were stained with calcein and
ethidium homodimer for viability assessment (left), or with phalloidin-rhodamine for cell
morphology (right). Arrows indicate protruding filopodia from the plasma membrane.
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We further investigated the chondrogenic redifferentiation of chondrocytes within
Alg or S-Alg (DS=0.32) gels. Immunohistological staining of the chondrocytes in Alg or
S-Alg gels revealed collagen 2 deposition under both conditions (Figure 4.5b). In the Alg
gels, collagen 2 was highly concentrated around the edges of the gels, whereas the S-Alg
gels promoted a more homogenous matrix deposition. Collagen 1 deposition, on the other
hand, was much less in the sulfated hydrogels compared to the unmodified alginate.
Collagen 1 was similarly deposited mainly on the edge of the Alg gels, however, the
thickness was higher than seen for the collagen 2 staining (Figure 4.5b). In S-Alg gels, a
slight collagen 1 deposition was observed in the edges and mainly excluded from the
collagen 2-positive core of the gels (Figure 4.5b). The deposition of collagen 2 was
dependent on the TGF-β3 induction of the chondrocytes and no collagen 2 staining was
detected when the chondrocytes were grown in TGF-β3-free control medium (not shown).
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Figure 4.5: Chondrocyte redifferentiation in alginate and alginate sulfate hydrogels. (a)
Phalloidin-rhodamine staining of chondrocytes encapsulated in alginate (Alg) or sulfated alginate
(S-Alg, DS=0.32) after 3 weeks. (b) Immunofluorescence imaging of collagen 2 (green) and
collagen 1 (red) deposition in Alg and S-Alg (DS=0.32) gels. DAPI (blue) was used as
counterstain for cells.
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4.3.4 Inflammatory stimulation of encapsulated chondrocytes with IL-1β
Gene expression of inflammatory markers
Gene expression of IL-6, IL-8, COX-1, COX-2, MMP-13 (matrix metalloproteinase
13/collagenase-3) and ADAMTS5 was quantified in the encapsulated chondrocytes
following 24 or 48 h stimulation with IL-1β (Figure 4.6). The gene expression was
generally lower after 48 h compared with 24 h, suggesting a possible negative feedback
regulation of the inflammatory response. Interleukins IL-6 and IL-8 were strongly
induced by IL-1β and displayed similar expression trends in the different gels. Compared
to the Alg control IL-6 and IL-8 induction was significantly reduced in all S-Alg gels,
most potently in the 20% S-Alg (DS=0.90) sample and the gel containing exclusively SAlg (DS=0.32). COX-2 expression was induced in alginate gels and significantly reduced
in all S-Alg gels, displaying a similar trend as IL-6 and IL-8. No inhibitory effect of
sulfated alginates was found on the IL-1β-induced expression of MMP-13, whereas
ADAMTS5 was significantly suppressed in the S-Alg gels. Gene expression was for IL-6,
IL-8, COX-2 and ADAMTS5 significantly lower in the 20% S-Alg gel compared to the
60% S-Alg gel. Variable trends in gene expression were observed in the absence of IL-1β
stimulation, although it was generally reduced by the presence of sulfated alginate (not
shown).
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Figure 4.6: mRNA expression of IL-6, IL-8, COX-1, COX-2, MMP-13 and ADAMTS5 in
chondrocytes after 24 and 48 h stimulation with IL-1β. The cells were encapsulated in calcium
gels of alginate (Alg), sulfated alginate (S-Alg, DS=0.32) or mixtures of Alg and S-Alg
(DS=0.90), and cultured for one week prior to IL-1β stimulation. Non-stimulated alginate gels are
denoted by Alg-. Significant values are given as p<0.05 (*), p<0.01 (**), p<0.001 (***) and
p<0.0001 (****) compared to Alg at the same time point, and the data are expressed as the mean
value of 3 samples ± s.d.
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Protein expression of inflammatory markers
Protein expression in chondrocytes was studied by Western blotting after 24 h IL1β stimulation for NF-κB, phosphorylated NF-κB (pNF-κB) and phosphorylated p38MAPK (pp38-MAPK), and after 48 h stimulation for COX-2 (Figure 4.7).
Phosphorylated NF-κB was strongly reduced in all sulfated alginate gels, and total NF-κB
was reduced with increasing S-alg content in the gels. Interestingly, NF-κB was clearly
expressed in the 20% S-Alg sample whereas phosphorylation (pNF-κB) was barely
detectable in the same sample. p38-MAPK is involved in the activation of NF-κB and its
phosphorylation was found to be similarly suppressed in the sulfated alginate gels as a
function of sulfation level. COX-2 is a downstream marker compared to NF-κB and p38MAPK and was therefore measured after 48 h IL-1β stimulation. COX-2 protein was
strongly induced in alginate gels and significantly reduced in all sulfated alginate gels. SAlg DS=0.32 displayed a slightly more potent reduction, whereas the effect was not
markedly different between the mixed gels.

Figure 4.7: Western blot following IL-1β stimulation of chondrocytes encapsulated in alginate
(Alg), sulfated alginate (S-Alg, DS=0.32) or mixtures of Alg and S-Alg (DS=0.90). Left: NFκB,
phosphorylated (activated) NFκB and p38-MAPK after 24 h stimulation, right: COX-2 after 48 h
stimulation.

86

Inflammatory induction in sulfated matrices
4.3.5 IL-1β interaction with sulfated alginate hydrogels

We further aimed to investigate whether the sulfated microenvironment led to an
increased entrapment of IL-1β, relating to the suppression of inflammatory signaling in
the chondrocytes encapsulated in the sulfated hydrogels. For this purpose, IL-1β was
immobilized in gels of Alg, S-Alg (DS=0.32), or mixtures of Alg and S-Alg (DS=0.90),
followed by 24 or 48 h incubation in physiological saline. After both 24 and 48 h
incubation, the sulfated gels showed a greater retention of IL-1β compared to the nonsulfated alginate gels (Figure 4.8). After 24 h incubation, the increase in IL-1β retention
followed a clear dose-responsive trend with the increase in sulfated alginate content. After
48 h incubation, the trend was less pronounced where the 40% and 60% mixtures showed
similar IL-1β retention but still significantly higher than the 20% mixtures and the nonsulfated samples.

Figure 4.8: Retention of IL-1β immobilized in hydrogels of alginate (Alg), sulfated alginate (SAlg DS=0.32) or mixtures of Alg and S-Alg (DS=0.90) following 24 or 48h incubation in a saline
medium, quantified by ELISA. Significant values are given as p<0.05 (*), p<0.01 (**) and
p<0.001 (***) compared to Alg at the same time point, and the data are expressed as the mean
value of 3 samples ± s.d.
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4.4 Discussion
Sulfated alginate hydrogels were in the present study evaluated for applications in
cartilage engineering, through characterization of physical and biological properties. The
elastic modulus and swelling potential of the hydrogels were initially studied.
Furthermore, human chondrocytes were encapsulated in sulfated alginate gels and
stimulated with IL-1β, to study anti-inflammatory properties of the scaffolds and the
influence of varying the sulfated alginate content.
For the rheological studies, hydrogels were prepared using GDL to promote a
gradual release of Ca2+ from evenly distributed CaCO3.
homogeneous gel network compared to CaCl2

This resulted in a more

crosslinking, particularly for large

volumes of alginate solutions, as was the case with the rheological measurements.
Furthermore, this "internal" gelation procedure allows formation of hydrogels in situ from
injectable solutions, and may show promise for novel tissue engineering strategies [295].
Measurement of the storage modulus in gels of exclusively S-Alg indicated a threshold in
DS for the formation of stable crosslinks by gelation with CaCO3. Previous studies have
shown that the number of consecutive guluronate units required for stable junction zones
is approximately 8 for calcium alginate gels [296]. As the sulfation follows a random
pattern, sequences of non-sulfated monosaccharides able to form stable cross-links are
expected to be found at low sulfation degrees [290]. The number of G monosaccharides
required for stable junction formation is lower for Ba2+ than Ca2+ [297], and the elastic
moduli of sulfated alginate gels can thus be increased by saturation with BaCl2 following
gelation. The molecular weight of the alginates is a significant factor and it must be noted
that the sulfation reaction is highly acidic, leading to some depolymerization. In the
present study an approximately 30-50% reduction in the average molecular weight was
measured for the various degrees of sulfation. While the storage modulus of alginate gels
is highly dependent on the Mw, the present results indicate that the density of the sulfate
groups is a more significant factor as the DS=0.36 sample had similar molecular weight
but markedly lower stiffness than the DS=0.28 gel. Inclusion of the unmodified Alg in the
S-Alg gels results in increased gel stiffness, while allowing incorporation of sulfated
alginates with a high DS, which may be desirable to strengthen electrostatic protein
interactions.
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Inclusion of unmodified alginate also improved the osmotic stability of sulfated
alginate gels. Swelling of alginate gels occurs when gelling ions in the cross-linking
junction zones are replaced with non-gelling cations such as sodium, partially dissolving
the alginate and weakening the gel network. Despite the prominent reduction in stiffness,
gels with a 20-40% S-Alg content displayed similar swelling rates as the Alg control. As
indicated by the elemental analysis of the dissolved gels, the higher charge density
introduced by S-Alg leads to increased binding and retention of gelling ions. A greater
retention of gelling ions decreases the osmotic potential to the surrounding medium,
presumably slowing sodium influx and replacement of calcium. Whereas leakage of
sulfated alginate was observed in the mixed gels following consecutive saline changes
and swelling, this was not expected for hydrogels used for chondrocyte encapsulation due
to the presence of CaCl2 in the incubation medium and the fact that no swelling was
observed in the gels over the course of the study. For long term stability of gels with a
high content or consisting exclusively of sulfated alginate it is therefore recommended to
include CaCl2 in the storage medium. Recent studies have also explored the use of barium
or strontium as cross-linking ions. Although barium is highly toxic to cells, a low
concentration in implanted alginate hydrogels may prove safe for encapsulated cells and
surrounding tissues, due to the strong association with alginate preventing leakage [298,
299].
We recently showed that the presence of sulfated alginate stimulates proliferation
and spreading of bovine chondrocytes in a dose-responsive manner to the sulfate content
[292], which was consistent with the results of the present study using passaged human
chondrocytes. The formation of filopodia has previously been found to be mediated by
integrin beta 1 interaction with sulfated alginate, providing cell attachment points and
potentially increasing proliferation through stimulated Cyclin D gene expression [256].
There was in the present study no observable relation between cell viability and
morphology and the mechanical properties/sulfate content of the gels. The stiffness of the
gel is however expected to have a greater influence on long-term expansion of tissues and
deposition of extracellular matrix, thus requiring additional studies with longer cultivation
times. The non-sulfated Alg gels displayed highly concentrated deposition of collagen
around the edges of the gels, whereas a more homogenous matrix deposition was
observed in the S-Alg gels. This can be attributed to a poorer entrapment of growth
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factors in the Alg gels, consistent with previous findings [292]. Furthermore,
chondrocytes showed much less deposition of collagen 1 in S-Alg gels compared to Alg
indicating that the sulfated gels favor a more native-like phenotype during chondrogenic
redifferentiation with a more homogeneous distribution of the produced matrix. These
results are also in line with our previous findings where we showed that sulfation in the
microenvironment prevented dedifferentiation of non-passaged bovine chondrocytes
during 3D expansion via suppression of collagen 1 [292].
Gene expression analysis of inflammatory markers showed significant decreases in
IL-6, IL-8, COX-2 and ADAMTS5 in S-Alg gels compared with the Alg control. COX-1
was not significantly induced by IL-1β as it is considered a “housekeeping” gene
involved in continuous prostaglandin production in homeostatic functions, whereas COX2 is more tightly regulated and inducible by inflammatory cytokines [300]. MMP-13
expression is tightly regulated, presumably due to its broad substrate specificity and thus
can severely affect cartilage matrix. MMP-13 is induced in chondrocytes by inflammatory
cytokines in osteoarthritis, and modulated by several intracellular factors including NFκB and p38-MAPK [301, 302]. FGF2 has been demonstrated to have a chondroprotective
effect [303], and we recently showed that sulfated alginates decrease the expression of
MMP-13 and ADAMTS5 in chondrocytes by mediating FGF signaling [292]. In the
present study, sulfated alginate suppressed the expression of MMP-13 in non-stimulated
chondrocytes but not following IL-1β stimulation, indicating different signaling
mechanisms during intrinsic expression compared to inflammatory induction.
Alternatively, as the sulfated alginate matrix does not completely abolish IL-1β induction,
MMP-13 expression may only require a low level of IL-1β signaling followed by
amplification and regulation primarily by intracellular mechanisms. In the absence of IL1β stimulation the expression of all studied markers, including MMP-13 and COX-1, was
nearly abolished in the 20% S-Alg gel. Thus, the sulfated alginate matrices may
additionally suppress inflammatory and catabolic markers in a non-inflamed setting.
Analysis of protein expression showed a strong reduction in the total NF-κB and
COX-2 protein levels in the sulfated alginate gels, as well as inhibition of the
phosphorylation of NF-κB and p38-MAPK. Pre-incubation with soluble heparin and
chondroitin sulfate has previously been shown to dampen the inflammatory response in
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cells stimulated with IL-1β, correlated with reduced NF-κB signaling, but the
mechanisms of action by the polysaccharides are not clear [282, 304, 305]. Sulfated
alginate has previously been demonstrated to bind IL-6 [257], and we recently found that
incubation of sulfated alginate gels in human whole blood lead to decreased levels of
inflammatory cytokines, including IL-1β, IL-6, IL-8 and TNF, as well as inhibition of the
complement cascade [289, 290]. IL-1β has been shown to bind several acidic
polysaccharides, in particular highly sulfated heparin [306]. Furthermore, sulfated
glycosaminoglycans present on the cell surface contribute to cell signaling by
immobilizing growth factors, cytokines and other signaling molecules in the vicinity of
the cells [285, 307, 308]. Chondrocytes in an inflammatory state release immobilized
cytokines through remodeling of the extracellular matrix, thus propagating the
inflammatory response. As demonstrated in the present study sulfated alginate interacts
with IL-1β, and the sequestration of cytokines in the extracellular environment may thus
prevent inflammatory induction of the encapsulated chondrocytes (Figure 4.9). Humans
do not express enzymes that degrade alginate, and while additional studies are required to
assess the in vivo stability of sulfated alginates, it is intuitive that they are not degraded by
the same mechanisms as for sulfated glycosaminoglycans. Resistance to enzymatic
depolymerization may provide increased stability of the scaffold, with less release of
signal molecules by matrix turnover and thus potentially a more long-term antiinflammatory effect. Depending on the application, the degradability of the alginate
hydrogels can be influenced by exploring alternative gelation strategies, or by functional
modifications such as partial periodate oxidation rendering the alginate susceptible to
depolymerization.
In the present study, there was no clear dose-response between the sulfated alginate
content and the anti-inflammatory effects. NF-κB protein and the phosphorylation of p38MAPK were found to decrease with increasing sulfate content of the gels, whereas gene
expression of IL-6, IL-8 and COX-2 was generally higher in 60% S-Alg gels compared
with 20% S-Alg. These results may be influenced by a trade-off effect where increased
electrostatic interaction at higher sulfation levels are counteracted by a more porous
network structure with increased diffusion of extracellular signal molecules.
Alternatively, as sulfated alginates may interact with a large variety of extracellular
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factors, the increased level of sulfation may have additional cytokine-mediated effects
acting through alternative mechanisms.

Figure 4.9: Schematic depiction of the proposed anti-inflammatory effects by sulfated alginates
on encapsulated chondrocytes. Stimulation of chondrocytes with IL-1β induces gene expression
of inflammatory and catabolic markers, mediated by NF-κB and p38-MAPK signaling pathways.
Sulfation promotes interaction with IL-1β and thus providing a protective microenvironment by
sequestering the cytokine in the gel network and inhibiting receptor activation.

Interestingly, the present results and previous findings on growth factor signaling
[292] indicate dual roles for sulfated alginates in signaling, through suppressing and
promoting cellular interaction with soluble factors. Although this may be attributed to
non-specific binding of S-Alg to proteins, most interactions between sulfated GAGs and
their ligands are similarly believed to have a low degree of specificity [309, 310]. For
FGF2 signaling heparan sulfate acts as a co-receptor forming a tertiary complex with the
ligand and receptor [311], whereas sulfated polysaccharides may conversely inhibit
signaling by associating with the receptor-binding region of cytokines and/or preventing
conformational changes [312]. Additionally, signaling events may be directed through
temporal regulation of structural subtypes of sulfated GAGs, which can explain their
pleiotropic properties in vivo [313, 314]. As the monosaccharide sequence of alginate can
be predictably altered utilizing epimerases [293] and the sulfation degree readily tuned,
these structural variations can be employed to gain a greater understanding of the
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interactions between the matrix and soluble factors, and potentially tailor sulfated alginate
gels to allow a regenerative environment for cartilage while suppressing key
inflammatory events.

4.5 Conclusions
In the present study, we investigated the physical characteristics of sulfated alginate
gels and the biological effects on human chondrocytes in the presence of inflammatory
induction. Sulfation of alginate resulted in a prominent decrease in the storage modulus,
and an increase in swelling of the gel network. Encapsulation of chondrocytes in sulfated
alginate gels suppressed the expression and activation of NF-κB following IL-1β
stimulation, causing an inhibition of inflammatory and catabolic responses. We propose
that sulfated alginates exert their anti-inflammatory properties by binding and
sequestering inflammatory mediators, namely IL-1β in the present study. Mixing
unmodified alginate with a low content of highly sulfated alginate resulted in improved
gel stability and similar anti-inflammatory activity compared with pure sulfated alginate
gels, and may allow more predictable tuning of gel properties. The potent protection by
the gel microenvironment against inflammatory induction of chondrocytes, presumably
due to sequestration of inflammatory cytokines in the gel network, reveals an important
role of GAG-mimicking sulfate moieties and a promising direction for cartilage tissue
engineering.
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Abstract
In this study, we developed a biomimetic, injectable and tissue adhesive hydrogel
for cartilage engineering. We demonstrated sequential modification of alginate with
sulfate and tyramine moieties and in situ enzymatic crosslinking with tyrosinase under
physiological conditions.

Alginate sulfate tyramine (ASTA) and alginate tyramine

(AlgTA) hydrogels supported the viability of encapsulated chondrocytes and
chondrogenic redifferentiation. ASTA and AlgTA hydrogels induced a strong increase in
collagen 2 and aggrecan gene expression whereas collagen 1 expression remained
unchanged and catabolic markers such as ADAMTS5 were downregulated. Chondrocytes
in ASTA and AlgTA hydrogels showed potent deposition of cartilage matrix components
collagen 2 and aggrecan after 3 weeks of culture. ASTA hydrogels yielded superior
deposition of aggrecan in chondrocytes and less deposition of collagen 1 compared to
AlgTA. ASTA and AlgTA hydrogels showed strong adhesion to cartilage tissue during in
situ crosslinking with tyrosinase. Adhesion of ASTA hydrogels to cartilage led to higher
bond strength compared to AlgTA. We finally tested ASTA and AlgTA hydrogels for in
vivo stability upon subcutaneous implantation into mice and both hydrogels remained
intact after 4 weeks. Our data is the first demonstration of a double-modified alginate
with sulfation and tyramination that crosslinks in situ in the presence of tyrosinase with
strong adhesion to cartilage and chondrogenic redifferentiation of encapsulated
chondrocytes.

