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Chapter 1 

 
General Introduction 

1.1 Background  

1.1.1 Cartilage 

Articular cartilage is a remarkably resilient, load bearing tissue in the human body. It 
covers the bone ends at a joint to cushion the bone and allows the joint to move easily 
without pain [1]. Articular cartilage tissue is highly hydrated and consists approximately of 
70% of water and 30% of an extracellular matrix (ECM) [2]. The ECM comprises 60% of 
collagens (mainly collagen type II), 25-35% of proteoglycans, and 15-20% of 
noncollagenous proteins and glycoproteins (Figure 1.1) [3].  
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Figure 1.1. Cartilage (left), extracellular matrix (middle) and proteoglycans (right). 

Cartilage tissue may be injured or damaged by trauma or disease, notably osteoarthritis. 
Damaged cartilage has a limited capacity of self-healing due to its avascular nature [4, 5]. 
The current surgical options to treat damaged cartilage involve chondral shaving, 
osteochondral and perichondrial grafting, and total joint arthroplasty [6]. These approaches 
indeed may reduce pain or increase mobility, but are limited to elderly patients (revision 
surgery) or only afford short-term pain relief [7].  

1.1.2 Tissue engineering 

Tissue engineering provides an alternative approach to repair cartilage. It aims to 
develop biological substitutes that restore, maintain or improve tissue functions [8]. The 
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typical tissue engineering paradigm utilizes a scaffold as a temporary support matrix for 
cell growth, differentiation and matrix production (Figure 1.2). Cartilage tissue is regarded 
well suitable for a tissue engineering approach in that it has a relatively simple structure. 
This view is based on a single cell type (chondrocytes) present, as well as low oxygen 
requirement and low cell-to-matrix ratio (<5% cell volume density) [9, 10]. Therefore, 
tissue engineering of cartilage has received considerable attention over the past decades, 
and has been extensively studied for the treatment of traumas or cartilage-related diseases 
[3, 11, 12]. 
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Figure 1.2. Representative diagram of cartilage tissue engineering. 

1.1.3 Hydrogel scaffolds 

The availability of biomimetic scaffolds is a prerequisite for successful cartilage 
regeneration. The scaffolds should be capable of mimicking biofunctions of the natural 
extracellular matrix. Consequently, they may enhance cell proliferation and support tissue-
specific differentiation. Hydrogels, three-dimensional hydrophilic polymeric networks, 
have been widely investigated as scaffolds for cartilage tissue engineering [13]. Unlike 
other types of scaffolds such as foams, meshes and sponges, hydrogels have high water 
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content, providing an environment similar to native cartilage. Besides, hydrogels allow for 
sufficient transportation of nutrients and waste products, which is essential for cell growth. 

Hydrogels are preferably designed such that they will form in-situ and these systems are 
termed injectable hydrogels. They offer the advantages of good alignment with irregularly 
shaped defects and allow easy cell incorporation. Moreover, from the clinical point of view, 
implantation surgery can be avoided and replaced by a simple injection procedure.  

1.1.4 Enzymatic crosslinking 

Injectable hydrogels can be formed either by physical or chemical crosslinking. Recently, 
enzymatic crosslinking has attracted attention as a novel chemical crosslinking route for 
hydrogel formation. Generally, enzymatically-crosslinked hydrogels are formed under mild 
gelation conditions, which is preferred for cell incorporation. Peroxidases, particularly 
horseradish peroxidase (HRP), has been studied for use in enzymatic crosslinking via the 
oxidative polymerization of phenol derivatives [14-16]. In the reaction, HRP serves as an 
oxidoreductase that catalyzes the oxidation of phenol moieties using H2O2, eventually 
resulting in the coupling of phenols linked either via carbon-carbon bonds or carbon-
oxygen bonds (Figure 1.3) [16]. 

 
Figure 1.3. Enzymatic crosslinking of phenol derivatives using horseradish peroxidase and H2O2. 

 

1.2 Aim of the study 

The aim of the study described in this thesis was to design and prepare injectable 
hydrogels for cartilage tissue engineering. The hydrogel systems were expected to have 
short gelation times and good mechanical properties. Furthermore, the ability of these 
injectable hydrogels to function as a temporary ECM, including supporting chondrocyte 
survival, proliferation and differentiation, as well as directing matrix production, were also 
evaluated in vitro.  
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1.3 Outline of the thesis 

In this thesis, injectable enzymatically-crosslinked hydrogels based on polysaccharides as 
scaffolds for cartilage tissue engineering are described. The gelation times, degradation and 
mechanical properties, biocompatibility of the hydrogels, as well as the matrix production 
by chondrocytes in vitro were investigated in detail. Parts of the work in this thesis have 
been published in international peer-reviewed journals [17-19].  

In Chapter 2 a literature overview is presented focusing on injectable hydrogels for 
cartilage tissue engineering, which includes criteria on hydrogel design, crosslinking 
methods and the potential applications for cartilage repair. This review aims to contribute to 
the understanding of the current status in this field. 