5.1 Introduction
Cartilage tissue has a limited capacity for self-regeneration due to its avascular
structure. Thus, cartilage injuries upon acute trauma or degenerative pathologies lead to
severe joint pain and disabilities. Tissue engineering approaches have been implemented
to cartilage repair with methods such as autologous chondrocyte implantation (ACI) [2].
However, the limited number of autologous chondrocytes obtained from cartilage
biopsies demand two-dimensional (2D) expansion of cells which leads to their
dedifferentiation and loss of phenotype [76]. Native cartilage is a three-dimensional (3D)
and highly hydrated microenvironment comprised mainly of a network of collagen 2
fibers and proteoglycans such as aggrecan [17]. Encapsulation of chondrocytes into 3D
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culturing environments such as hydrogels of biological or synthetic origin has been
extensively shown to induce redifferentiation of chondrocytes and expression of cartilagespecific matrix components [79, 315, 316]. Matrix-assisted autologous chondrocyte
implantation (MACI) has been developed to implant chondrocytes embedded in a 3D
microenvironment for induction of chondrocyte phenotype and improving regeneration of
hyaline cartilage tissue [2]. Implantation of preformed hydrogels has disadvantages such
as two-step and invasive surgical procedures and necessity of fitting the materials into
defects with irregular shape. Injectable, in situ forming hydrogels have emerged in the
recent years to overcome these disadvantages and shown to effectively co-deliver cells
and bioactive molecules in a minimally invasive and targeted manner [317-319].
Enzymatic crosslinking of polymer networks for in situ hydrogel formation have gained
attention due to their physiological and cell-compatible reaction conditions and substrate
specificity [320]. Naturally-derived enzymes such as transglutaminase and horseradish
peroxidase (HRP) have been used to crosslink various polymers for cartilage tissue
engineering [320-323]. HRP catalyzes hydrogel formation of biopolymers modified with
hydroxyphenyl-containing moieties such as tyramine in the presence of hydrogen
peroxide (H2O2). Furthermore, hydroxyphenyl groups are present in the native
extracellular matrices (ECM) such as tyrosine residues rendering peroxidase-mediated
adhesion of these tyramine-modified biopolymers to tissues possible [320, 324].
Adhesion of engineered hydrogels to the defect site is crucial for their integration into the
surrounding cartilage tissue and their stability [325]. Tyrosinases belong to another family
of naturally occurring enzymes called phenol oxidases and can catalyze the bonding of
hydroxyphenyl groups in the presence of oxygen [320]. Therefore, similar to peroxidases,
tyrosinases have been used for conjugation of synthetic or biological polymers modified
with phenolic moieties such as 3,4-dihydroxyphenylalanin (DOPA) or tyramine, grafting
of proteins onto polymer backbones and adhesive properties [326-332]. However, the
potential of tyrosinase-crosslinked hydrogels and their adhesiveness to native ECM in a
tissue engineering context is not yet explored.
An important requirement for effective tissue engineering scaffolds is to provide
cellular cues that mimic the native tissue microenvironment. Cartilage tissue is enriched
in proteoglycans which are grafted with sulfated glycosaminoglycans (GAGs). Sulfated
GAGs both contribute to the compressive strength of the tissue through high entrapment
97

Chapter 5

of water and to signaling of chondrocytes through mediation of growth factor interactions
with their receptors [17]. We have recently shown that biomimicking the native
characteristics of cartilage tissue through sulfation of alginate drives mitogenicity of
chondrocytes, promotes cartilage matrix production and prevents chondrocyte
dedifferentiation via induction of fibroblastic growth factor (FGF) signaling in a GAGmimicking manner [292]. However, ionically crosslinked alginate sulfate hydrogels were
mechanically not stable in vivo unless they were reinforced with a network of electrospun
poly (ε-caprolactone) (PCL) fibers [333].
In this work, we developed a biomimetic, injectable, tissue adhesive and stable
hydrogel for cartilage tissue engineering. We performed double modification on alginate
with sulfate and tyramine moieties that would enable enzymatic covalent crosslinking in
the presence of tyrosinase. Alginate sulfate tyramine (ASTA) hydrogels support
chondrocyte viability and redifferentiation and demonstrate strong adhesion to native
cartilage as well as in vivo stability upon subcutaneous implantation indicating a
promising potential for use in cartilage repair.

5.2 Materials and methods
5.2.1 Sulfation of alginates
Sulfation was performed as previously reported [253]. Chlorosulfonic acid
(HClSO3) (99%, Sigma) was diluted in formamide (Sigma) to a final concentration of 2%
v/v and a total volume of 40 ml which was added dropwise on 1 g alginate (Pronova UP
MVG, Novamatrix). Sulfation reaction was carried out at 60 ˚C with stirring for 2.5
hours. Then, cold acetone was added onto the reaction mixture and the sulfated alginate
was precipitated with centrifugation at 5000 rpm for 7 minutes. The precipitate was
dissolved in deionized water and pH was continuously adjusted to neutral with 5 M
NaOH while the dissolution of sulfated alginate. The polymer was then dialyzed (12’000
Da MWCO) against 75 mM NaCl, 50 mM NaCl and deionized water respectively and
freeze-dried.
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5.2.2 Characterization of sulfated alginates
Elemental analysis was performed with high-resolution inductively coupled mass
spectrometry (HR-ICP-MS) on alginate dissolved in 0.1 M HNO3 in order to determine
the sulfur content. Degree of sulfation (DS) (number of sulfate groups per alginate
monomer) was estimated from the following formula assuming one sodium counterion
for each negatively charged group and one water molecule per monosaccharide:
Monosaccharide mass = C6O6H5 + (DS+1)Na+ + (DS)SO3- + H2O. Size exclusion
chromatography with a multiangle laser light (SEC-MALLS) detection system was used
to determine the molecular weight of alginate and alginate sulfate samples. A refractive
index (dn/dc) of 0.15 was used for all the polymers.
5.2.3 Tyramine modification of alginates
Tyramine modification was performed similarly to the previously described method
for the amidation of carboxyl groups to amines via the coupling agent 4-(4,6-dimethoxy1,3,5-triazin-2-yl)-4-methylmorpholiniumchloride (DMTMM) [334]. 500 mg alginate or
alginate sulfate was dissolved in ultrapure water to a concentration of 1% w/v. Tyramine
hydrochloride (T2879, Sigma) and DMTMM (74104, Sigma) were added dropwise to the
solution in molar equity to the carboxyl groups in alginate samples with stirring. The
reaction was carried out for 72h at 37 ˚C and pH was adjusted to 6.5 at the end. The
solution was dialyzed against 50 mM NaCl and then ultrapure water for 2 days each and
freeze-dried. Then, a second round of tyramine modification was performed. Similarly,
the modified polymers were dissolved in water (1% w/v). Tyramine hydrochloride and
DMTMM were added in molar equity to the carboxyl groups in the samples and the
reaction was carried out for 24h at 37 ˚C. After the second round of modification, the
samples were dialyzed again, freeze-dried and stored at 4 ˚C until use.
5.2.4 Characterization of tyramine-modified alginates
Tyramination of alginate and alginate sulfate (dissolved in deuterium oxide at a
concentration of 1% w/v) was characterized with 1H NMR spectroscopy for the
appearance of aromatic peaks at 6.85 and 7.2 ppm. Molar degree of tyramine
modification (DMtyr, %, molar ratio of conjugated tyramine residues to the total number
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of carboxyl groups in alginate) was assessed with UV-vis spectroscopy. A calibration
curve was obtained by measuring the absorbance of solutions of tyramine hydrochloride
at increasing concentrations in ultrapure water (0.1 mg/ml- 2 mg/ml) at 275 nm with a
plate reader (Synergy H1 Hybrid, Biotek)[335]. Then, the absorbance of alginate
tyramine (AlgTA) and alginate sulfate tyramine (ASTA) samples (1% w/v in ultrapure
water) at 275 nm was measured and DMtyr was calculated from the calibration curve.
5.2.5 Preparation of hydrogels
For hydrogel formation, polymer solutions of AlgTA and ASTA in PBS were
mixed with tyrosinase (Sigma) and 25 μl was pipetted into a polydimethylsiloxane
(PDMS) mold with an inner diameter of 4 mm and an outer diameter of 6 mm. A final
polymer concentration of 1% w/v was used for AlgTA and 2% w/v was used for ASTA
hydrogels. Final tyrosinase concentration of 20 kU/ml was used for the mechanical
characterization experiments (compression and swelling tests with acellular hydrogels).
The samples were incubated for 10 minutes in a humidified chamber at 37 ˚C for gelation.
5.2.6 Compression testing of hydrogels
Compressive modulus of the hydrogels was determined with a texture analyzer
(Stable Micro Sytems) with a 10 mm measuring head and 500 g load cell. Compression of
the samples was performed to a 10% strain at a rate of 0.01 mm/s and the compressive
modulus was calculated as the slope of the stress-strain curve in the linear viscoelastic
range and expressed as mean ± s.d. for n=3.
5.2.7 Swelling of hydrogels
Hydrogels were prepared and weighed for the initial weight (Mi) and incubated in
PBS for 48h to reach equilibrium swelling. PBS was completely removed from the gels
and the gels were weighed again after swelling (MS). Then the gels were freeze-dried and
their dry weights (MD) were obtained. Swelling ratio was expressed as percent change in
dry mass (%) (MS-MD/MD) and as mean ± s.d. for n=5.
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5.2.8 Push-out test
Bovine articular cartilage pieces with 1-2 mm thickness were removed with a
scalpel. Cartilage rings with an outer diameter of 8 mm and an inner diameter of 4 mm
were punched out from the cartilage and washed in PBS. Then, the inner parts of the rings
were digested with 1 U/ml chondroitinase ABC (Sigma) for 15 minutes at 37 ˚C and
washed several times with PBS. Hydrogels were directly casted in the cartilage rings by
mixing the polymer solutions (final concentration of 2% w/v for ASTA and 1% w/v for
AlgTA) and tyrosinase (final concentration of 1 kU/ml) and incubated for 30 minutes. For
calcium-crosslinked samples, polymer solutions were pipetted in the cartilage ring, which
was covered with 100 mM CaCl2 solution and allowed to gel for 30 minutes. Push-out
tests with a set-up where a 3 mm rod was used to push the sample at a speed of 0.5 mm/s
were performed. Bond strength was expressed as the maximum force measured divided
by the integration area in the inner part of the gel and as mean ± s.d. for n=3.
5.2.9 Bovine chondrocyte isolation
Articular cartilage was removed from the condyles of cow (1-2 years old) knees
with a sterile blade, minced into small pieces and washed with DMEM (Glutamax, high
glucose) (Life Technologies) supplemented with 1% penicillin-streptomycin (P/S)
(Gibco). Cartilage pieces were digested with 0.1% collagenase (Sigma) in DMEM
supplemented with 5% fetal bovine serum (FBS) (Life Technologies) for 5h at 37 ˚C with
gentle agitation. Digested cartilage was sieved with a 100 µm and then a 40 µm cell
strainer and centrifuged at 500 g for 10 min. The chondrocyte pellet was then washed
twice with growth medium (DMEM containing 10% FBS and 50 µg/ml L-Ascorbic acid 2-phosphate (Sigma)). Isolated chondrocytes were seeded at a density of 3000 cells/cm2
and passaged at 80-90% confluency until passage 1 before encapsulation in hydrogels.
5.2.10 Encapsulation of chondrocytes in hydrogels and culturing
AlgTA and ASTA were dissolved in no-phenol DMEM and sterile filtered (0.2 µm
pore size). The polymer solutions (final concentration of 2% w/v for ASTA and 1% w/v
for AlgTA) then were mixed with the chondrocyte suspension (final cell density of 107
cells/ml) and tyrosinase (final concentration of 1 kU/ml). 25 µl were pipetted on PDMS
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molds and incubated for 30 minutes in a humidified chamber at 37 ˚C for gelation.
Chondrocytes encapsulated in hydrogels were cultured in chondrogenic medium
containing no-phenol DMEM supplemented with 10 ng/ml transforming growth factor β3
(TGF-β3, Peprotech), 100 nM dexamethasone, 50 μg/ml L-ascorbate-2-phosphate, 40
μg/ml L-proline, 1% P/S, and 1% ITS+ Premix (Corning). The hydrogels were cultured at
5% CO2 and 37 ˚C for 3 weeks and medium was changed 3 times a week.
5.2.11 Assessment of chondrocyte viability
Cell viability was assessed with calcein AM and propidium iodide (PI) staining.
The hydrogels were incubated in culture medium with 2 μM calcein AM 30 μg/ml PI for
1 hour at 37 ˚C followed by washing with growth medium twice for 15 minutes and
imaging with fluorescence microscopy (Zeiss Axio Observer). For the quantification of
viability, 200 µM z-stacks from the gels were projected with maximum intensity followed
by determination of the number of live and dead cells with ImageJ.
5.2.12 Real-time PCR
Hydrogels were collected after 3 weeks of culturing and frozen in liquid nitrogen.
The hydrogels were then homogenized with an electrical tissue pestle in Trizol® (Life
Technologies) and centrifuged at 12’000 g for 10 min at 4 ˚C. The supernatant was
removed and phase-separated with chloroform. The aqueous phase was taken carefully
after centrifugation at 12’000 g for 15 min at 4 ˚C. RNA isolation was then performed
using the NucleoSpin miRNA kit (Macherey-Nagel AG) according to the manufacturer’s
instructions. For the 2D samples, cell lysis buffer (Macherey-Nagel AG) was directly
pipetted on the cells and the lysate was removed with a scraper. RNA isolation was
similarly performed with the NucleoSpin miRNA kit. RNA concentration of the samples
was quantified with a plate reader (Tek3 plate, Synergy, BioTek, Inc.). RNA was reverse
transcribed using SuperScript III reverse transcriptase (Life Technologies) and cDNA was
amplified by quantitative real-time PCR (StepOnePlus, Applied Biosystems). Ribosomal
protein L13 (RPL13a) was used as an internal reference gene and fold change was
quantified with the ΔΔCt method. The bovine primers listed in Table 5.1 were used in the
study.
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Gene

Name

Primer sequence (5‘-3‘)

RPL13a

Ribosomal protein L13a

F- GCCAAGATCCACTATCGGAAA
R- AGGACCTCTGTGAATTTGCC

COL2A1

Collagen 2

F- GGCCAGCGTCCCCAAGAA
R- AGCAGGCGCAGGAAGGTCAT

COL1A2

Collagen 1

F- CGAGGGCAACAGCAGATTCACTTA
R- GCAGGCGAGATGGCTTGTTTG

ACAN

Aggrecan

F- GGGAGGAGACGACTGCAATC
R- CCCATTCCGTCTTGTTTTCTG

SOX9

Sex determining region Y
(SRY)-box-9

F- CTGTACGTGCTGGTGGAGTA
R- GCAGGTGTCGAAGGAGTAGT

MMP13

Matrix
metalloproteinase-13

F- AAACATCCCAAAACGCCAGACAA
R- AGGATGCAGCCGCCAGAAGA

ADAMTS5 A disintegrin and
metalloproteinase with
thrombosponditype 1 motifs

F- GATGGTCACGGTAACTGTTTGCT
R- GCCGGGACACACCGAGTAC

Table 5.1: List of bovine primers used in the study.

5.2.13 Immunohistochemisty
Hydrogels were fixed with 4% formaldehyde (Sigma) with 0.1% Triton-X (Sigma) in
PBS for 1h at 4 ˚C and washed again with PBS. Hydrogels were embedded in optimum
cutting temperature compound (OCT, VWR) overnight, snap-frozen and cut into 5 µm
sections with a cryotome (CryoStar NX70, ThermoScientific). The sections were washed
with PBS to remove the OCT. For collagen 2 staining, epitope retrieval was performed by
incubating the sections in 2 mg/ml hyaluronidase (Sigma) in PBS for 30 min at 37 ˚C. For
the proteoglycan staining, the sections were incubated with 10 mM dithiothreitol (DTT)
(Sigma) in 50 mM Tris-HCl and 200 mM NaCl (pH 7.4) for 2h at 37 ˚C and then
alkylated with 40 mM iodoacetamide in PBS for 1h at 37 ˚C. Then, the sections were
digested with chondroitinase ABC (0.2 U/ml) (Sigma) for 20 min at 37 ˚C. The sections
were then blocked with 5% BSA for 1h at RT followed by incubation with primary
antibody in 1% BSA overnight at 4 ˚C. After primary antibody incubation, the sections
were washed three times in PBS, incubated with the secondary antibody in 1% BSA (IgG
goat antimouse AlexaFluor 594, Invitrogen) for 1h at RT, washed again and incubated
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with phalloidin-rhodamine and DAPI in PBS for 15 min at RT. Then, the sections were
covered with a coverslip with aqueous mounting media (Vector Laboratories) and imaged
with fluorescence microscopy. The primary antibodies used were anti-collagen 2
(Rockland, 600-401-104-0.5), anti-proteoglycan hyaluronic acid-binding region (12/21/1C-6, DSHB), anti-collagen 1 (Abcam, ab6308).
5.2.14 Subcutaneous implantation of hydrogels
AlgTA (1% w/v) and ASTA (2% w/v) hydrogels were prepared with 1kU/ml
tyrosinase. The hydrogels were implanted in the subcutaneous pocket of NU/NU nude
mice (2-3 month-old female mice, Charles River). Animal experimentation was
performed in accordance with the ethical guidelines (Licence number: ZH189/2014). The
mice were initially anesthetized with 4.5% isofluorane and during the surgery 2%
isoflurane was applied via a nose mask. Two incisions were made in each mouse, the
hydrogels were placed subcutaneously and closed with surgical staples. After 4 weeks,
the animals were euthanized via CO2 asphyxiation and the hydrogels were removed.
5.2.15 Histological stainings
Hydrogels were fixed with 4% formaldehyde (Sigma) with 0.1% Triton-X (Sigma)
in PBS for 1h at 4 ˚C and washed again with PBS. Hydrogels were embedded in OCT
overnight, snap-frozen and cut into 5 µm sections with a cryotome (CryoStar NX70,
ThermoScientific). The sections were washed with PBS to remove the OCT. For the
Hematoxylin & eosin (H&E) staining, the sections were incubated with Harris
Hematoxylin solution (Thermo Scientific) for 2 min, washed with H2O for 5 min,
incubated in clarifier reagent (Thermo Scientific) for 2 min and washed with H2O for 1
min. The sections were then exposed to bluing agent (Thermo scientific), washed with
H2O for 5 min, rinsed in 95% alcohol and counterstained briefly in 0.25% (v/v) eosin Y
(Sigma) solution in 70% ethanol. After washing extensively with H2O, the sections were
dehydrated with 95% and 100% ethanol respectively and were mounted with hardening
medium. The mounted samples were imaged with an automated slide scanner (Panoramic
250 Flash II, 3Dhistech).
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5.2.16 Statistical analysis
Quantitative data was expressed as mean ± standard deviation (s.d.). Statistical
analyses were carried out with OriginPro 9.1 by analysis of variance (ANOVA) with
Tukey’s and Bonferonni’s post-hoc tests for multiple comparisons and p values less than
0.05 were considered as statistically significant.

5.3 Results and discussion
5.3.1 Synthesis and characterization of AlgTA and ASTA hydrogels
Sulfation of alginate was performed as previously reported for modification of
hydroxyl groups in alginate monomers with sulfate moieties via reacting with
chlorosulfonic acid (HClSO3) (Figure 5.1A). The reaction has been shown to yield
tunable sulfation of alginates by varying the HClSO3 concentration [253]. Here, we used
2% v/v HClSO3 for the sulfation reaction which led to a final sulfur content of 51.2
µg/mg shown by elemental analysis that corresponded to a degree of sulfation (DS) of
0.44 sulfate groups per monosaccharide (Figure 5.2A). A decrease in the average
molecular weight and molecular number average of alginate was observed with sulfation
due to acid hydrolysis (Figure 5.2B). However, the uniformity of the chain length given
by the polydispersity values did not differ significantly.
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Figure 5.1: Synthesis of alginate tyramine (AlgTA) and alginate sulfate tyramine (ASTA). (A)
Scheme showing the subsequent sulfation and tyramine modification of alginate. (B) Depiction of
hydrogel formation of AlgTA and ASTA in the presence of tyrosinase via formation of dityramine bonds and encapsulation of chondrocytes.

Tyramine conjugation to alginate and alginate sulfate samples was carried out via
amidation

of

carboxyl

groups

using

4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholiniumchloride (DMTMM) as the coupling agent. DMTMM has been
recently shown for successful tyramine modification of hyaluronan [334]. We confirmed
the presence of tyramines with 1H NMR spectroscopy by the appearance of aromatic
peaks at 6.85 and 7.2 ppm in line with previous reports [335]. A third aromatic peak was
observed at 7.4 ppm (Figure 5.2C) in both AlgTA and ASTA samples. The same peak
was reported for tyramine conjugation to hyaluronan via DMTMM due to formation of
Tyr-O-DMT adducts from the excess of DMTMM [334]. The molar degree of tyramine
modification (DMtyr, %) was calculated with UV-vis spectroscopy. We achieved very
high DMtyr values of 33.5 ± 2.8 for AlgTA and 31.7 ± 1.8 for the ASTA sample by
performing two subsequent rounds of tyramine modification (Figure 5.2D). On the other
hand, the reduction in the molecular weight of alginate due to sulfation did not cause a
significant change in the extent of tyramine modification as AlgTA and ASTA samples
yielded similar DMtyr values.
AlgTA and ASTA hydrogels were formed by mixing the tyramine-modified
polymers with tyrosinase at pH 7.4 (Figure 5.1B). Tyrosinase catalyzes the formation of
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activated o-quinones from the phenol group of tyramine in the presence of oxygen.
Activated quinones can react with each other to form di-tyramine bonds or to amino
groups via Michael type addition [320, 336]. Only a few studies addressed tyrosinasecrosslinked networks of polymers. Hydrogels of gelatin and chitosan crosslinked with
tyrosinase has been reported with faster gelation when compared to transglutaminase
[326, 327]. However, hydrogels only formed with an amine-containing backbone such as
chitosan in the presence of tyrosinase. Furthermore, tyrosinase-crosslinked hydrogels
were shown to be mechanically weaker with fast degradation compared to hydrogels
formed with transglutaminase [327]. Tyrosinase-mediated conjugation of silk fibroin and
chitosan was also reported yielding adhesive and non-toxic conjugates [330]. Tyrosinase
was shown to be efficient in crosslinking of proteins to polysaccharides such as
conjugation of sericin onto chitosan [328]. However, these conjugates haven’t been
characterized for their potential in tissue engineering applications. Recently, hydrogels of
tyramine-modified chondroitin sulfate crosslinked with tyrosinase have been shown to
support growth of fibroblasts [337]. Moreover, tyrosinase-mediated crosslinking of silk
fibroin and gelatin was reported for differentiation of mesenchymal stem cells in
bioprintable scaffolds [338].
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Figure 5.2: Characterization of alginate tyramine (AlgTA) and alginate sulfate tyramine (ASTA).
(A) Sulfur content in the alginate and alginate sulfate samples determined by elemental analysis
with HR-ICP-MS and degree of sulfation (DS) expressed as the number of sulfate groups per
monomer. (B) Molecular weight average (MW), molecular number average (MN) and the
polydispersity (MW/MN) values of alginate and alginate sulfate samples determined by SECMALLS. A refractive index (dn/dc) of 0.15 was used for all the samples. (C) 1H NMR spectra
(D2O) of AlgTA and ASTA polymers, appearance of aromatic peaks of tyramine was indicated
with the black boxes. (D) Degree of tyramine modification in the AlgTA and ASTA samples
(DMtyr, %, molar ratio of conjugated tyramine residues to the total number of carboxyl groups in
alginate) determined by UV-vis spectroscopy. (E) Macroscopic appearance of AlgTA (top) and
ASTA (bottom) hydrogels crosslinked with tyrosinase (20 kU/ml). (F) Compressive modulus of
AlgTA and ASTA hydrogels shown as mean± s.d. for n=3. (G) Percent mass swelling of AlgTA
and ASTA hydrogels after 48 hours. Data is expressed as mean± s.d. for n=5.

Here, we demonstrate for the first time tyrosinase-crosslinked hydrogel networks of
double-modified alginate with sulfate and tyramine groups. AlgTA and ASTA solutions
led to stable hydrogels under 10 min in the presence of tyrosinase at a concentration of 20
kU/ml (Figure 5.2E). AlgTA was used at a polymer concentration of 1% w/v whereas 2%
w/v was used for ASTA to match the mechanical properties of the hydrogels due to
differences in the molecular weight of the two biopolymers. The compressive moduli of
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AlgTA and ASTA hydrogels were found to be 7.18 ± 1.1 kPa and 7.58 ± 0.33 kPa
respectively and a significant difference was not detected between the samples (Figure
5.2F). The hydrogels were also tested for their swelling behavior. Ionically crosslinked
hydrogels of alginate sulfate have been shown to exhibit greater swelling compared to
alginate hydrogels [292]. On the contrary, AlgTA and ASTA hydrogels demonstrated
similar percent mass swelling (Figure 5.2G).
5.3.2 Adhesive properties of AlgTA and ASTA hydrogels to cartilage tissue
Adhesion of engineered scaffolds to cartilage tissue is important for tissue
integration in the defect site and long-term stability. With this aim, tissue adhesives such
as fibrin glue have been frequently used in surgical cartilage repair [339, 340].
Engineered tissue adhesives for cartilage have been also developed from biomaterials
such as chondroitin sulfate and shown to efficiently mediate integration of polymeric
scaffolds to cartilage defects [341] and induce in vivo regeneration [342]. Tyraminemodified dextran and hyaluronan hydrogels crosslinked with HRP and H2O2 were
demonstrated to have cartilage adhesive properties superior than fibrin glue [324, 325].
Although tyrosinase was shown to exert water-resistant adhesive properties to
biopolymers such as chitosan via oxidation of DOPA moieties, adhesion to native tissues
such as cartilage has not yet been addressed [332].
Alginate is an inert biopolymer that lacks cell adhesion moieties as well as tissue
adhesiveness [252]. However, modification of alginate such as networks of oxidized
alginate and gelatin formed in the presence of borax via Schiff’s reaction was shown to
exert adhesiveness and integration to cartilage tissue [343]. Here, we investigated the
adhesive properties of in situ crosslinked AlgTA and ASTA hydrogels with tyrosinase to
native cartilage tissue. We hypothesized that tyrosinase would mediate conjugation of
tyramines of the biopolymer backbone to the tyrosine residues in the collagen network of
cartilage. Our set-up comprised of a push-out test where hydrogels were directly casted in
cartilage rings and pushed by a metal rod (Figure 5.3A). Cartilage rings were initially
treated with chondroitinase (1 U/ml) which has previously been shown to yield better
exposure of collagens [323]. AlgTA and ASTA demonstrated strong adhesion to cartilage
rings with in situ tyrosinase crosslinking. After the push-out test, we observed that the
bulk of the gel was broken whereas the hydrogel-cartilage interface was still intact
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(Figure 5.3B). We compared the bond strength achieved with tyrosinase crosslinking to
the bond strength obtained from calcium crosslinking of the same biopolymers.
Tyrosinase crosslinking led to a potent increase in bond strength of both AlgTA and
ASTA hydrogels compared to calcium crosslinking. However, the bond strength achieved
with ASTA hydrogels was up to 10 ± 4 kPa and found to be much higher than AlgTA
(Figure 5.3C). The difference in the adhesion strength of the two hydrogels could
possibly be explained by the differences in the polymer content in the hydrogels and the
molecular weight of the polymer chains. Lower molecular weight polymer chains could
exert higher mobility and lead to more contact points at the interaction site between the
polymer and surface. Molecular weight has been shown to have an effect on the adhesive
strength of mussel-mimetic DOPA-modified polymers in the presence of IO4 as the
crosslinker [344]. Adhesive strength showed an increase in correlation with molecular
weight only in a certain range above which adhesion was observed to decrease with
higher molecular weight. Moreover, blends with different polymer chain lengths
exhibited the highest adhesion properties [344]. Therefore, differences in molecular
weight and uniformity of AlgTA and ASTA chain lengths could be one of the factors
affecting the adhesiveness of the hydrogels to cartilage.
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Figure 5.3: Adhesion of alginate tyramine (AlgTA) and alginate sulfate tyramine (ASTA) to
cartilage tissue. (A) Scheme showing the set-up of the push-out test. A push-out rod with a
diameter of 3 mm was used to push AlgTA or ASTA hydrogels casted in a cartilage ring (outer
diameter: 8 mm, inner diameter: 4 mm). (B) Macroscopic images of a ASTA hydrogel casted in a
cartilage ring before (top) and after (bottom) the push-out test. (C) Bond strength of AlgTA (1%
w/v) and ASTA (2% w/v) hydrogels crosslinked with tyrosinase (1 kU/ml) or CaCl2 (100 mM).
Data is expressed as mean ± s.d. for n=3; *: p<0.05 when compared to ASTA crosslinked with
calcium.

5.3.3 In vitro analysis of AlgTA and ASTA hydrogels for chondrocyte viability and
redifferentiation
Next, we investigated chondrocyte viability and chondrogenic redifferentiation in
AlgTA and ASTA hydrogels. We encapsulated primary chondrocytes in AlgTA (1% w/v)
and ASTA (2% w/v) hydrogels and cultured them in chondrogenic medium containing
TGF-β3 to induce re-expression of chondrogenic markers. Chondrocytes viability was
assessed with live/dead staining after 21 days of culture. Chondrocytes demonstrated
overall good viability in both AlgTA and ASTA hydrogels (Figure 5.4A). Quantification
of viability showed that there were not statistically significant differences between AlgTA
and ASTA hydrogels (Figure 5.4B).
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Figure 5.4: Chondrocyte viability in alginate tyramine (AlgTA) and alginate sulfate tyramine
(ASTA) hydrogels. (A) Live/dead images showing live cells stained with calcein AM (green) and
dead cells stained with propidium iodide (red) in AlgTA (1% w/v) and ASTA (2% w/v) hydrogels
crosslinked with tyrosinase (1kU/ml) and cultured in chondrogenic medium for 21 days. Scale
bar: 100 µm. (B) Quantification of cell viability in hydrogels expressed as mean ± s.d. for n=3.

Then, we performed gene expression analysis of chondrocytes cultured in AlgTA
and ASTA hydrogels and incuced with in TGF-β3-containing chondrogenic medium for
21 days. We explored the expression of cartilage-specific markers collagen 2, aggrecan
and Sox-9 in both hydrogels and compared to the gene expression of chondrocytes grown
on 2D tissue culture plastic. Chondrocytes demonstrated a strong upregulation of collagen
2 in both AlgTA and ASTA hydrogels which was significantly higher than chondrocytes
cultured on 2D (Figure 5.5A). Collagen 2 expression was higher in chondrocytes
encapsulated in AlgTA hydrogels compared to ASTA with a significant difference.
Aggrecan expression was also induced in chondrocytes encapsulated in hydrogels with a
significantly higher expression compared to 2D culturing. Interestingly, chondrocytes in
ASTA hydrogels exhibited a significantly higher expression of aggrecan than
chondrocytes in AlgTA. Similarly, Sox-9 expression was potently upregulated when
chondrocytes were encapsulated in AlgTA and ASTA hydrogels compared to 2D. Sox-9
expression in ASTA hydrogels was also found to be significantly higher than in AlgTA
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(Figure 5.5A). We also investigated the expression of dedifferentiation marker collagen 1
and catabolic markers ADAMTS5 and MMP-13. We have previously shown that
sulfation in the microenvironment exerted chondroprotective effects on chondrocytes
through mediation FGF signaling in a heparin-mimetic manner [292]. We reported that
encapsulation of freshly-isolated chondrocytes in ionically crosslinked alginate sulfate
hydrogels led to a suppression of collagen 1, ADAMTS5 and MMP-13 expression
compared to hydrogels of unmodified alginate [292]. Here, we did not detect a change in
the expression of collagen 1 in chondrocytes encapsulated in AlgTA and ASTA hydrogels
when compared to chondrocytes cultured on 2D or to each other (Figure 5.5B). On the
other hand, chondrocytes showed a strong downregulation of ADAMTS5 in both
hydrogels. Expression of MMP-13 did not change in response to encapsulation in AlgTA
hydrogels compared to 2D whereas a significant upregulation was observed in ASTA
hydrogels compared to both AlgTA and 2D. Such upregulation of MMP-13 contradicts
our previous results where sulfated alginate hydrogels inhibited MMP-13 in freshlyisolated chondrocytes via FGF signaling [292]. The differences in these results could be
affected from several factors including the different crosslinking of hydrogels, using of
passaged chondrocytes and different culturing medium. In this study, we used serum-free
chondrogenic medium supplemented with TGF-β3 to induce redifferentiation of passaged
chondrocytes. TGF-β signaling has been shown to be a potent inducer of MMP-13
expression mediated by activation of downstream effectors such as Smad3 [345] and p38
mitogen-activated

protein

kinase

(MAPK)

[346].

Therefore,

as

opposed

to

chondroprotective effects of FGFs in serum-containing medium, induction of TGF-β
signaling might have led to induction of MMP-13 expression. Sulfated alginate has been
shown as a heparin-mimetic and exert high affinity to several heparin-binding growth
factors including TGF-β family [253, 257]. Therefore, such enhancement of TGF-β
signaling might have accounted for the aforementioned effects on MMP-13 expression
observed in chondrocytes.
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Figure 5.5: Chondrogenic redifferentiation in alginate tyramine (AlgTA) and alginate sulfate
tyramine (ASTA) hydrogels. (A) mRNA expression of chondrogenic markers collagen 2,
aggrecan and Sox9 in chondrocytes encapsulated in AlgTA (1% w/v) and ASTA (2% w/v)
hydrogels crosslinked with tyrosinase (1kU/ml) and cultured for 21 days in chondrogenic
medium. (B) mRNA expression of dedifferentiation and catabolic markers collagen 1, ADAMTS5
and MMP-13 in chondrocytes. Data was normalized to chondrocytes cultured on tissue culture
plastic (2D) in growth medium and expressed as mean± s.d. for n=3. **: p<0.01, ***: p<0.001,
****: p<0.0001 when compared to 2D, #: p<0.05, ##: p<0.01, ###: p<0.001 when compared to
AlgTA.

We next assessed production of cartilage matrix components collagen 2 and
aggrecan in chondrocytes encapsulated in AlgTA and ASTA hydrogels. Both AlgTA and
ASTA hydrogels supported potent deposition of collagen 2 after 21 days (Figure 5.6A).
In line with gene expression data, chondrocytes encapsulated in ASTA hydrogels
demonstrated enhanced deposition of aggrecan compared to AlgTA. We recently reported
that aggrecan deposition of chondrocytes increased in a dose-responsive manner to the
degree of sulfation in the microenvironment whereas collagen 1 deposition showed a
decrease [292]. Consistently, we observed less deposition of collagen 1 in chondrocytes
encapsulated in ASTA hydrogels than AlgTA (Figure 5.6A). We also assessed the
mechanical properties of hydrogels after culturing with chondrocytes for 21 days. Both
hydrogels showed an increase when compared to the compressive moduli of the acellular
gels (Figure 5.2F) indicating the effect of in vitro matrix formation. AlgTA hydrogels had
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a slightly higher compressive modulus than ASTA hydrogels; however, there was not a
significant difference (Figure 5.6B).

Figure 5.6: Cartilage matrix formation in alginate tyramine (AlgTA) and alginate sulfate
tyramine (ASTA) hydrogels. (A) Immunohistochemistry images for collagen 2 (green),
proteoglycan (green) and collagen 1 (red) in chondrocytes encapsulated in AlgTA (1% w/v) and
ASTA (2% w/v) hydrogels crosslinked with tyrosinase (1 kU/ml) and cultured for 21 days in
chondrogenic medium. DAPI was used as a counter-stain. Scale bar: 500 µm. (B) Compressive
modulus of AlgTA (1% w/v) and ASTA (2% w/v) hydrogels after 21 days of culturing in
chondrogenic medium expressed as mean± s.d. for n=3.

5.3.4 In vivo stability and biocompatibility of AlgTA and ASTA hydrogels
AlgTA and ASTA hydrogels were implanted in subcutaneous pockets of nude mice
in order to test their in vivo stability. We recently reported that ionically crosslinked
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alginate sulfate hydrogels were not stable in vivo and dissolved soon after subcutaneous
implantation [333]. AlgTA and ASTA hydrogels were implanted subcutaneously, kept for
4 weeks and removed for histological analysis. Both ASTA and AlgTA hydrogels were
fully intact after removal from the mice. Hematoxylin & eosin (H&E) staining was
performed on the hydrogels. We observed that both hydrogels were surrounded by a thin
fibrous capsule in the mice (Figure 5.7). Such formation of fibrous tissue has been
frequently observed upon implantation of various biomaterials [347]. We also did not
observe macroscopic signs of material toxicity in the mice such as necrosis of nearby
tissue, edema or hyperemia. Therefore, tyrosinase-mediated covalent crosslinking showed
a promising method for achieving in vivo stability of alginate sulfate hydrogels.

Figure 5.7: In vivo stability of alginate tyramine (AlgTA) and alginate sulfate tyramine (ASTA)
hydrogels. Hematoxylin and eosin (H&E) staining of AlgTA (1% w/v) and ASTA (2% w/v)
hydrogels crosslinked with tyrosinase (1 kU/ml) and implanted subcutaneously in nude mice for 4
weeks. Scale bar: 500 µm.

5.4 Conclusions
Here, we show that double-modification of alginate with sulfate and tyramine
groups enable in situ enzymatic crosslinking with tyrosinase. ASTA hydrogels provide a
biomimetic

and

biocompatible

microenvironment

that

support

growth

and

redifferentiation of encapsulated chondrocytes. Moreover, ASTA hydrogels exhibit strong
adhesion to cartilage tissue through tyrosinase-mediated conjugation to tyrosine residues
in the ECM collagens. Covalent crosslinking with tyrosinase also confer in vivo stability
to alginate sulfate hydrogels upon subcutaneous implantation in mice. Thus, ASTA
hydrogels offer an injectable, biomimetic, adhesive and stable system and demonstrate a
promising potential for use in cartilage regeneration.
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Abstract
Dedifferentiation comprises a major drawback for the use of autologous
chondrocytes in cartilage repair. Here, we investigate the role of RhoA and canonical Wnt
signaling in chondrocyte phenotype. Chondrocyte dedifferentiation is accompanied by an
upregulation and nuclear localization of RhoA. Effectors of canonical Wnt signaling
including β-catenin and YAP/TAZ are upregulated in dedifferentiating chondrocytes in a
Rho-dependent manner. Inhibition of Rho activation with C3 transferase inhibits nuclear
localization of RhoA, induces redifferentiation of chondrocytes on 2D and enhances the
expression of chondrogenic markers in 3D. Redifferentiation by Rho inhibition is
accompanied by loss of canonical Wnt signaling markers in 3D or on 2D whereas
treatment of chondrocytes with Wnt3a abrogates this effect. However, induction of
canonical Wnt signaling inhibits chondrogenic markers on 2D but enhances chondrogenic
redifferentiation on 2D with C3 transferase or in 3D. These data provide insights on the
context-dependent role of RhoA and Wnt signaling in dedifferentiation and on
mechanisms to induce chondrogenic redifferentiation for therapeutic approaches.

6.1 Introduction
Articular cartilage tissue has a very limited intrinsic healing capacity and therefore
cartilage defects due to trauma or degenerative pathologies lead to severe clinical
complications such as joint dysfunction and arthritis. Promising cell-based techniques for
cartilage repair are autologous chondrocyte implantation (ACI) or matrix-assisted ACI
(MACI) in which a biopsy is taken from a low-load-bearing region of the knee to provide
the cells to be implanted to the defect site. However, the yield of chondrocytes is
insufficient to fill the cartilage lesion and requires in vitro expansion of these cells [2].
This two-dimensional (2D) expansion gives rise to a phenomenon known as
“dedifferentiation” marked by a loss of chondrogenic phenotype. Cartilage matrix
components such as collagen 2 and aggrecan are strongly down-regulated and cells attain
a fibroblastic phenotype secreting a collagen 1-rich fibrous matrix [76]. The clinical
outcome of the implantation of these dedifferentiated chondrocytes is not ideal and leads
to matrix formation with inferior mechanical and biochemical properties [78]. Thus, a
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better understanding of the molecular pathways involved in chondrocyte dedifferentiation
is necessary to improve the outcome of ACI with regeneration of functional hyaline
cartilage tissue.
Dedifferentiation is most typically marked by a change in cell morphology from
round to spread and change in actin architecture from cortical to stress fibers [179, 180].
Therefore, cell shape and pathways that regulate cytoskeleton have been of particular
interest to characterize their role in dedifferentiation. Three-dimensional (3D) culturing of
chondrocytes within inert hydrogels made of biological or synthetic materials has been
widely shown to induce rounding of passaged chondrocytes with concomitant
upregulation of chondrogenic markers [79, 315, 316]. Furthermore, actin depolymerizing
drugs have been demonstrated to promote redifferentiation of passaged chondrocytes and
chondrogenesis of mesenchymal cells [348-350]. The Rho pathway is one of the key
regulators of actin polymerization and stress fiber formation in cells [183, 184]. The
GTP-bound active form of Rho stimulates actin stress fibers via two main mechanisms.
Rho induces activation of Rho kinase (ROCK) that leads to the activation of LIM kinase
and inhibition of the actin depolymerizing cofilin. RhoA-GTP also causes activation of
mDia and promotes actin polymerization [351]. RhoA overexpression has been shown to
inhibit the chondrogenic differentiation of ATDC5 cells [185]. On the other hand, the
effect of inhibition of ROCK signaling on the expression of chondrogenic markers was
shown to be context dependent [186]. Inhibition of RhoA was shown to induce
chondrogenesis of limb bud mesenchymal cells and redifferentiation of chondrocytes
through Sox-9 activation in a protein kinase A (PKA)-dependent manner [180]. RhoA
pathway was also shown to be involved in catabolic signaling of chondrocytes in
response to interleukin-1α (IL-1α) and transforming growth factor-α (TGF-α) [187, 188].
Further studies revealed the contribution of focal adhesion kinase (FAK) and Src in
regulation of chondrocyte dedifferentiation and that their inhibition leads to upregulation
of chondrogenic markers [179, 182].
Wnt signaling comprises another crucial pathway for cartilage that is involved in
skeletal development, chondrogenic differentiation of mesenchymal cells, chondrocyte
proliferation and maturation as well as cartilage catabolism [352-355]. Canonical Wnt
signaling regulates the stability and activity of β-catenin via a destruction complex
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comprised of Axin, adenomatous polyposis coli (APC), glycogen synthase kinase 3
(GSK3) and casein kinase Iα (CKIα) [356]. In the absence of a Wnt signal, β-catenin gets
phosphorylated by the destruction complex and goes under proteasomal degradation.
Activation of the pathway with a Wnt ligand causes a suppression of the destruction
complex and stabilization of β-catenin followed by its nuclear translocation. In the
nucleus, β-catenin interacts with T-cell-specific transcription factor (TCF) and lymphoid
enhancer-binding factor (LEF) families to drive the transcription of target genes [354].
Recently, YAP/TAZ has been identified as an effector of canonical Wnt signaling and a
part of the destruction complex [357], however the role of Wnt-mediated YAP/TAZ
activation in chondrocyte phenotype is not yet addressed. The noncanonical Wnt
signaling, on the other hand, involves the Ca+2/CAMKII and planar cell polarity
pathways. The Ca+2/CAMKII pathway has been shown to regulate dedifferentiation and
loss of chondrogenic markers in human articular chondrocytes in a β-catenin-independent
manner [173].
A cross-talk between Wnt and Rho signaling pathways has been shown to regulate a
range of cellular processes including cell motility and differentiation [358-360]. Wntmediated activation of Rho pathway has been shown to trigger both canonical and planar
cell polarity pathways [361]. Rho GTPases have been found to have a role in the
accumulation and nuclear transportation of β-catenin and β-catenin-induced osteogenic
differentiation of mesenchymal cells was shown to be dependent on Wnt3a-mediated
activation of Rho [361, 362]. Here, we investigate the role of Rho and Wnt signaling and
their potential cross-talk in regulation of chondrocyte phenotype. This study both
contributes to the current understanding of the signaling pathways involved in
chondrocyte differentiation and suggests therapeutic targets to improve the clinical
outcome of cell-based therapies.

6.2 Materials and methods
6.2.1 Chondrocyte isolation
Chondrocytes were isolated from the condyles of the knees of 1-2 year old cows
(n=3) obtained from a local slaughterhouse. Articular cartilage was removed and minced
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with a sterile blade and washed with DMEM (Glutamax, high glucose) (Life
Technologies) supplemented with 1% penicillin-streptomycin (P/S) (Gibco). Minced
cartilage was digested with 0.1% collagenase (Sigma) in DMEM supplemented with 5%
fetal bovine serum (FBS) (Life Technologies) for 5h at 37˚C with gentle shaking.
Digested tissue was filtered through a 100 µm and then a 40 µm cell strainer followed by
centrifugation at 500 g for 10 min and washing twice with culture medium (DMEM
supplemented with 10% FBS and 50 µg/ml L-Ascorbic acid -2-phosphate (Sigma)).
6.2.2 Chondrocyte expansion
Chondrocytes were seeded in culture medium at a density of 5,000 cells/cm2 and
passaged at 80-90% confluency up to three passages. At each passage, 1.5 x 106
chondrocytes were re-suspended in cell lysis buffer (Macherey-Nagel AG) and stored at 80˚C until RNA extraction. For protein extraction, 3 x 106 chondrocytes were resuspended in RIPA buffer with protease inhibitors (Sigma) for 30 min on ice followed by
centrifugation at 10,000 g for 15 min at 4˚C and the supernatant was stored at -80˚C. For
immunocytochemistry, cells were fixed with 4% formaldehyde (Sigma) with 0.1%
Triton-X (Sigma) in PBS for 20 min at 4˚C, washed twice with PBS and stored at 4˚C.
6.2.3 Redifferentiation of chondrocytes
At passage 3, the chondrocytes were either seeded onto tissue culture plastic (2D)
or encapsulated into alginate hydrogels (3D) for redifferentiation experiments. For 2D,
chondrocytes were seeded in culture medium at a density of 1,000 cells/cm2 for the
control group and 5,000 cells/cm2 for the drug treatments. For 3D encapsulation, sterilefiltered alginate (Novamatrix) precursor solution in 150 mM NaCl was mixed with the
chondrocyte suspension in culture medium to yield 1% (w/v) polymer concentration and
6 x 106 cells/ml cell density. 30 µl discs of the mixture were casted and gelled in a 100
mM CaCl2 bath for 10 min. Chondrocytes on 2D or in alginate gels were cultured for one
day in control medium followed by a media change with the indicated drug treatments
and further culturing for one week.
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6.2.4 Drugs treatments
Chondrocyte culture medium was supplemented with the following drugs at the
indicated concentrations: Rho inhibitor I (CT04) (0.15- 0.6 μg/ml) (Cytoskeleton),
calpeptin (5 μM), lithium chloride (50 μM), Y-27632 (10 μM), blebbistatin (10 μM)
(Sigma); ML-9 (10 μM), KN-93 (5 Μm) (Enzo Life Sciences); SMIFH2 (20 μM), CK666 (100 μM), rhosin (30 μM) (Merck); CCG1423 (25 μM) (Cayman Chemical). Wnt3aconditioned medium was produced as previously reported [363] and used by mixing 1:1
with chondrocyte culture medium.
6.2.5 Western blotting
For 2D samples, RIPA buffer was added onto the cells, lysate was collected with a
scraper after incubation on ice for 10 min and further kept for 20 min. For 3D samples,
alginate gels at day 7 were washed twice with 150 mM NaCl/5 mM CaCl2 and stored at 80˚C. The frozen hydrogels were crushed with an electrical homogenizer in RIPA buffer
and incubated on ice for 1h. The samples were centrifuged at 10’000 g for 15min and
supernatant was collected. Protein concentration in the supernatant was determined by
Bradford assay (Bio-Rad). The samples were diluted in Laemmli buffer and RIPA and
were denatured at 95˚C for 5 min. 15 µg protein was loaded in pre-casted 4-12% Bis-Tris
gels (Life Technologies) and run for 35 min at 125 V followed by transferring onto a
nitrocellulose membrane for 1h at 25 V. The membrane was washed twice with ddH2O,
stained with Ponceau S (Sigma) for protein visualization and washed three times with
TBST. The membrane was blocked with 5% BSA for 1h at RT and incubated with
primary antibody overnight at 4˚C. Next, the membrane was washed four times with
TBST and incubated with secondary antibody for 1h at RT, washed again and visualized
with Clarity Western ECL Substrate (Bio-Rad) for chemiluminescence. The primary
antibodies used were anti-β-catenin (Abcam, ab32572; 1:1000), anti-RhoA (Santa Cruz,
SC-418; 1:200), anti-Axin2 (Sigma, SAB3500619; 1:2000), anti-TAZ (BD Biosciences,
560235; 1:1000), anti-actin (Sigma, A2066; 1:1000) and anti-GAPDH (Cell Signaling,
2118S; 1:1000). The secondary antibodies used were anti-rabbit-HRP (Cell Signaling,
7074; 1:1000) and anti-mouse-HRP (Cell Signaling, 7076; 1:1000).
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6.2.6 Real-time PCR
For 2D, lysis buffer was added and lysate was collected with a scraper. For 3D,
three gels were collected and snap-frozen in liquid nitrogen. The gels were homogenized
with an electrical pestle in lysis buffer. RNA isolation was performed using the
NucleoSpin miRNA kit (Macherey-Nagel AG) according to the manufacturer’s
instructions. RNA concentration was quantified with a plate reader (BioTek). RNA was
reverse transcribed using SuperScript III (Life Technologies) and cDNA was amplified
by quantitative real-time PCR (StepOnePlus, Applied Biosystems) with Fast SYBR®
Green master mix (Life Technologies). Ribosomal protein L13 (RPL13a) was used as an
internal reference gene and fold change was quantified with the ΔΔCt method. The
bovine primers listed in Table 6.1 were used in the study.

Gene

Name

Primer sequence (5‘-3‘)

RPL13a

Ribosomal protein L13a

F- GCCAAGATCCACTATCGGAAA
R- AGGACCTCTGTGAATTTGCC

COL2A1

Collagen 2

F- GGCCAGCGTCCCCAAGAA
R- AGCAGGCGCAGGAAGGTCAT

COL1A2

Collagen 1

F- CGAGGGCAACAGCAGATTCACTTA
R- GCAGGCGAGATGGCTTGTTTG

ACAN

Aggrecan

F- GGGAGGAGACGACTGCAATC
R- CCCATTCCGTCTTGTTTTCTG

RHOA

Ras homolog gene family
Member A

F- TGTATGTCCCTACGGTGTTTG
R- CGATCATAATCTTCCTCGCCAG

CCND1

Cyclin D1

F- TTACACTGACAACTCCATCCG
R- CATCTTGGAGAGGAAGTGCTC

AXIN2

Axin-2

F- GAACCTGAAGGATCGCAAAA
R- GGTTTCAGCTGCTTGGAGAC

CTGF

Connective tissue growth
factor

F- CTGAGCGAGTTGTGTACCG
R- AGTTCCTCCGAAAATGTAGGG

ANKRD1

Ankyrin repeat domain 1

F- AGGCTGAATCGGTACAAGATG
R- GGAGTTCTCTTTGAGGCTGTC

Table 6.1: List of bovine primers used in the study.
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6.2.7 Immunohistochemisty
For 2D, wells were washed with PBS and fixed with 4% formaldehyde with 0.1%
Triton-X in PBS for 20 min at 4˚C, washed twice with PBS, blocked 1h with 5% BSA at
RT and incubated with primary antibody overnight at 4˚C. Then, the wells were washed
three times in PBS, incubated with secondary antibody for 1h at RT, washed with PBS,
stained with phalloidin-rhodamine and DAPI for 15 min at RT, washed with PBS and
imaged with fluorescence microscopy. For 3D, alginate gels were fixed with 4%
formaldehyde with 0.1% Triton-X in PBS for 1h at 4˚C and washed twice with 150 mM
NaCl/5 mM CaCl2. Then, the gels were incubated in a 1:1 mixture of PBS and optimum
cutting temperature compound (OCT, VWR) for 2h at RT followed by overnight
embedding in OCT. The samples were snap-frozen on dry ice and 5 µm sections were cut
with a cryotome (CryoStarNX70, ThermoScientific). Sections were fixed in ethanol,
washed with PBS, blocked with 5% BSA for 1h at RT and incubated with primary
antibody in 1% BSA overnight at 4˚C. Next, sections were washed with PBS, incubated
with secondary antibody in 1% BSA for 1h at RT, washed and incubated with phalloidinrhodamine and DAPI in PBS for 15 min at RT. Then, sections were covered with a
coverslip with aqueous mounting media (Vector Laboratories) and imaged with
fluorescence microscopy. The primary antibodies used were anti-collagen 2 (II-II6B3,
DSHB, 1:20), anti-collagen 1 (Abcam, ab6308, 1:200), anti-TAZ (BD Biosciences,
560235; 1:200), anti-RhoA (Santa Cruz, SC-418; 1:200) and anti-Axin2 (Sigma,
SAB3500619; 1:200). The secondary antibodies used were AlexaFluor 488 goat antimouse IgG and goat anti-rabbit IgG (Life Technologies, A10680, A11008, 1:300).
6.2.8 Statistical analysis
Quantitative data obtained from three independent experiments were expressed as
mean ± standard deviation (s.d.). Statistical analyses were carried out with OriginPro 9.1
by analysis of variance (ANOVA) with Tukey’s and Bonferonni’s post-hoc tests for
multiple comparisons and p values less than 0.05 were considered as statistically
significant.
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6.3 Results
6.3.1 Chondrocyte dedifferentiation and loss of cartilage-specific markers is
accompanied by up-regulation and potent nuclearization of RhoA
We monitored the expression and cellular localization of RhoA in native adult
articular cartilage and in isolated chondrocytes that were expanded on 2D to further
passages. Chondrocytes rapidly lost the expression of collagen 2 as they were cultured on
2D and adopted spread morphology with a strong upregulation of collagen 1 (Figure
S6.1). In native cartilage, RhoA was expressed with a homogeneous distribution within
the chondrocytes (Figure 6.1A). As the chondrocytes were plated on 2D tissue culture
plastic, we monitored a distinct nuclearization of RhoA (Figure 6.1B). At passage 0, the
morphology of the chondrocytes was heterogeneous with the observation of both round
and spread cells. The round cells comprised the collagen 2-positive population whereas
the spread cells revealed a loss of collagen 2 expression (Figure S6.1). Interestingly,
RhoA nuclearization could be observed for only the spread cells at passage 0. With
increasing passage, all chondrocytes adopted spread morphology with actin stress fibers
and a nuclear localization of RhoA. At passage 3, RhoA was observed to be expressed
exclusively in the nucleus of the chondrocytes (Figure 6.1B). Total RhoA protein
expression in the chondrocytes was found to increase with increasing passage (Figure
6.1C). RhoA mRNA expression similarly showed a potent increase with the expansion of
chondrocytes where the highest expression was observed at passage 1 (Figure 6.1D).
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Figure 6.1: Expression and subcellular localization of RhoA in native cartilage and chondrocytes
expanded on 2D. (A) RhoA (green) immunostaining on native cartilage sections. (B) RhoA
staining of chondrocytes with increasing passage. Phalloidin-rhodamine (red) was used for actin
and DAPI (blue) for nuclei staining. Scale bar: 50 µm. (C) Total RhoA protein expression in
chondrocytes. GAPDH was used as loading control. (D) mRNA expression of RhoA in
chondrocytes with increasing passage (mean ± s.d. for n=3; normalized to p0 sample; *: p<0.05,
****: p<0.0001 when compared to p0).

6.3.2 Inhibition of RhoA reverses the nuclear localization and potently induces
redifferentiation of chondrocytes on 2D and in 3D alginate hydrogels
Next, we treated passaged chondrocytes with a cell permeable C3 transferase
(CT04) to investigate the effect of Rho inhibition on the expression of chondrogenic
markers. CT04 treatment caused potent and dose-responsive redifferentiation of
chondrocytes cultured on 2D marked by an upregulation of collagen 2 on both protein and
gene levels (Figure 6.2A, B). Glycosaminoglycan (GAG) synthesis was also observed to
strongly increase as shown by the alcian blue stainings (Figure 6.2A). Aggrecan and
collagen 1 gene expression showed a slight increase with increased concentration of
CT04 (Figure S6.2A, B). Interestingly, RhoA subcellular localization of CT04-treated
chondrocytes showed a homogeneous distribution similar to chondrocytes embedded in
native cartilage tissue (Figure 6.2C). Total RhoA and actin expression was also found to
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be suppressed in chondrocytes treated with CT04 in a dose-responsive manner (Figure
6.2D). We treated the chondrocytes with inhibitors of several upstream and downstream
effectors of Rho signaling and performed alcian blue staining. Upstream inhibition of
RhoA activation via bloking Rho GEF with Rhosin treatment did not lead to
redifferentiation of chondrocytes (Figure S6.3). Moreover, inhibition of downstream
effectors ROCK, myosin II, myosin light chain kinase (MLCK), formin, Arp2/3 complex
and myocardin related transcription factor (MRTF) similarly did not show any induction
of GAG deposition in passaged chondrocytes (Figure S6.3). The potent redifferentiation
induced via inhibition of RhoA and not its downstream effectors and the correlation of
RhoA nuclearization with the loss of chondrogenic markers suggests a direct involvement
RhoA in regulation of dedifferentiation. We then investigated the effect of CT04
treatment on the redifferentiation of chondrocytes within alginate hydrogels.
Encapsulation of chondrocytes in alginate inhibited the nuclearization of RhoA and the
expression of RhoA was observed to be cytoplasmic and on the cell membrane (Figure
6.2E). 3D culturing caused a potent suppression of total RhoA protein compared to
chondrocytes cultured on 2D (Figure 6.2F). 3D culturing induced redifferentiation of
chondrocytes as demonstrated with the collagen 2 gene expression and immunostainings
(Figure 6.2G, H). Redifferentiation of chondrocytes induced by 3D microenvironment
was found to be dependent on the suppression of RhoA (Figure 6.2G, H). Chondrocytes
were treated with a Rho activator (calpeptin) which caused an upregulation of RhoA
protein in chondrocytes encapsulated in alginate hydrogels (Figure 6.2I). In response to
calpeptin treatment, chondrocytes completely lost the expression of collagen 2 on both
gene and protein levels (Figure 6.2G, H). On the other hand, treatment of chondrocytes in
alginate with CT04 showed a reinforcement of redifferentiation only after 7 days of
culture with highly enhanced collagen 2 stainings and increased gene expression (Figure
6.2G, H). These results demonstrate that RhoA acts as a crucial regulator of chondrocyte
dedifferentiation and its inactivation leads to potent regain of cartilage-specific ECM
components.
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Figure 6.2: RhoA inhibition promotes potent redifferentiation of chondrocytes and reverses
nuclear localization of RhoA. (A) Collagen 2 (green) immunostaining and alcian blue staining of
chondrocytes cultured on 2D with CT04 treatment for 7 days. Scale bar: 100 µm. (B) mRNA
expression of collagen 2 in chondrocytes treated with increasing concentrations of CT04 (mean ±
s.d. for n=3; *: p<0.05, **: p<0.01, ***: p<0.001 when compared to non-treated control). (C)
RhoA (green) immunostaining of passaged chondrocytes with or without CT04. Scale bar: 20 µm.
Phalloidin-rhodamine (red) and DAPI (blue) was used as counter-staining. (D) Total RhoA and
actin protein in chondrocytes. GAPDH was used as loading control. (E) RhoA (green)
immunostaining in chondrocytes encapsulated in alginate for 7 days. Scale bar: 20 µm. (F) Total
RhoA protein in chondrocytes cultured on 2D or encapsulated into alginate for 7 days. (G) mRNA
expression of collagen 2 of chondrocytes in alginate hydrogels and treated with CT04 or calpeptin
(mean ± s.d. for n=3; normalized to the non-treated control on 2D; **: p<0.01, ****: p<0.0001
when compared to 2D control; #: p<0.05, ####: p<0.0001 when compared to 3D control). (H)
Collagen 2 (green) expression of chondrocytes encapsulated in alginate and treated with CT04 or
calpeptin for 7 days. Scale bar: 100 µm. (I) RhoA protein expression of chondrocytes in alginate
and treated with calpeptin for 7 days. (When extra lanes were removed in the blots, it is indicated
with black line separation.)
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6.3.3 Chondrocyte dedifferentiation is marked by an induction of Wnt/β-catenin
signaling in a Rho-dependent manner
We

then

monitored

Wnt/β-catenin

signaling

during dedifferentiation

of

chondrocytes. β-catenin protein expression was strongly upregulated in the chondrocytes
with higher passage (Figure 6.3A). Similarly, cyclin D1 (CCND1), a target gene of the βcatenin/TCF/LEF axis, showed a potent increase with the increase in β-catenin levels
(Figure 6.3B). However, the expression of Axin2, another known target of the Wnt/βcatenin pathway did not correlate with the induction of β-catenin and showed a dramatic
decrease with increased passage (Figure 6.3B). Furthermore, Axin2 protein expression in
the native cartilage was found to be mainly in the cytoplasm of chondrocytes (Figure
6.3C). When chondrocytes were expanded on 2D, Axin2 was observed to have an
enhanced localization in the nucleus (Figure 6.3C). When chondrocytes were treated with
CT04 and underwent redifferentiation mediated by RhoA inhibition, β-catenin
demonstrated a downregulation (Figure 6.3D). To further confirm the effect of Rho
inhibition on β-catenin protein levels we encapsulated chondrocytes in alginate hydrogels
and found that 3D microenvironment caused a potent loss of β-catenin protein compared
to 2D (Figure 6.3E). On the other hand, activation of RhoA with calpeptin treatment of
chondrocytes on both 2D and in alginate hydrogels lead to an upregulation of β-catenin
levels (Figure 6.3F, G). Inhibition of RhoA in chondrocytes with CT04 caused a potent
increase in Axin2 gene expression in a dose-responsive manner whereas CCND1
expression did not change significantly (Figure 6.3H). Furthermore, Axin2 protein
expression was found to have a homogeneous cellular localization in response to CT04
treatment (Figure 6.3I). Similarly, Axin2 gene expression showed an increase with
encapsulation of chondrocytes in hydrogels compared to 2D whereas CCND1 expression
showed a decrease with 3D culturing (Figure 6.3J). Axin2 protein in chondrocytes within
alginate showed a cytoplasmic distribution similarly to the native cartilage tissue and
CT04-treated chondrocytes (Figure 6.3K). These results indicate that chondrocyte
dedifferentiation is marked by an induction of canonical Wnt signaling with stabilization
and upregulation of β-catenin in a RhoA-dependent manner. Axin2 shows a nuclear
localization during dedifferentiation with a concomitant loss of its gene expression. Axin2
gene expression correlates with redifferentiation and the expression of chondrogenic
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markers induced by RhoA inhibition whereas it shows an inverse correlation with
induction of canonical Wnt signaling in chondrocytes.

Figure 6.3: Dedifferentiation of chondrocytes causes an induction of Wnt/β-catenin signaling in a
Rho-dependent manner. (A) β-catenin protein levels in chondrocytes with increasing passage.
GAPDH was used as loading control. (B) mRNA expression of Axin2 and CCND1 in
chondrocytes expanded on 2D (mean ± s.d. for n=3; *: p<0.05, **: p<0.01, ***: p<0.001, ****:
p<0.0001 when compared to p0). (C) Axin2 (green) immunostaining in native cartilage and
passage 3 chondrocytes on 2D. DAPI (blue) was used for nuclei staining. Scale bar: 20 µm. (D)
β-catenin protein levels in chondrocytes treated with CT04. (E) β-catenin protein in chondrocytes
on 2D and in alginate. (F) β-catenin protein expression with calpeptin treatment of chondrocytes
on 2D and (G) in alginate. (H) mRNA expression of Axin2 and CCND1 in chondrocytes treated
with CT04 on 2D (mean ± s.d. for n=3; normalized to the non-treated control; ***: p<0.001 when
compared to control; ##: p<0.01 when compared to CT04 (0.15 µg/ml)). (I) Axin2 (green)
expression in chondrocytes treated with CT04 on 2D. Scale bar: 20 µm. (J) mRNA expression of
Axin2 and CCND1 of chondrocytes on 2D and in alginate hydrogels (mean ± s.d. for n=3;
normalized to the 2D control; **: p<0.01, ***: p<0.001 when compared to 2D control). (K)
Axin2 (green) immunostaining of chondrocytes in alginate. Scale bar: 20 µm.
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6.3.4 Dedifferentiation causes YAP/TAZ upregulation and nuclearization in
chondrocytes in a Rho-dependent manner
Recently, YAP/TAZ has been shown to be a component of the β-catenin destruction
complex and an effector of the canonical Wnt signaling. In the Wnt-off situation,
YAP/TAZ is found incorporated into the destruction complex and needed for β-catenin
degradation whereas in the case of Wnt induction, both YAP/TAZ and β-catenin are
located into the nucleus and drive the expression of their target genes [357]. YAP/TAZ
was shown to regulate various cellular processes including mechanotransduction [364],
stem cell differentiation [365] and intestinal crypt growth [357]. However, the role of
Wnt-mediated YAP/TAZ signaling in the regulation of chondrocyte phenotype remains to
be elucidated. With this aim, we investigated the expression of YAP/TAZ in native
articular cartilage as well as dedifferentiated and redifferentiated chondrocytes. YAP and
TAZ were found to be expressed in native cartilage with a cytoplasmic cellular
localization. On the other hand, when chondrocytes were passaged on 2D, both YAP and
TAZ showed a distinct nuclear localization (Figure 6.4A). The expression of YAP/TAZ
target genes CTGF and ANKRD1 showed an abrupt increase with passage 1 which stayed
stable for CTGF and showed a decrease with later passage for ANKRD1 (Figure 6.4B).
TAZ total protein levels followed the same trend and revealed a potent upregulation with
passage 1 which slightly decreased with further passages (Figure 6.4C). Then we
investigated the expression of YAP/TAZ during redifferentiation of chondrocytes
mediated by Rho inhibition. When chondrocytes were treated with CT04, we observed a
loss of nuclear YAP/TAZ and cytoplasmic cellular localization (Figure 6.4D). The
YAP/TAZ target genes CTGF and ANKRD1 showed a dose-responsive down-regulation
with CT04 treatment (Figure 6.4E). TAZ protein levels also demonstrated a potent
decrease with increased CT04 concentration (Figure 6.4F). We then monitored the
expression of TAZ in chondrocytes encapsulated in alginate hydrogels and observed that
inhibition of Rho via 3D culturing similarly caused a cytoplasmic distribution of
YAP/TAZ (Figure 6.4G). TAZ protein levels were also found to be strongly suppressed
when the cells were embedded within a hydrogel matrix (Figure 6.4H). Expectedly,
YAP/TAZ target genes were down-regulated in chondrocytes encapsulated in alginate
compared to 2D culturing (Figure 6.4I). Particularly, ANKRD1 gene expression showed a
very strong suppression in response to 3D culturing of chondrocytes. Confirming the
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effect of Rho on the expression of TAZ, chondrocytes demonstrated a strong increase in
TAZ protein when they were treated with calpeptin (Figure 6.4H). Therefore, YAP/TAZ
expression shows a distinct nuclearization in dedifferentiating chondrocytes in a Rhodependent mechanism to drive their target genes. Chondrocyte redifferentiation with
CT04 treatment correlates with a loss of nuclear YAP/TAZ, their target gene expression
as well as down-regulation of TAZ protein in a dose-responsive manner.

Figure 6.4: YAP/TAZ signaling in native cartilage and passaged chondrocytes. (A) YAP and
TAZ (green) immunostaining in native cartilage and passage 3 chondrocytes. DAPI (blue) was
used for nuclei staining. Scale bar: 20 µm. White arrows indicate the nucleus. (B) mRNA
expression of YAP/TAZ targets CTGF and ANKRD1 in chondrocytes with increasing passage
(mean ± s.d. for n=3; normalized to p0; *: p< 0.05, **: p <0.01 when compared to p0; #: p<0.05,
##: p<0.01 when compared to p1). (C) TAZ protein levels in chondrocytes with increasing
passage. GAPDH was used as loading control. (D) YAP and TAZ (green) immunostaining of
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chondrocytes treated with CT04 on 2D. (E) mRNA expression of CTGF and ANKRD1 in
chondrocytes treated with CT04 on 2D (mean ± s.d. for n=3; normalized to the non-treated
control; *: p<0.05, ***: p<0.001 when compared to control; #: p<0.05, ##: p<0.01 when
compared to CT04 (0.15 µg/ml)). (F) TAZ protein levels in chondrocytes treated with CT04. (G)
YAP and TAZ (green) immunostaining of chondrocytes in alginate. (H) TAZ protein in
chondrocytes cultured on 2D and in alginate. (I) mRNA expression of CTGF and ANKRD1 of
chondrocytes on 2D and in hydrogels (mean ± s.d. for n=3; normalized to the 3D control; ****:
p<0.0001 when compared to 3D control). (J) TAZ protein expression with calpeptin treatment of
chondrocytes in 3D. (When extra lanes were removed in the blots, it is indicated with black line
separation.)

6.3.5 Wnt3a treatment prevents redifferentiation induced by 3D microenvironment
and RhoA inhibition
We next studied the effect of upstream induction of Wnt signaling on chondrogenic
redifferentiation and possible involvement of Rho activation in chondrocytes. We treated
passaged chondrocytes with Wnt3a-conditioned medium while they were cultured on 2D
or within alginate hydrogels and monitored the expression of cartilage-specific markers.
Wnt3a treatment caused a potent and specific loss of collagen 2 and aggrecan gene
expression while the expression of collagen 1 remained unchanged in chondrocytes on 2D
(Figure 6.5A). Then, we investigated the effect of Wnt3a on chondrocytes when they
were treated with the Rho inhibitor CT04. Wnt3a abrogated the CT04-induced
chondrogenic redifferentiation of chondrocytes with a potent suppression of collagen 2
and aggrecan expression. Similarly, Wnt3a also caused a loss of the redifferentiation of
chondrocytes induced by 3D culturing and Rho inactivation within alginate hydrogels
(Figure 6.5A). Histological stainings similarly demonstrated that chondrocytes in Wnt3aconditioned medium lost the expression of cartilage specific markers collagen 2 and
GAGs whereas they exerted a collagen 1-positive, fibroblastic phenotype (Figure 6.5B).
The effect was evident whether the cells were treated with CT04 on 2D or they were
encapsulated in alginate hydrogels. Expectedly, total β-catenin protein showed an
increase in chondrocytes both on 2D and in 3D due to Wnt3a treatment (Figure 6.5C, D).
Strong upregulation of Axin2 gene expression was observed with Wnt3a treatment of
chondrocytes on 2D whereas the expression of CCND1 did not change significantly
(Figure 6.5E). Both CT04 treatment and Wnt3a caused a similar increase in Axin2
expression in chondrocytes, however, their effect on β-catenin protein stabilization was
completely reversed (Figure 6.3F, Figure 6.5C). When the chondrocytes were treated with
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a combination of CT04 and Wnt3a, Axin2 gene expression was synergistically higher
than the treatments alone (Figure 6.5E). The effect of Wnt3a on the expression of Axin2
was similar in 3D hydrogels and showed a potent upregulation whereas CCND1 was
slightly down-regulated (Figure 6.5F). Contrary to β-catenin, the expression of TAZ
protein did not show an increase in response to Wnt3a treatment with or without CT04
(Figure 6.5G). The YAP/TAZ target gene CTGF showed an increase with Wnt3a both in
control and CT04-treated chondrocytes whereas ANKRD1 did not change significantly
(Figure 6.5H). In 3D hydrogels, both CTGF and ANKRD1 showed a slight decrease in
chondrocytes with Wnt3a treatment (Figure 6.5I). Then, we monitored the expression of
RhoA in the chondrocytes in response to Wnt3a induction. Total RhoA in chondrocytes is
strongly upregulated due to Wnt3a treatment on 2D with or without CT04 (Figure 6.5G).
Interestingly, Wnt3a-treated chondrocytes exhibited nuclear localization of RhoA even in
the presence of CT04 (Figure 6.5J) as opposed to homogeneous distribution observed
with CT04 treatment alone (Figure 6.2A). Therefore, the data demonstrates that Wnt3a
causes an upregulation and nuclearization of RhoA in chondrocytes with a concomitant
induction of canonical signaling marked by an increase in β-catenin and lead to a
complete loss of chondrogenic markers.
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Figure 6.5: Wnt3a suppresses redifferentiation of chondrocytes in alginate or with CT04
treatment and causes a nuclear localization of RhoA. (A) mRNA expression of collagen 2,
collagen 1 and aggrecan of chondrocytes cultured on 2D, on 2D with CT04 treatment or in
alginate, in the presence of control or Wnt3a-conditioned medium for 7 days (mean ± s.d. for
n=3; *: p<0.05, **: p<0.01, ***: p<0.001 when compared to the Wnt3a treatment). (B) Collagen
2 (green) and collagen 1 (green) immunostaining and alcian blue staining of chondrocytes. Scale
bar: 100 µm. (C) β-catenin protein expression of chondrocytes in Wnt3a-conditioned medium on
2D and (D) in alginate. (When extra lanes were removed, in the blots it is indicated with black
line separation.) (E) mRNA expression of Axin2 and CCND1 of chondrocytes in response to
Wnt3a treatment on 2D with or without CT04 treatment (mean ± s.d. for n=3; ***: p<0.001,
****: p<0.0001 when compared to 2D control; ###: p<0.001 when compared to CT04 treatment
alone). (F) mRNA expression of Axin2 and CCND1 of chondrocytes in alginate with Wnt3a
treatment (mean ± s.d. for n=3; ***: p<0.001 when compared to 3D control). (G) RhoA and TAZ
protein in chondrocytes on 2D with CT04 or Wnt3a treatments. (H) mRNA expression of CTGF
and ANKRD1 of chondrocytes in response to Wnt3a treatment on 2D with or without CT04
treatment (mean ± s.d. for n=3; *: p<0.05, ***: p<0.001 when compared to 2D control; ##:
p<0.01 when compared to CT04 treatment alone). (I) mRNA expression of CTGF and ANKRD1
of chondrocytes in alginate with Wnt3a treatment (mean ± s.d. for n=3; ***: p<0.001 when
compared to 3D control). (J) RhoA (green) immunostaining of chondrocytes in Wnt3aconditioned medium with or without CT04 treatment. Phalloidin-rhodamine (red) was used for
actin and DAPI (blue) for nuclei staining. Scale bar: 20 µm.
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6.3.6 Activating canonical Wnt signaling via inhibition of the destruction complex
shows context-dependent effects on the expression of chondrogenic markers
Wnt3a induces both noncanonical and canonical signaling in chondrocytes and
Ca+2/CAMKII pathway has been shown to regulate loss of chondrogenic markers in
freshly isolated chondrocytes whereas β-catenin pathway has been attributed to
chondrocyte proliferation [173]. We treated passaged chondrocytes with an inhibitor of
the Ca+2/CAMKII pathway (KN93); however, inhibition of noncanonical Wnt signaling
did not induce redifferentiation of passaged chondrocytes (Figure S6.4). Since we have
found that Rho inactivation caused potent redifferentiation of chondrocytes with
concomitant suppression of β-catenin stabilization and transcriptional activitiy, we
investigated whether specific induction of canonical signaling could abrogate the
chondrogenic effects of Rho inhibition with CT04 treatment and 3D culturing. For this
purpose, we treated chondrocytes with LiCl, an inhibitor of the destruction complex
component GSK3, on both 2D and in alginate. Interestingly, unlike Wnt3a, the effect of
specific activation of canonical signaling on the expression of chondrogenic markers was
context-dependent. LiCl treatment caused a significant down-regulation of collagen 2
gene expression when chondrocytes were cultured on 2D, however, led to a significant
reinforcement of the 3D-induced redifferentiation when the cells were encapsulated in
alginate (Figure 6.6A). To correlate the context-dependent effects of LiCl to inactivation
of Rho, we treated chondrocytes with LiCl on 2D in the presence of CT04. Similarly,
when Rho was inactivated with CT04, LiCl treatment caused a potent increase in the
expression of chondrogenic markers whereas collagen 1 was found to decrease (Figure
6.6A). Immunostainings for collagen 2 and alcian blue stainings confirm the
chondrogenic effect of LiCl on chondrocytes and reinforcement of 3D culturing or CT04induced redifferentiation with enhanced deposition of collagen 2 and aggrecan-rich
matrix (Figure 6.6B). Surprisingly, chondrocytes up-regulated RhoA whereas they downregulated β-catenin in response to LiCl treatment on 2D (Figure 6.6C). On the other hand,
LiCl treatment caused an increase in both RhoA and β-catenin protein levels in
chondrocytes in alginate (Figure 6.6D). Interestingly, when the chondrocytes were treated
with CT04 to inactivate RhoA on 2D, LiCl did not show an effect on the β-catenin protein
expression (Figure 6.6E). The effect of LiCl on the expression of target genes showed the
same pattern as the β-catenin protein. On 2D, LiCl treatment did not change the
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expression of Axin2 or CCND1. The upregulation of Axin2 due to CT04 treatment was
also not affected by LiCl (Figure 6.6F). In 3D hydrogels, LiCl treatment caused a
significant upregulation of Axin2 gene expression whereas such effect was not observed
for CCND1 (Figure 6.6G). LiCl treatment also caused an upregulation of TAZ protein in
chondrocytes; however, no changes in the expression of YAP/TAZ target genes were
observed (Figure S6.5A, B, C). As induction of RhoA and canonical Wnt signaling did
not abrogate but even reinforced chondrogenic redifferentiation in 3D or with CT04
treatment, we further investigated the cellular localization of RhoA in these conditions.
LiCl treatment of chondrocytes in alginate demonstrated a cytoplasmic distribution of
RhoA. The cellular localization of RhoA in response to LiCl of chondrocytes on 2D
depended on the presence of CT04 treatment. Distinct nuclear RhoA was seen with LiCl
treatment alone whereas LiCl did not cause nuclearization of RhoA when the cells were
treated with CT04 (Figure 6.6H). Hence, the results indicate that upregulation of RhoA
and induction of canonical Wnt signaling has context-dependent effects on the expression
of chondrogenic markers. Moreover, loss of chondrocyte phenotype strongly correlates
with nuclearization of RhoA.
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Figure 6.6: Effect of LiCl treatment on the expression of chondrogenic markers is contextdependent. (A) mRNA expression of collagen 2, collagen 1 and aggrecan of chondrocytes
cultured in alginate, on 2D or on 2D with CT04 treatment in control or LiCl-containing medium
for 7 days (mean ± s.d. for n=3; *: p<0.05, **: p <0.01, ***: p<0.001 when compared to control
or CT04 treatment alone). (B) Collagen 2 (green), collagen 1 (green) immunofluorescence and
alcian blue staining of chondrocytes on 2D treated with CT04 or in alginate in control or LiClcontaining medium. Phalloidin-rhodamine (red) was used for actin and DAPI (blue) for nuclei
staining. Scale bar: 100 µm. (C) β-catenin and RhoA protein in chondrocytes with LiCl treatment
on 2D and (D) in alginate. (E) β-catenin expression in chondrocytes treated with CT04 in
response to LiCl on 2D. (When extra lanes were removed in the blots, it is indicated with black
line separation.) (F) mRNA expression of Axin2 and CCND1 of chondrocytes on 2D (G) and in
alginate with LiCl treatment (mean ± s.d. for n=3; **: p<0.01, ***: p<0.001 when compared to
control). (H) RhoA (green) immunostaining of LiCl-treated chondrocytes on 2D, on 2D with
CT04 treatment or in alginate. Phalloidin-rhodamine (red) was used for actin and DAPI (blue) for
nuclei staining. Scale bar: 20 µm.
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6.4 Discussion
Chondrocyte dedifferentiation during cell expansion represents serious drawbacks
for the use of autologous cells in cartilage engineering. Here, we aimed to elucidate the
roles and interplay of Rho and Wnt signaling pathways in regulation of chondrocyte
phenotype. Our data reveal that chondrocyte dedifferentiation is marked by a potent
upregulation of RhoA with concomitant nuclear localization at increasing passages
(Figure 6.1). RhoA has been the most extensively investigated Rho GTPase and shown to
regulate a myriad of cellular processes such as focal adhesions, stress fiber formation, cell
proliferation and tumorigenesis [366]. GTPases have been thought to be mainly localized
in the cytoplasm and cell membrane and their subcellular localization has been found to
be an important factor in regulation of different signaling pathways [367]. A few studies
demonstrated that GTPases could be localized in the nucleus and this translocation
usually followed the activation of the protein [368, 369]. Moreover, RhoA activation
within the nucleus was also shown to be possible by Rho GEFs such as Net1 [370]. DNA
damage signals such as ionizing radiation has been shown to specifically activate nuclear
RhoA while the cytoplasmic activity remained unchanged [370]. Furthermore, increased
RhoA nuclear localization and activity was attributed specifically to cancer cell lines
regulating several processes such as RNA synthesis, H2O2-mediated cellular damage and
lipopolysachharide (LPS)-mediated inflammatory responses [371-374]. Our data
interestingly shows that as primary chondrocytes are expanded on 2D, they reveal a
nuclearization of RhoA that inversely correlates with the expression of chondrogenic
markers. Similarly, we observed nuclear expression of RhoA in human fibroblasts and
HEK cells that were passaged on 2D (Figure S6.6). The mechanisms that regulate nuclear
translocation and activity of RhoA are largely unknown. However, a recent study
demonstrated that forced nuclear localization of RhoA enhanced MRTF/SRF-driven
transcription of smooth muscle cell-specific genes [375]. MRTF induction and nuclear
localization during chondrocyte dedifferentiation has been shown to regulate upregulation
of fibroblastic markers collagen 1 and tenascin C, whereas the expression of Sox-9 and
collagen 2 was unaffected [376]. Nuclear RhoA could possibly have a role in the
MRTF/SRF-induced expression of dedifferentiation markers in chondrocytes. Sox-9 and
myocardin has been shown to associate and counteract the activity of each other in
vascular smooth muscle cells [377]. Therefore, nuclear RhoA could play a role in
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myocardin-mediated suppression of Sox-9 activity and chondrogenic gene expression.
Alternatively, nuclear RhoA might have a direct inhibitory effect on Sox-9-mediated
transcription. Loss of RhoA protein and actin depolymerization has been reported to
induce the transcriptional activity of Sox-9 in a PKA-dependent mechanism [180].
Similarly, overexpression of RhoA has been shown to have an inhibitory role in Sox-9mediated chondrogenic differentiation [185]. On the other hand, the role of downstream
effectors of Rho pathway such as ROCK in regulation of chondrogenic phenotype has
been controversial. Inhibition of ROCK signaling has been shown to have contextdependent effects on chondrogenic differentiation where it induces collagen 2 expression
and glycosaminoglycan synthesis on monolayer cultures but inhibits cartilage matrix
synthesis in 3D micromass cultures of ATDC5 cells [186]. In contrast, another study
reported that inhibition of RhoA but not ROCK induces chondrogenic differentiation of
mesenchymal cells on monolayer culture [378]. Further studies showed that ROCK can
activate Sox-9 and cause an increase in chondrogenic phenotype in response to TGF-β or
mechanical stimulation [379, 380]. Our results similarly demonstrate that only direct
inhibition of Rho activation but not inhibition ROCK signaling or other downstream
effectors of Rho pathway induces redifferentiation of articular chondrocytes (Figure
S6.3). Furthermore, inhibition of Rho activation inhibits the nuclear localization of RhoA
in chondrocytes with concomitant increase in cartilage matrix deposition supporting the
possible inhibitory role of nuclear RhoA on the expression of chondrogenic markers
(Figure 6.2).
Wnt/β-catenin signaling has been shown as a negative regulator of Sox-9-driven
chondrogenesis and chondrocyte phenotype [166, 381, 382]. In line with these, we found
that chondrocyte dedifferentiation is accompanied by an upregulation of canonical Wnt
signaling and accumulation of β-catenin in a Rho-dependent manner (Figure 6.3).
Interestingly, Axin2, a target gene of the β-catenin/TCF/LEF complex, showed an
opposite response with induction of canonical Wnt signaling in chondrocytes.
Chondrocyte dedifferentiation caused a dramatic loss of Axin2 gene expression in a Rhomediated way where it was rescued when Rho was inhibited with CT04 treatment or 3D
culturing of chondrocytes. Axin2 protein on the other hand showed nuclear localization in
dedifferentiated chondrocytes compared to chondrocytes embedded in native cartilage
matrix which was also Rho-mediated. Such nuclearization of Axin2 and RhoA in
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dedifferentiated chondrocytes with a concomitant suppression of Axin2 gene expression
hints to a possibility of an auto-regulation by nuclear Axin2 of its expression in a Rhomediated manner. Axins have been shown to enhance TGF-β signaling in chondrocytes
and mediate a cross-talk between TGF-β and Wnt/β-catenin pathways [383]. Furthermore,
collagen 2 was found to be suppressed in Axin2-deficient mice with an increase in
collagen 10 and chondrocyte hypertrophy indicating that Axin2 acts as a regulator of
chondrogenic phenotype [384]. Our results demonstrate that Axin2 expression correlates
with the native articular chondrocyte phenotype and is suppressed in a Rho-dependent
manner during dedifferentiation despite of an induction of Wnt/β-catenin signaling.
YAP/TAZ has been recently included in the effectors of canonical Wnt signaling
and its role in Wnt-mediated cellular phenomena has drawn much attention since then
[357]. We therefore investigated the role of YAP/TAZ in regulation of chondrocyte
phenotype and its Wnt-driven activation in chondrocytes. YAP/TAZ has been established
to be important mediators of mechanotransduction regulated by ECM rigidity and cell
shape in a Rho GTPase-dependent manner [364]. Furthermore, integrin and Rhomediated YAP/TAZ nuclearization and transcriptional activity have been found to inhibit
chondrogenesis and favor osteogenesis in stem cells [385]. Rho-dependent YAP
activation similarly has been reported for chondrocyte responses to mechanical stimuli
[386, 387]. In line with these previous reports, we found that chondrocyte
dedifferentiation mediated by Rho activation caused a similar activation and nuclear
localization of YAP/TAZ and expression of target genes (Figure 6.4). Moreover,
chondrocyte redifferentiation via CT04 treatment or 3D culturing is accompanied by
suppression of YAP/TAZ nuclearization and transcriptional activity.
We then investigated the effect of upstream induction of Wnt signaling in Rhomediated loss of chondrocyte phenotype. Rho GTPases have been widely shown to be
inducible by Wnt signals such as Wnt3a to regulate processes such as cell motility
through noncanonical signaling in cells [358]. On the other hand, few studies have drawn
attention to the regulation of canonical Wnt/β-catenin signaling via Wnt-induced
activation of Rho GTPases. Such mediation of canonical pathway via activated RhoA to
induce osteoblastic differentiation of mesenchymal stem cells has been reported.
Furthermore, it has been demonstrated that RhoA activation did not affect the
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stabilization and nuclear localization of β-catenin but acted down-stream on the
expression of β-catenin target genes [361]. In contrast, another study revealed that
activation of the Rho GTPase Rac1 controls canonical signaling via enabling nuclear
localization of β-catenin [362]. Similarly, Rho-mediated YAP/TAZ activation in the
conveyance of Wnt signaling has been addressed recently. In this alternative YAP/TAZ
signaling, Wnt signals Wnt-5a/b and Wnt3a have been reported to activate Rho which led
to the activation of YAP/TAZ and transcription of target genes [388]. We found that
Wnt3a induces RhoA in chondrocytes and causes nuclearization of RhoA even in the
presence of CT04 (Figure 6.5). Induction of Wnt3a completely abrogates chondrogenic
redifferentiation in a context-independent manner. β-catenin accumulation and expression
of target gene Axin2 was observed in Wnt3a-treated chondrocytes both on 2D and in 3D.
Interestingly, Axin2 gene expression could be induced both via suppression of Rho with
CT04 treatment leading to redifferentiation and via Wnt3a treatment leading to activation
of Rho and dedifferentiation. On the other hand, Wnt3a treatment only caused a slight
increase of YAP/TAZ target genes on 2D and a decrease in 3D where both cases were
accompanied by a loss of chondrogenic markers. Therefore, we focused on the Rhomediated upregulation of β-catenin as a negative regulator of chondrocyte phenotype. We
induced canonical Wnt signaling in chondrocytes with LiCl treatment and found that it
has context-dependent effects on the expression of chondrogenic markers (Figure 6.6). In
the Rho-active state on 2D, LiCl treatment leads to further loss of collagen 2 and
aggrecan whereas in the Rho-inactive state, either on 2D with CT04 treatment or in 3D
hydrogels, LiCl causes a potent enhancement in redifferentiation. Interestingly, LiCl
treatment caused an upregulation of total RhoA protein in chondrocytes on 2D or in 3D,
however, nuclearization of RhoA was inhibited when the cells were treated with CT04 or
cultured in 3D hydrogels correlating with the expression of chondrogenic markers. These
context-dependent effects of LiCl could explain controversies in literature on the role of
canonical Wnt signaling in regulating chondrocyte phenotype and homeostasis in a
positive [389, 390] or negative [166] manner.
In this study, we investigated the role and cross-talk of Rho and Wnt signaling in
the regulation of chondrocyte phenotype (Figure 6.7). We demonstrated that chondrocyte
dedifferentiation is marked by an upregulation and nuclear localization of RhoA which
leads to activation of canonical Wnt signaling. Inhibition of Rho activation induces potent
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redifferentiation of chondrocytes on 2D and in 3D accompanied by a loss of nuclear
localization of RhoA and canonical Wnt targets. Our findings demonstrate that induction
of upstream Wnt signaling leads to a complete loss of chondrocyte phenotype, however,
promotion of canonical Wnt signaling has different effects on chondrocytes depending on
the culturing conditions and activation of Rho. These results emphasize the contextdependent differences in signaling events governing cellular phenomena. Consideration
of the effect of culturing conditions on the biological responses comprises an important
aspect for the reliable use of therapeutic molecules within engineered scaffolds.
Therefore, future studies will be needed for a deeper understanding of the mechanism of
RhoA nuclearization and activation of canonical Wnt signaling effectors and their role in
the loss of chondrogenic markers in relevant contexts.

Figure 6.7: Scheme summarizing the cellular events of chondrocyte dedifferentiation and
redifferentiation induced by inhibition of Rho via CT04 treatment or 3D culturing of
chondrocytes. (A) Monolayer expansion of chondrocytes leads to dedifferentiation with a
concomitant upregulation and nuclear localization of RhoA. Canonical Wnt signaling effectors βcatenin and YAP/TAZ are activated in a Rho-dependent manner in dedifferentiated chondrocytes.
Treatment of chondrocytes with CT04 or culturing them in 3D hydrogels leads to a downregulation of RhoA and inhibition of its nuclearization that is accompanied by an increase in the
expression of chondrogenic markers and suppression of canonical Wnt signaling. (B) Wnt3a
treatment causes a loss of chondrogenic redifferentiation in all contexts. Induction of canonical
Wnt signaling with LiCl leads to a loss of chondrocyte markers on 2D in the Rho-active state,
however, it enhances redifferentiation in chondrocytes treated with CT04 on 2D or chondrocytes
cultured in 3D.
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6.5 Supplementary Information

Figure S6.1: Chondrocyte dedifferentiation on 2D. (A) Imaging of collagen 2 (green), collagen 1
(green) immunofluorescence of native cartilage sections and isolated chondrocytes expanded on
2D. Phalloidin-rhodamine (red) was used for actin staining. Scale bar: 100 µm. (B) mRNA
expression of collagen 2 and collagen 1 of chondrocytes at increasing passages. Data is
represented as mean ± s.d. for n=3; ***: p<0.001, ****: p<0.0001 when compared to p0; #:
p<0.05, ##: p<0.01 when compared to p1.
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Figure S6.2: Effect of CT04 on collagen 1 and aggrecan expression. (A) mRNA expression of
collagen 1 and (B) aggrecan of chondrocytes on 2D in response to CT04 treatment at different
concentrations. Data is represented as mean ± s.d. for n=3.
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Figure S6.3: Inhibition of effectors of Rho pathway in chondrocytes. (A) A scheme of the Rho
signaling pathway and the inhibitors used in the study. (B) Alcian blue staining of passage 3
chondrocytes cultured for 7 days in the absence (control) or presence of several small molecule
inhibitors targeting different proteins in the Rho signaling pathway (CT04: C3 transferase,
inhibits ADP-ribosylation and activation of Rho GTPases; Y-27632: ROCK inhibitor;
blebbistatin: myosin II inhibitor; ML-9: myosin light chain kinase inhibitor; SMIFH2: formin
inhibitor; CCG1423: inhibits nuclearization of MRTF; CK-666: Arp2/3 inhibitor; Rhosin: binds
to guanine nucleotide exchange factors (Rho GEFs) and inhibits their binding to RhoA; calpeptin:
activator of Rho GTPases, negatively regulates Rho GAP activity and hence Rho inactivation).
Concentrations used for the drugs: CT04 (0.3 μg/ml), Y-27632 (10 μM), blebbistatin (10 μM),
ML-9 (10 μM), SMIFH2 (20 μM), CCG1423 (25 μM), CK-666 (100 μM), rhosin (30 μM),
calpeptin (5 μM). Scale bar: 50 µm.
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Figure S6.4: Inhibition of non-canonical Wnt signaling in chondrocytes. Alcian blue staining of
passage 3 chondrocytes cultured in the absence (control) or presence of KN-93 (5 μM), an
inhibitor of the non-canonical Wnt signaling pathway, for 7 days. Scale bar: 50 µm.

Figure S6.5: Expression of YAP/TAZ targets in response to LiCl treatment. (A) mRNA
expression of CTGF and ANKRD1 of chondrocytes on 2D and (B) in alginate with LiCl
treatment. Data is represented as mean ± s.d. for n=3; ***: p<0.001 when compared to 2D
control. (C) Western blot showing TAZ protein expression in chondrocytes treated with CT04 in
response to LiCl on 2D. (When extra lanes were removed in the blots, it is indicated with black
line separation.)
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Figure S6.6: RhoA expression in passaged NHDFs and HEK cells. Immunofluorescence imaging
of RhoA (red) of passaged normal human dermal fibroblasts (NHDFs) (passage 7) (PromoCell, C12350) and human embryonic kidney (HEK293) cells (passage 9) cultured on 2D. DAPI (blue)
was used for nuclei staining. Scale bar: 50 µm.
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Abstract
Cartilage tissue is highly hypoxic which has been shown to be an important factor
for regulating chondrocyte phenotype via stabilization of HIF-1a. In this study, we
investigated the role of hypoxia and HIF stabilization in regulation of Rho and canonical
Wnt signaling in chondrocytes. Our data demonstrates that hypoxia controls the
expression of RhoA in chondrocytes in a manner which is highly dependent on culturing
conditions. Within a three-dimensional (3D) microenvironment, hypoxia suppresses
RhoA, which is essential for hypoxia-driven expression of chondrogenic markers. On the
other hand, in 2D hypoxia leads to an upregulation of RhoA in chondrocytes and a failure
to re-express chondrogenic markers. Furthermore, similarly to RhoA, we show that
hypoxic regulation of Wnt/β-catenin signaling depends on the cellular microenvironment.
Hypoxia causes a downregulation of β-catenin within 3D hydrogels whereas it causes a
potent increase when the cells are cultured on 2D. Hypoxia-induced suppression of
canonical Wnt signaling in 3D contributes to the promotion of chondrogenic phenotype
whereas induction of Wnt signaling abrogates the hypoxic redifferentiation of
chondrocytes. Inhibiting Wnt/β-catenin signaling via stabilization of Axin2 leads to a
synergistic enhancement of hypoxia-induced expression of chondrogenic markers. The
effects of hypoxia on the Rho and canonical Wnt signaling were found to be HIFdependent as stabilizing HIF with DFO treatment under normoxia revealed similar effects
to chondrocytes under hypoxia. The study reveals important insights on hypoxic signaling
of chondrocytes and how hypoxic conditions regulate cellular mechanisms depending on
the mechanical microenvironment.

7.1 Introduction
Articular cartilage tissue lacks vascularization and has limited access to the body’s
healing mechanisms and therefore, a low capacity for regeneration once injured or
degenerated. Current autologous cell-based cartilage repair strategies often involve in
vitro monolayer expansion of chondrocytes to achieve sufficient number of cells to be
implanted [2]. However, chondrocytes are not phenotypically stable on two-dimensional
(2D) culture and lose the expression of cartilage-specific markers such as collagen 2 and
aggrecan and adopt a fibroblastic phenotype with a concomitant upregulation of collagen
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1 [76]. Development of strategies to overcome such “dedifferentiation” and induce reexpression of chondrogenic markers in order to ensure regeneration of biochemically and
mechanically functional hyaline cartilage tissue still remains a challenge. Methods to
biomimic cartilage tissue and provide chondrocytes with cues that are present in their
native microenvironment include encapsulation in 3D hydrogels, addition of growth
factors from the TGF-β, FGF or BMP families and/or exposure of the chondrocytes to
native oxygen levels [79, 391, 392].
Due to the avascular structure of cartilage tissue, chondrocytes reside in a hypoxic
microenvironment with an oxygen content ranging from 10% O2 in the superficial zone to
1% O2 in the deep zone and adapt metabolically to chronic hypoxia [191]. Cultivation of
cells under hypoxic conditions has been shown to stimulate redifferentiation of
chondrocytes [393-396] as well as regulate expression of zonal cartilage markers such as
superficial zone protein [397]. Furthermore, hypoxia has been reported to promote both
Sox-9-mediated chondrogenic differentiation of stem cells [197, 398] and inhibit
chondrocyte hypertrophy [194, 195, 199]. Cells respond to hypoxia through hypoxiainducible factors (HIF), which constitute of a stable β subunit and an oxygen-controlled α
subunit. Under normoxic conditions, the HIF-α subunit gets hydroxylated via prolyl
hydroxylases (PHDs) which targets it to proteosomal degradation whereas under hypoxia,
HIF-α is stabilized, complexes with its β subunit and drives the expression of its targets
[192]. All the known HIFs (HIF-1α, 2α and 3α) are involved in the hypoxia-mediated
regulation of chondrogenic phenotype. HIF-1α has been shown to be a critical survival
factor for chondrocytes during development [193], induces expression of cartilage
markers in chondrocytes [201, 202] and suppresses expression of fibroblastic markers
[203]. The role of HIF-2α, on the other hand, has been more controversial, where it has
been shown to induce cartilage matrix production and anabolism [204, 205] as well as
chondrocyte hypertrophy and catabolism [399]. Recently, HIF-3α has also been attributed
a role in the hypoxic-regulation of cartilage markers [206].
Besides the involvement and mediation of hypoxic redifferentiation by HIFs, other
signaling mechanisms that are involved in the maintenance of chondrogenic phenotype
under hypoxia remain largely unknown. Here, we investigated two signaling pathways
known to negatively regulate chondrocyte phenotype, RhoA [180] and canonical Wnt
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signaling [166] pathways, in chondrocytes under hypoxic conditions. We hypothesized
that hypoxia could suppress these signaling pathways in chondrocytes and we explored a
possible role of the hypoxic regulation of these pathways in the induction of the reexpression of cartilage markers. This study aims at deepening the current knowledge on
hypoxic signaling mechanisms in chondrocytes that would lead to improvement of cellbased cartilage repair strategies.

7.2 Materials and Methods
7.2.1 Chondrocyte isolation and culture
Articular cartilage was removed from the knee joint of cows (1-2 years old, n=3)
with a sterile blade and minced. Cartilage pieces were washed with DMEM (Glutamax,
high glucose) (Life Technologies) supplemented with 1% penicillin-streptomycin (P/S)
(Gibco) and digested with 0.1% collagenase (Sigma) in DMEM supplemented with 5%
fetal bovine serum (FBS) (Life Technologies) for 5h at 37˚C with gentle shaking.
Digested tissue was filtered with a 100 µm and then a 40 µm cell strainer followed by
centrifugation at 500 g for 10 min and washed twice with culture medium (DMEM
supplemented with 10% FBS and 50 µg/ml L-Ascorbic acid -2-phosphate (Sigma)).
Chondrocytes were seeded in culture medium at a density of 5,000 cells/cm2 and medium
was changed every 2-3 days. Cells were passaged at 80-90% confluence up to passage
three.
7.2.2 Redifferentiation of chondrocytes
At passage 3, the chondrocytes were either seeded onto tissue culture plastic (2D)
or encapsulated into alginate hydrogels (3D). For 2D cultures, chondrocytes were seeded
in culture medium at a density of 5,000 cells/cm2. For 3D encapsulation, chondrocyte
suspension was mixed with sterile-filtered alginate (Novamatrix) solution in 150 mM
NaCl at a final polymer concentration of 1% (w/v) and cell density of 6 x 106 cells/ml. 30
µl discs of the mixture were pipetted onto gel casters and gelled in a 100 mM CaCl2 bath
for 10 min. Chondrocytes on 2D or in alginate gels were cultured for in control medium
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or culture medium with the indicated drug treatments and cultured for 7 days under
normoxic (21% O2) or hypoxic (1% O2) conditions.
7.2.3 Drugs treatments used for the redifferentiation experiments
Chondrocyte culture medium was supplemented with the following drugs at the
indicated concentrations: deferoxamine (DFO) (150 μM), YC-1 (10 μM), calpeptin (5
μM), lithium chloride (50 μM), IWR-1 (5 μM). All the drugs were purchased from Sigma.
Wnt3a-conditioned medium was produced as previously reported [Sato,2011] and used
by mixing 1:1 with chondrocyte culture medium.
7.2.4 Western blotting
For 2D samples, RIPA buffer with protease inhibitors (Sigma) was pipetted onto the
cell monolayer, incubated on ice for 15 min and the lysate was removed with a scraper.
For 3D samples, alginate gels were washed twice with 150 mM NaCl/5 mM CaCl2 and
stored at -80˚C. Then, the frozen hydrogels were homogenized with an electrical pestle in
RIPA buffer with protease inhibitors and incubated on ice for 30 minutes. Both 2D and
3D samples were then centrifuged at 10’000 g for 15min, the supernatant was collected
and the protein concentration was determined by Bradford assay (Bio-Rad). The samples
were diluted with Laemmli buffer and RIPA and were kept at 95˚C for 5 min. 10-15 µg
protein was loaded in pre-casted 4-12% Bis-Tris gels (Life Technologies) and run for 35
min at 125 V followed by transferring onto a nitrocellulose membrane for 1h at 25 V. The
membrane was washed twice with ddH2O, stained with Ponceau S (Sigma) for protein
visualization and washed three times with tris-buffered saline with tween-20 (TBST)
buffer. The membrane was blocked with 5% BSA for 1h at RT and incubated with
primary antibody overnight at 4˚C. The membrane was then washed four times with
TBST for 8 minutes and incubated with the secondary antibody for 1h at RT, washed
again

and

visualized

with

Clarity

Western

ECL

Substrate

(Bio-Rad)

for

chemiluminescence. The primary antibodies used were anti-β-catenin (Abcam, ab32572;
1:1000), anti-RhoA (Santa Cruz, SC-418; 1:200), anti-actin (Sigma, A2066; 1:1000) and
anti-GAPDH (Cell Signaling, 2118S; 1:1000). The secondary antibodies used were antirabbit-HRP (Cell Signaling, 7074; 1:1000) and anti-mouse-HRP (Cell Signaling, 7076;
1:1000).
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7.2.5 Real-time quantitative PCR
For the 2D samples, lysis buffer (Macherey-Nagel AG) was added on the cells; the
lysate was removed with a scraper and collected. For the 3D samples, alginate gels were
collected, frozen and homogenized with an electrical pestle in lysis buffer. RNA was
isolated with the NucleoSpin miRNA kit (Macherey-Nagel AG) according to the
manufacturer’s instructions. RNA concentration was determined with a plate reader
(Tek3 plate, Synergy, BioTek, Inc.). RNA was reverse transcribed and cDNA was
amplified by quantitative real-time PCR (StepOnePlus, Applied Biosystems). Ribosomal
protein L13 (RPL13a) was used as endogenous reference gene and fold change was
quantified with the ΔΔCt method. The bovine primers listed in Table 7.1 were used in the
study.
Gene

Name

Primer sequence (5‘-3‘)

RPL13a

Ribosomal protein L13a

F- GCCAAGATCCACTATCGGAAA
R- AGGACCTCTGTGAATTTGCC

COL2A1

Collagen 2

F- GGCCAGCGTCCCCAAGAA
R- AGCAGGCGCAGGAAGGTCAT

COL1A2

Collagen 1

F- CGAGGGCAACAGCAGATTCACTTA
R- GCAGGCGAGATGGCTTGTTTG

ACAN

Aggrecan

F- GGGAGGAGACGACTGCAATC
R- CCCATTCCGTCTTGTTTTCTG

RHOA

Ras homolog gene family
Member A

F- TGTATGTCCCTACGGTGTTTG
R- CGATCATAATCTTCCTCGCCAG

CCND1

Cyclin D1

F- TTACACTGACAACTCCATCCG
R- CATCTTGGAGAGGAAGTGCTC

AXIN2

Axin-2

F- GAACCTGAAGGATCGCAAAA
R- GGTTTCAGCTGCTTGGAGAC

Table 7.1: List of bovine primers used in the study.
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7.2.6 Immunohistochemisty
For the 2D samples, the cells were washed with PBS and fixed with 4%
formaldehyde with 0.1% Triton-X in PBS for 20 min at 4˚C. The samples were washed
again twice with PBS and blocked 1h with 5% BSA at RT followed by incubation with
primary antibody overnight at 4˚C. Next, the samples were washed with PBS, incubated
with secondary antibody for 1h at RT, washed again with PBS, stained with DAPI and
phalloidin-rhodamine for 15 min and imaged with fluorescence microscopy. For the 3D
samples, alginate gels were fixed with 4% formaldehyde (Sigma) with 0.1% Triton-X
(Sigma) in PBS for 1h at 4˚C and washed twice with 150 mM NaCl/5 mM CaCl2. Then,
the gels were kept in a 1:1 mixture of PBS and optimum cutting temperature compound
(OCT, VWR) for 2h at RT and then embedded in OCT overnight. The samples were
frozen on dry ice and cut with a cryotome (CryoStar NX70, ThermoScientific) into 5 µm
sections. The sections were washed with PBS and blocked with 5% BSA for 1h at RT
followed by incubation with primary antibody in 1% BSA overnight at 4˚C. Next, the
sections were washed in PBS, incubated with the secondary antibody in 1% BSA for 1h at
RT, washed again and stained with DAPI for 15 min at RT. Then, the sections were
mounted with aqueous mounting media (Vector Laboratories) and imaged with
fluorescence microscopy. The primary antibodies used were anti-collagen 2 (II-II6B3,
DSHB, 1:20), anti-collagen 1 (Abcam, ab6308, 1:200), anti-RhoA (Santa Cruz, SC-418;
1:200) and anti-Axin2 (Sigma, SAB3500619; 1:200). The secondary antibodies used were
AlexaFluor 488 goat anti-mouse IgG and goat anti-rabbit IgG (Life Technologies,
A10680, A11008, 1:300).
7.2.7 Alcian blue staining
Both 2D samples and sections of 3D samples were washed with ddH2O and
incubated with 3% acetic acid (Sigma) for 10 minutes. Then, the samples were incubated
with alcian blue solution (Sigma) for 20 minutes, washed with ddH2O followed by
imaging with light microscopy.
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7.2.8 Statistical analysis
Quantitative data are represented as mean ± standard deviation (s.d.) and obtained
from three independent experiments. Analysis of variance (ANOVA) with Tukey’s and
Bonferonni’s post-hoc tests were performed for statistical analyses and p values less than
0.05 were considered as statistically significant.

7.3 Results
7.3.1 Hypoxia promotes potent chondrocyte redifferentiation only within a 3D
environment and in a HIF-dependent manner
Passaged chondrocytes were cultured either in alginate hydrogels (3D) or on tissue
culture plastic (2D) under normoxic (21% O2) or hypoxic (1% O2) conditions for 7 days.
Expression of markers of chondrocyte phenotype such as collagen 2 and aggrecan as well
as the dedifferentiation marker collagen 1 were assessed. In 3D hydrogels, collagen 2
(386.3 ± 61.1 fold) and aggrecan (6.1 ± 0.12 fold) gene expression showed a potent
increase in response to hypoxia whereas collagen 1 expression showed a slight but
significant decrease (Figure 7.1A). On the other hand, when chondrocytes were cultured
on 2D, the chondrogenic effect of hypoxia decreased drastically and only a minor
increase in collagen 2 and aggrecan gene expression was observed. Furthermore,
expression of collagen 1 mRNA increased significantly in 2D (Figure 1A). Deposition of
collagen 2 and collagen 1 was monitored by immunostaining and glycosaminoglycan
(GAG) deposition was detected by alcian blue staining. In line with the gene expression
data, collagen 2 deposition in chondrocytes was strongly enhanced by hypoxia in 3D
hydrogels (Figure 7.1B). Chondrocytes cultured under normoxic conditions were
observed to deposit high amounts of collagen 1 which was suppressed under hypoxia.
Alcian blue staining similarly demonstrated that hypoxic culturing conditions highly
promoted GAG deposition in chondrocytes (Figure 7.1B). On 2D, however, collagen 2
and collagen 1 deposition in chondrocytes cultured under normoxia and hypoxia did not
show a big difference which correlated with the gene expression data (Figure S7.1).
These results indicate that 3D culturing and hypoxic microenvironment exert a synergistic
effect on the re-expression of cartilage-specific markers in passaged chondrocytes.
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We next investigated the HIF-dependence of the chondrogenic effect of 3D
culturing under hypoxia. For this, we treated chondrocytes with deferoxamine (DFO) to
stabilize HIFs under normoxic conditions or with YC-1 to destabilize HIFs under hypoxic
conditions (Figure S7.2). DFO treatment of chondrocytes in 3D caused a strong increase
in collagen 2 expression (36.4 ± 4.17 fold) under normoxic conditions. Aggrecan
expression similarly showed a significant increase (2.1 ± 0.26 fold) whereas expression of
collagen 1 decreased (Figure 7.1C). On the other hand, YC-1 treatment under hypoxia
suppressed the chondrogenic effect of hypoxia on chondrocytes with a drastic loss of
collagen 2 expression and a significant decrease in aggrecan expression. Interestingly,
collagen 1 gene expression also showed a decrease in response to YC-1 treatment in
chondrocytes (Figure 7.1C). Immunofluorescence similarly showed an increase of
collagen 2 deposition and a decrease in collagen 1 in DFO-treated chondrocytes in 3D
under normoxia compared to non-treated controls (Figure 7.1D). Under hypoxia, YC-1
treatment caused a potent loss of collagen 2 as well as GAG deposition of chondrocytes
in 3D hydrogels (Figure 7.1D). On 2D, HIF stabilization under normoxia with DFO
treatment caused an increase in collagen 2 gene expression even further than hypoxia and
collagen 1 expression was suppressed whereas HIF destabilization under hypoxia with
YC-1 treatment caused a slight decrease in all markers on 2D (Figure S7.3).
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Figure 7.1: Hypoxia induces chondrogenic redifferentiation potently within a 3D context and in a
HIF-dependent manner. (A) mRNA expression of collagen 2, collagen 1 and aggrecan of
chondrocytes cultured in 3D alginate hydrogels or on 2D under normoxia (21% O 2) or hypoxia
(1% O2) for 7 days. *: p<0.05, ***: p<0.001 when compared to the normoxia sample. (B)
Immunofluorescence imaging of collagen 2 (green) and collagen 1 (red) and alcian blue staining
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of chondrocytes in 3D alginate hydrogels under normoxia or hypoxia. DAPI (blue) was used for
nuclei staining. Scale bar: 100 µm. (C) mRNA expression of collagen 2, collagen 1 and aggrecan
of chondrocytes in 3D under normoxia with DFO (150 µM) treatment or under hypoxia with YC1 (10 µM) treatment. **: p<0.01, ***: p<0.001 when compared to the hypoxia sample. (D)
Immunofluorescence imaging of collagen 2 (green) and collagen 1 (red) and alcian blue staining
of chondrocytes in 3D under normoxia with DFO (150 µM) treatment or under hypoxia with YC1 (10 µM) treatment. Scale bar: 100 µm.

7.3.2 Hypoxia regulates RhoA differently in chondrocytes depending on the
culturing conditions
After observing a synergistic effect of hypoxia and 3D culturing on chondrocyte
redifferentiation, we monitored the expression of cytoskeletal regulator RhoA in
chondrocytes under the different oxygen conditions. In 3D hydrogels, hypoxia caused a
suppression of RhoA protein in chondrocytes. This suppression was found to be HIFdependent as similar downregulation of RhoA was observed under normoxia when the
chondrocytes were treated with DFO (Figure 7.2A, B). RhoA mRNA expression also
slightly decreased in response to hypoxia or DFO treatment under normoxia in
chondrocytes encapsulated in 3D hydrogels (Figure 7.2C). Surprisingly, when the
chondrocytes were cultured on 2D, hypoxia induced a strong increase in RhoA protein
levels (Figure 7.2D, E). Under normoxic conditions, HIF stabilization with DFO
treatment caused a similar effect on RhoA protein however the increase was less
pronounced than hypoxia (Figure 7.2D).
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Figure 7.2: Hypoxia regulates RhoA differently depending on the culturing conditions in a HIFmediated manner. (A) Western blot showing total RhoA protein in chondrocytes in 3D under
hypoxia, normoxia and normoxia with DFO (150 µM) treatment. Actin was used as the loading
control. (B) Immunofluorescence imaging of RhoA (green) and (C) mRNA expression of RhoA
in chondrocytes in 3D under hypoxia, normoxia and normoxia with DFO (150 µM) treatment. *:
p<0.05, when compared to normoxia. (D) Western blot showing total RhoA protein in
chondrocytes on 2D under hypoxia, normoxia and normoxia with DFO (150 µM) treatment. Actin
was used as the loading control. (E) Immunofluorescence imaging of RhoA (green) in
chondrocytes on 2D under hypoxia, normoxia and normoxia with DFO (150 µM) treatment. Scale
bar: 50 µm.

7.3.3 Activation of RhoA in 3D hinders the hypoxia-induced redifferentiation of
chondrocytes
We then investigated the contribution of hypoxia-induced suppression of RhoA in
the redifferentiation of chondrocytes. We treated chondrocytes with a Rho activator,
calpeptin, under hypoxic conditions in 3D and examined the expression of chondrogenic
markers. Calpeptin treatment led to an upregulation of RhoA under both hypoxic and
normoxic conditions in chondrocytes in 3D (Figure S7.4A). Furthermore, a strong
decrease in the hypoxia-induced gene expression of collagen 2 and aggrecan were
observed in response to induction of Rho activation in 3D (Figure 7.3A). Similarly,
calpeptin treatment hindered the redifferentiation induced by HIF stabilization under
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normoxic conditions with DFO treatment (Figure 7.3B). Moreover, a slight but significant
increase in collagen 1 gene expression was observed due to Rho induction in DFO-treated
chondrocytes (Figure 7.3B). Interestingly, on 2D, calpeptin treatment under hypoxia or
under normoxia in the presence of DFO did not lead to significant changes in the
expression of chondrogenic markers (Figure S7.4B). In line with the gene expression
results, immunofluorescence and alcian blue stainings of chondrocytes in 3D showed that
collagen 2 and GAG deposition was suppressed due to calpeptin treatment under both
hypoxic conditions and under normoxia with DFO treatment (Figure 7.3C, D). On the
other hand, collagen 1 deposition seemed unaffected by the upregulation of Rho in
chondrocytes in 3D and HIF-stable conditions (Figure 7.3C, D). These results indicate
that hypoxia or hypoxia-mimicking with DFO induce redifferentiation of chondrocytes in
3D at least partly via suppression of Rho in a HIF-dependent manner.
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Figure 7.3: Promoting RhoA signaling diminishes hypoxia-induced redifferentiation of
chondrocytes. (A) mRNA expression of collagen 2, collagen 1 and aggrecan of chondrocytes
cultured in 3D under hypoxia with or without calpeptin (5 μM) treatment. ***: p<0.001, when
compared to hypoxia. (B) mRNA expression of collagen 2, collagen 1 and aggrecan of
chondrocytes cultured in 3D under normoxia with DFO (150 μM) or DFO and calpeptin (5 μM)
treatment. *: p<0.05, **: p<0.01 when compared to normoxia with DFO only. (C)
Immunofluorescence imaging of collagen 2 (green) and collagen 1 (red) and alcian blue staining
of chondrocytes in 3D under hypoxia with or without calpeptin (5 μM) treatment. (D)
Immunofluorescence imaging of collagen 2 (green) and collagen 1 (red) and alcian blue staining
of chondrocytes in 3D under normoxia with DFO (150 μM) or DFO and calpeptin (5 μM)
treatment. Scale bar: 100 µm.
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7.3.4 Hypoxia causes a HIF-dependent suppression of β-catenin in 3D and induction
in 2D-cultured chondrocytes
We next explored the effect of hypoxia on Wnt/β-catenin signaling in chondrocytes
under different culturing conditions. Hypoxia induced a potent suppression of β-catenin in
chondrocytes in 3D hydrogels. Under normoxic conditions with DFO treatment, a similar
loss of β-catenin protein levels was observed indicating that the effect was HIF-mediated
(Figure 7.4A). Interestingly, when the chondrocytes were cultured on 2D, hypoxia caused
a strong increase of β-catenin protein levels in chondrocytes. DFO treatment under
normoxia, on the other hand, caused a slight upregulation of β-catenin on 2D (Figure
7.4A). We then looked into the expression of the target genes of Wnt/β-catenin pathway
under different oxygen and culturing conditions. In line with the β-catenin protein levels,
hypoxia or normoxia in the presence of DFO caused a downregulation of the target gene
cyclin D1 (CCND1) inchondrocytes in 3D hydrogels (Figure 7.4B). Similarly, CCND1
gene expression was upregulated under hypoxia or under normoxia with DFO in
chondrocytes cultured on 2D (Figure 7.4B). Contrarily, another target gene, Axin2, was
strongly upregulated under hypoxia in chondrocytes cultured in 3D hydrogels, however,
no such upregulation was observed in response to DFO treatment under normoxia (Figure
7.4C). Immunofluorescence for Axin2 protein demonstrated a consistent trend to the gene
expression data (Figure 7.4D). On the other hand, Axin2 gene expression in chondrocytes
cultured on 2D did not show a significant difference with changing oxygen conditions or
HIF stability (Figure 7.4C).
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Figure 7.4: Hypoxia regulates β-catenin differently depending on the culturing conditions in a
HIF-mediated manner. (A) Western blot showing β-catenin protein in chondrocytes in 3D and on
2D under hypoxia, normoxia and normoxia with DFO (150 µM) treatment. Actin and GAPDH
was used as the loading control. (B) mRNA expression of CCND1 and (C) Axin2 in chondrocytes
in 3D or on 2D under hypoxia, normoxia and normoxia with DFO (150 µM) treatment. *: p<0.05,
***: p<0.001 when compared to normoxia. (D) Immunofluorescence imaging of Axin2 (green) in
chondrocytes in 3D under hypoxia, normoxia and normoxia with DFO (150 µM) treatment. Scale
bar: 50 µm.
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7.3.5 Induction of Wnt signaling impedes hypoxia-induced redifferentiation of
chondrocytes
In order to assess the involvement of β-catenin suppression in induction of
chondrogenic redifferentiation under hypoxia in 3D, we next investigated the effect of
manipulation of Wnt signaling on the expression of cartilage markers. First, we cultured
chondrocytes in Wnt3a-conditioned medium under hypoxic conditions in 3D hydrogels.
Upstream induction of Wnt signaling and β-catenin abrogated the hypoxia-mediated
redifferentiation with a loss of collagen 2 and aggrecan gene expression and no effect on
collagen 1 expression (Figure 7.5A, B). Collagen 2 and GAG deposition were also
suppressed with Wnt3a treatment (Figure 7.5C). Then, we studied the effect of inducing
canonical Wnt signaling in chondrocytes via inhibition of the β-catenin destruction
complex with LiCl treatment. LiCl caused a strong increase in β-catenin protein levels in
chondrocytes under hypoxic conditions in 3D and a significant decrease in the gene
expression of cartilage markers collagen 2 and aggrecan (Figure 7.5A, B). Hypoxiainduced deposition of collagen 2 and GAGs were also lost in response to LiCl (Figure
7.5C). LiCl treatment also caused an increase in β-catenin protein in chondrocytes under
normoxia in the presence of DFO (Figure S7.5A). Similarly, induction of β-catenin with
LiCl dampened the DFO-mediated chondrogenic redifferentiation of chondrocytes in 3D
(Figure S7.5B, C). As we found that hypoxia caused a strong increase in Axin2
expression, we treated chondrocytes with a stabilizer of Axin2 to investigate its effect on
redifferentiation. IWR-1 has been identified as an inhibitor of canonical Wnt signaling
through stabilizing Axin2 and leading to degradation of β-catenin. IWR-1 treatment of
chondrocytes caused a further increase in the gene expression of collagen 2 and aggrecan
under hypoxic conditions whereas collagen 1 expression demonstrated a significant
decrease (Figure 7.5A). However, β-catenin protein levels were unaffected in
chondrocytes in response to IWR-1 treatment under hypoxia (Figure 7.5B). Consistent
with the gene expression, IWR-1 treatment reinforced the hypoxia-induced collagen 2 and
GAG deposition in chondrocytes (Figure 7.5C). These results demonstrate that induction
of Wnt signaling suppresses while inhibition of canonical Wnt signaling enhances the
hypoxia-mediated redifferentiation of chondrocytes in 3D. Therefore, hypoxia-induced
suppression of β-catenin within 3D microenvironment contributes to the regulation of
chondrocyte phenotype.
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Figure 7.5: Induction of Wnt signaling suppresses whereas inhibition enhances hypoxia-induced
redifferentiation of chondrocytes. (A) mRNA expression of collagen 2, collagen 1 and aggrecan
of chondrocytes cultured in 3D under hypoxia with Wnt3a, LiCl (50 µM) and IWR-1 (5 µM)
treatments. *: p<0.05, **: p<0.01, ***: p<0.001 when compared to hypoxia control. (B) Western
blots showing β-catenin protein in chondrocytes in 3D under hypoxia with Wnt3a, LiCl and IWR1 treatments. Actin was used as the loading control. (C) Immunofluorescence imaging of collagen
2 (green) and collagen 1 (red) and alcian blue staining of chondrocytes in 3D under hypoxia with
Wnt3a, LiCl and IWR-1 treatments. Scale bar: 100 µm.

7.4 Discussion
Autologous cell-based cartilage therapies are challenged the dedifferentiation which
occurs after monolayer expansion and hinders reconstruction of cartilage-specific matrix.
Understanding the signaling mechanisms that regulate de- and redifferentiation of
chondrocytes is crucial to improve the outcome current therapeutic approaches. Hypoxia
is a strong inducer of chondrocyte phenotype through stabilization of HIFs, however, the
hypoxia-induced down-stream signaling pathways that regulate the expression of
chondrogenic markers are largely unknown. In this work, we demonstrate the hypoxic
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regulation of Rho and canonical Wnt pathway in a context-dependent manner in
chondrocytes and their role in the maintenance of the chondrogenic phenotype.
Our data shows that hypoxia induces chondrocyte redifferentiation in synergy with
3D culturing in line with previous reports [395, 400]. Hypoxic induction of chondrogenic
markers is HIF-dependent as hypoxia mimicking via stabilization of HIF under normoxic
conditions leads to a similar induction of redifferentiation, whereas destabilizing HIF
under hypoxia abrogates the expression of chondrogenic markers. HIF-1α has been shown
to be a crucial factor in cartilage development that regulates chondrocyte proliferation and
cartilage matrix formation [193, 401] as well as during redifferentiation of chondrocytes
[203]. Similarly, HIF-2α has also been reported to mediate hypoxic redifferentiation via
inducing Sox-9-driven expression of chondrocyte markers [204]. However, we found that
hypoxia-induced stabilization of HIFs leads to potent expression of collagen 2 and
aggrecan and suppresses collagen 1 only in 3D whereas on 2D, chondrogenic markers are
mainly unaffected and collagen 1 is significantly upregulated. Cellular microenvironment
and mechanosensing have been shown to be important factors for signaling of
chondrocytes [402]. 3D culturing induces cell rounding, loss of actin stress fibers and
downregulation of RhoA in chondrocytes and this loss of RhoA has been found to induce
Sox-9-mediated redifferentiation in a PKA-dependent manner [180]. Moreover, RhoA
overexpression has been shown to inhibit chondrogenic differentiation of mesenchymal
cells [185, 403]. Therefore, we hypothesized a possible involvement of RhoA in hypoxiainduced redifferentiation of chondrocytes. We investigated the effect of hypoxia on the
expression of RhoA in chondrocytes in 3D and on 2D. In 3D, chondrocytes suppress
RhoA expression on both gene and protein levels in response to hypoxia in a HIFmediated manner whereas on 2D hypoxia promotes RhoA. Hypoxia-induced effects on
RhoA have only been addressed in a few studies in literature and they exclusively
reported a positive regulation of RhoA. Hypoxia-triggered activation of RhoA signaling
was shown to induce focal adhesions and motility in breast cancer cells [404]. Another
study demonstrated upregulation of RhoA under low oxygen conditions in cardiac
myocytes leading to increased calcium channels and ischemic arrhythmias [405]. Similar
induction of RhoA by hypoxia was shown to be involved in cell spreading [406],
migration of mesenchymal cells [407], protection of neuroblastoma cells from apoptosis
[408] and morphogenic branching of lung explants [409]. Here, we show for the first time
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that hypoxia can both induce and suppress RhoA signaling in chondrocytes depending on
the cellular microenvironment. Furthermore, we found that the hypoxic inhibition of
RhoA is involved in the re-expression of chondrogenic markers in 3D under hypoxia.
RhoA signaling has been shown to have a cross-talk with Wnt signaling to regulate
a variety of cellular processes such as cell motility and differentiation [358, 361].
Induction of Wnt/β-catenin signaling via activation of RhoA has been reported to induce
osteogenic differentiation of mesenchymal cells with increased transcriptional activity of
β-catenin [361]. Furthermore, Wnt/β-catenin signaling is known to be a negative regulator
of chondrocyte phenotype and chondrogenic differentiation through inhibition of Sox-9mediated transcription [166, 381, 382]. Hence, we also investigated the hypoxic
regulation of Wnt/β-catenin pathway in chondrocytes. Similar to the regulation of RhoA,
our data show that hypoxia has differential effects on the expression of β-catenin in
chondrocytes. When the cells are cultured on 2D, hypoxia induces β-catenin whereas
suppresses it in 3D in a HIF-dependent manner. Hypoxia has been shown to induce βcatenin activation and downstream signaling in stem cells [410]. Another study reported
induction of Wnt11 in response to hypoxia to promote cellular proliferation and migration
[411]. Moreover, β-catenin and HIF-1α interaction has been shown to regulate adaptation
of tumor cells to hypoxia and drive HIF-mediated transcription [412]. On the other hand,
HIF-1α-induced inhibition of Wnt signaling has also been reported in osteoblasts to
control cell proliferation [413]. Interaction of HIF-1α and β-catenin was shown to
suppress expression of matrix metalloproteinase 13 (MMP-13) and inhibit chondrocyte
catabolism [414]. Our results show that hypoxia suppresses β-catenin signaling in
chondrocytes in 3D which positively regulates expression of chondrogenic markers.
Induction of canonical signaling in chondrocytes with Wnt3a or LiCl treatment abrogates
the hypoxia-induced redifferentiation of chondrocytes in 3D. Interestingly, when βcatenin is inhibited, Axin2, a known target of the β-catenin transcriptional activity, is
potently expressed under hypoxic conditions in 3D whereas CCND1, another β-catenin
target, is suppressed. Axin2 has been previously shown to regulate chondrocyte
phenotype, enhance TGF-β signaling, promote collagen 2 expression and inhibit
chondrocyte hypertrophy [383, 384]. Our data similarly demonstrates that an upregulation
of Axin2 gene and protein expression under hypoxia accompanies chondrocyte
redifferentiation and positively regulates chondrogenic phenotype in 3D. Furthermore,
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Axin2 stabilization with IWR-1 treatment exerts a synergistic effect with hypoxia on the
expression of chondrogenic markers and promotes chondrocyte redifferentiation even on
2D.
In summary, this study shows the role of suppression of Rho and canonical Wnt
signaling in the re-expression of chondrocyte phenotype under hypoxic conditions in 3D.
These results contribute to the understanding of hypoxic regulation of signaling events in
chondrocytes and development of new strategies for cell-based approaches in cartilage
repair. Moreover, this is the first demonstration of context-dependent regulation of RhoA
and β-catenin in response to hypoxia and HIF stabilization (Figure 7.6). Our results
emphasize the importance of taking the cellular microenvironment and 3D context into
consideration when studying regulation of signaling pathways under hypoxia. Therefore,
the implications of this study are not limited to chondrocyte signaling but include other
cellular phenomena where hypoxic signaling plays a crucial role such as stem cell
differentiation and cancer.

Figure 7.6: Scheme showing hypoxia-controlled expression of RhoA and β-catenin in
chondrocytes. On 2D, hypoxia and HIF stabilization lead to an induction of RhoA and Wnt/βcatenin signaling in chondrocytes that leads to hindered redifferentiation and upregulation of
collagen1. However, when chondrocytes are encapsulated in 3D hydrogels, RhoA and β-catenin
are suppressed in response to hypoxia in a HIF-dependent manner with potent redifferentiation of
chondrocytes marked by upregulation of collagen 2 and aggrecan.
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7.5 Supplementary Information

Figure S7.1: Effect of hypoxia on the expression of chondrogenic markers on 2D.
Immunofluorescence imaging of collagen 2 (green) and collagen 1 (green) staining of
chondrocytes on 2D under normoxia or hypoxia. DAPI (blue) was used for nuclei and phalloidin
(red) was used for actin staining. Scale bar: 100 µm.
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Figure S7.2: Stabilization of HIF-1α protein under hypoxic conditions in chondrocytes on 2D and
destabilization of HIF-1α with YC-1 (10 µM) treatment. Scale bar: 50 µm.

Figure S7.3: HIF-dependence of the expression of chondrogenic markers on 2D. (A) mRNA
expression of collagen 2, collagen 1 and aggrecan of chondrocytes on 2D under normoxia with
DFO (150 µM) treatment or under hypoxia with YC-1 (10 µM) treatment. *: p<0.05, ***:
p<0.001 when compared to normoxia or hypoxia control. (B) Immunofluorescence imaging of
collagen 2 (green) and collagen 1 (green) in chondrocytes on 2D under normoxia with DFO (150
µM) treatment or under hypoxia with YC-1 (10 µM) treatment. DAPI (blue) was used for nuclei
and phalloidin (red) was used for actin staining. Scale bar: 100 µm.
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Figure S7.4: Effect of Rho activator calpeptin on chondrocytes. (A) Western blot showing total
RhoA protein in chondrocytes in 3D under hypoxia and normoxia with or without calpeptin (5
µM) treatment. Actin was used as the loading control. (B) mRNA expression of collagen 2,
collagen 1 and aggrecan of chondrocytes cultured on 2D under hypoxia treated with or without
calpeptin (5 μM) (normalized to hypoxia control) or treated under normoxia with DFO (150 μM)
alone or DFO and calpeptin (5 μM) (normalized to normoxia control). *: p<0.05, **: p<0.01
when compared to hypoxia control.
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Figure S7.5: Effect of LiCl on the DFO-mediated suppression of β-catenin and the expression of
chondrogenic markers in 3D. (A) Western blot of β-catenin protein in chondrocytes in 3D under
normoxia, with DFO (150 μM) or DFO and LiCl (50 μM) treatment. Actin was used as the
loading control. (B) mRNA expression of collagen 2, collagen 1 and aggrecan of chondrocytes
cultured in 3D under normoxia with DFO (150 μM) or DFO and LiCl (50 μM) treatment. **:
p<0.01, ***: p<0.001 when compared to normoxia with DFO. (C) Immunofluorescence imaging
of collagen 2 (green) and collagen 1 (red) and alcian blue staining of chondrocytes in 3D under
normoxia with DFO (150 μM) or DFO and LiCl (50 μM) treatment. DAPI (blue) was used for
nuclei staining. Scale bar: 100 µm.
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Figure S7.6: Manipulation of Wnt signaling in chondrocytes on 2D. (A) mRNA expression of
collagen 2, collagen 1 and aggrecan of chondrocytes cultured on 2D under hypoxia with Wnt3a,
LiCl (50 µM) and IWR-1 (5 µM) treatments. *: p<0.05, **: p<0.01, ***: p<0.001 when compared
to hypoxia control. (B) Immunofluorescence imaging of collagen 2 (green) in chondrocytes on 2D
under hypoxia with Wnt3a, LiCl and IWR-1 treatments. Scale bar: 50 µm.
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The aim of this thesis was to decipher the role of cartilage microenvironment on
chondrocyte

phenotype

with

a

focus

on

cartilage

matrix

proteoglycans,

mechanotransduction pathways and oxygen tension as well as to develop biomimetic
materials for improving the outcome of autologous cell-based cartilage repair strategies.
In the first part, a biomimetic model was established to investigate the role of
sulfate moieties in the cellular microenvironment, an important feature of native cartilage
ECM contributed by the abundance of proteoglycans. Sulfation of an inert biomaterial
such as alginate was shown to create mitogenic and chondrogenic hydrogels that support
potent proliferation of encapsulated chondrocytes and prevent their dedifferentiation in a
dose-responsive manner to the degree of sulfation and independent of biophysical
phenomena. Alginate sulfate hydrogels were demonstrated to act as signaling matrices to
not only sequester mitogenic growth factors such as FGF but also mediate FGF-FGF
receptor interactions similarly to native GAGs to activate downstream signaling cascades.
Alginate sulfate matrices promote extensive growth of chondrocytes from a very low
initial cell density while preserving their native phenotype and lead to in vitro formation
of a cartilage-like tissue. These biomimetic hydrogels have broad implications as 3D
culture systems and their application could be extended to different cell and tissue types
where dedifferentiation due to monolayer expansion holds an obstacle towards achieving
desired cellular phenotypes.
Cartilage defects due to degenerative pathologies or traumatic injuries are
accompanied by an induction of inflammation that leads to a further breakdown of
cartilage matrix. Cells and scaffolds that are implanted in the defect site are thus
challenged by a myriad of inflammatory cytokines. The effect of sulfation in hydrogel
matrices on cytokine-induced inflammatory induction in chondrocytes was assessed in the
next study. Sulfation in the cellular microenvironment was shown to inhibit inflammatory
pathways induced by IL-1β such as p38 MAPK and NF-κB. Downstream catabolic
targets of these pathways including ADAMTS5, the main aggrecanase known to induce
cartilage matrix breakdown, were suppressed in chondrocytes encapsulated in sulfated
hydrogels. While its activity was impaired, IL-1β demonstrated high affinity to alginate
sulfate hydrogels indicating a possible inhibitory role of sulfate moieties through
sequestration of cytokines. Therefore, sulfation of biopolymers comprises a promising
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approach for providing chondrocytes a protective microenvironment against the
inflammatory cytokines in the cartilage defect and support in vivo regereneration of
hyaline cartilage tissue. Furthermore, these findings point out that entrapment of growth
factors and cytokines in sulfated matrices could have a dual effect on chondrocytes such
as promotion of growth factor signaling to induce mitogenicity and cartilage matrix
formation as well as inhibition of inflammatory pathways.
Our next aim was to implement these attractive biological properties of alginate
sulfate hydrogels to in vivo studies in order to demonstrate their potential for use in
cartilage tissue engineering. We first performed subcutaneous implantation of ionically
crosslinked alginate sulfate hydrogels in mice and tested the in vivo stability. However,
the hydrogels dissolved due to loosening of calcium crosslinks and disappeared soon after
implantation. Therefore, we developed further strategies to improve the stability of
alginate sulfate hydrogels. In a collaboration with Florian Formica, alginate sulfate was
incorporated into electrospun fibers of poly(ε-caprolactone) (PCL) with an aim to
reinforce the hydrogels while preserving their biological properties. These nanofiberhydrogel composites showed in vivo stability upon implantation in mice for 3 weeks and
induced the encapsulated chondrocytes to produce a type II collagen and aggrecan-rich
matrix [333]. In another collaboration led by Dr. Michael Müller, a strategy for
reinforcement of alginate sulfate via combination with nanocellulose was followed for
bioprinting applications. Alginate sulfate-nanocellulose was demonstrated as a promising
bioink with good printing properties and the effect of printing set-up on the biological
properties of the material was characterized in detail [415].
We further developed a double-modified and covalently crosslinked version of
alginate sulfate hydrogels in order to improve their in vivo stability. Alginate was
conjugated with sulfate and then tyramine moieties to enable in situ enzymatic
crosslinking of hydrogels in the presence of tyrosinase. Alginate sulfate tyramine (ASTA)
and alginate tyramine (AlgTA) hydrogels supported viability and TGF-β3-induced
redifferentiation of encapsulated chondrocytes in vitro. However, the extensive
chondrocyte mitogenicity in ionically crosslinked alginate sulfate hydrogels was not
observed in the covalently crosslinked ASTA hydrogels. ASTA and AlgTA hydrogels
demonstrated strong adhesion to native cartilage tissue during in situ crosslinking via
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tyrosinase-mediated coupling of the biopolymer to the collagens in the cartilage matrix.
Tyrosinase-crosslinked hydrogels showed in vivo stability and stayed fully intact after 4
weeks of subcutaneous implantation into mice. Thus, they offer a promising potential for
use in cartilage tissue engineering with an injectable, cartilage-adhesive and stable
system. However, they should be tested with future studies for in vivo cartilage matrix
formation of encapsulated chondrocytes upon subcutaneous implantation into mice. Only
after such validation of their in vivo chondrogenic potential, more translational steps
could be envisaged where the material could be tested via filling a cartilage defect in a
bigger animal model for tissue adhesiveness, integration and stimulation of mechanically
functional hyaline cartilage regeneration. The study shows the feasibility of mimicking
multiple aspects of native tissues with biomaterials such as sulfation state and
hyroxyphenol moieties of collagen networks that renders them different functionalities
and advantages for use in tissue engineering.
In the last two parts of the thesis, we studied the role of mechanotransduction
pathways in regulation of chondrocyte phenotype and dedifferentiation with a focus on
RhoA and canonical Wnt signaling. We demonstrated that an upregulation and nuclear
localization of RhoA marks chondrocyte dedifferentiation and leads to a loss of
chondrogenic markers. Activation of RhoA signaling in dedifferentiated chondrocytes
was found to be responsible for an induction of canonical Wnt signaling. Inhibition of
RhoA activation was found to be a potent inducer of chondrogenic redifferentiation
during both 2D and 3D culturing with a concomitant loss of RhoA nuclearization and
inhibition of canonical Wnt signaling. We furthermore showed that canonical Wnt
signaling

exerts

context-dependent

effects

on

chondrocytes.

Within

a

3D

microenvironment or on 2D where RhoA is inhibited, activation of canonical Wnt
pathway was shown to be an inducer of chondrogenic redifferentiation whereas on 2D in
the presence of active RhoA, canonical Wnt pathway led to a loss of chondrogenic
markers. These findings emphasize the role of cellular microenvironment in regulation of
chondrocyte phenotype and give implications of therapeutic targets for use in cartilage
tissue engineering applications. In line with these results, follow-up approaches that
involve incorporation of Rho inhibitors into hydrogel matrices to enhance cartilage
regeneration are currently pursued.
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Oxygen

tension

comprises

another

important

characteristic

of

cartilage

microenvironment given that healthy articular cartilage is severely hypoxic due to lack of
vasculature. Therefore, we lastly investigated the role of oxygen tension in chondrocytes
with a focus on regulation of Rho and Wnt signaling. Our results demonstrated that the
effect of oxygen tension on chondrocyte signaling highly depended on the
microenvironment and culturing context. Hypoxia was shown to be a potent stimulator of
RhoA and canonical Wnt signaling in chondrocytes cultured on 2D. However, within 3D
hydrogels, hypoxia caused an inhibition of RhoA and canonical Wnt signaling which led
to strong induction of chondrocyte redifferentiation. Furthermore, the hypoxic effects on
Rho and Wnt signaling were found to be mediated by HIFs in chondrocytes. Mimicking
the hypoxic state of cartilage microenvironment via stabilization of HIFs under normoxia
was shown to repeat the hypoxia-induced effects on chondrocyte signaling. Thus, this
study further reveals the significance of context-dependent signaling mechanisms in
chondrocytes and biomimetic approaches for guidance of chondrogenic phenotype.
In conclusion, understanding the physical and chemical characteristics of native
cellular microenvironments is a significant step for developing tissue engineering
approaches that can recapitulate these features to exert desired cellular responses. This
thesis emphasizes the importance of biomimetic strategies to induce phenotypic behavior
of chondrocytes and improve the outcome of cell-based cartilage repair strategies.
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