In Chapter 3 the synthesis and characterization of poly(ethylene glycol)-hyaluronic acid  
hydrogels crosslinked via a Michael-type addition reaction is described. The influence of 
molecular weight, degree of substitution and polymer concentration on the gelation time, 
swelling and degradation, as well as the mechanical properties were studied. To evaluate 
the potential of these hydrogels for cartilage repair, bovine chondrocytes were incorporated 
into these gels. The cell viability and the neocartilage formation were examined in vitro. 

In Chapter 4 two dextran-tyramine conjugates, i.e. dextran-tyramine linked by a 
urethane bond and by an ester-containing diglycolic group, are described. Dextran 
hydrogels were formed in situ by enzymatic crosslinking of dextran-tyramine conjugates 
and their mechanical, swelling and degradation properties were evaluated. In this study, we 
explored the potential of enzymatic crosslinking for in-situ hydrogel formation and 
demonstrated that this is an efficient way to obtain hydrogels, which are formed rapidly in 
situ and which have good mechanical properties. 

In Chapter 5 the potential of injectable hydrogels from dextran-tyramine conjugates for 
cartilage tissue engineering applications is elucidated. Hydrogels with different molecular 
weights and dextrans conjugated with different numbers of tyramine groups were prepared. 
The viability and metabolic activity of incorporated chondrocytes in these hydrogels were 
determined using live-dead and MTT assays. The morphology of the chondrocytes and the 
formation of a cartilageous specific matrix in the cell/gel constructs were also examined.  

A study dealing with the design of biodegradable, enzymatically crosslinkable chitosan 
derivatives is presented in Chapter 6. Water-soluble chitosan derivatives, chitosan-graft-
glycolic acid and phloretic acid, were explored for their potential as injectable hydrogels 
through enzymatic crosslinking using horseradish peroxidase and H2O2. The gelation and 
degradation rates of these newly developed chitosan-based hydrogels as well as their 
mechanical properties were determined. Additionally, the cytocompatibility of the gels and 
the morphology of incorporated chondrocytes in time were studied.   
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Heparin, a natural glycosaminoglycan analog, was introduced into tyramine conjugated 
dextran hydrogels by enzymatically co-crosslinking with heparin-tyramine conjugates 
(Chapter 7). This study aimed to control the swelling and mechanical properties of the 
hydrogels through variation in composition and to elucidate the role of heparin on 
chondrocyte proliferation, differentiation and matrix production. 

In Chapter 8 injectable biodegradable hydrogels based on biomimetic hyaluronic acid-
dextran conjugates are reported. To mimic the natural cartilage environment, the macromer 
was designed to be structurally mimicking the proteoglycans present in the ECM. Cell 
viability and chondrogenesis within these biomimetic hydrogels was evaluated by Live-
dead assay, immunofluorescent staining and biochemical analysis.  
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Chapter 2 

 
Injectable Hydrogels for Cartilage Tissue Engineering  

2.1 Introduction 

Tissue engineering (TE) represents a promising method to regenerate damaged cartilage 
tissues [1]. The concept of tissue engineering was proposed by Langer et al. in the early 
1990’s as “the application of the principles and methods of engineering and the life 
sciences toward the fundamental understanding of structure-function relationships in 
normal and pathological mammalian tissues and the development of biological substitutes 
that restore, maintain or improve tissue function” [1]. This strategy of tissue engineering 
generally involves the incorporation of the appropriate cells into a tissue-engineered 
scaffold, which serves as a temporary extracellular matrix (ECM) until cells produce the 
matrix in time, and finally newly formed tissue replaces the scaffold. The scaffold will play 
an important role in regulating cell migration, proliferation and ECM production [2, 3]. The 
scaffolds should provide physical and biological properties such as sufficient mechanical 
strength, preventing cells from floating out of the defect, facilitating cell proliferation, cell 
signaling and stimulating matrix production by cells. Therefore, the macromolecular 
engineering of scaffolds is an essential requisite for successful cartilage tissue engineering.   

There have been significant research efforts in the development of scaffolds over the past 
decade. The scaffolds commonly involved in tissue engineering are either solid-type 
substances like foams, meshes and sponges, or gel-like materials. Among these, hydrogels 
are one form of scaffolds that have been frequently applied in tissue engineering. The use 
of hydrogels can be traced back to 1960 when Wichterle and Lim first reported on 
crosslinked hydroxyethyl methacrylate (HEMA) hydrogels for biomedical use, in particular, 
as soft contact lenses [4]. Many hydrogels investigated so far were found to have desired 
traits such as high and tissue-like water content as well as excellent permeability for influx 
of nutrients and excretion of metabolites. Besides, it has been pointed out that hydrogels, 
unlike solid-type scaffolds, such as fibrous meshes and porous sponges, encapsulate and 
retain chondrocytes in a 3-D environment surrounded by gel matrix rather than promote 
attachment, preventing potential phenotype dedifferentiation [5]. These features make 
hydrogels especially suitable as engineered scaffolds for cartilage tissue engineering.  

According to their handling properties, hydrogels can be categorized into preformed and 
injectable hydrogels (Figure 2.1). The preformed hydrogels are processed in vitro prior to 
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cell seeding and in vivo implantation. On the other hand, injectable hydrogels can be 
implanted into the body in the form of a liquid which gels in situ. Importantly, cells and 
growth factors can be incorporated and suspended in the gel precursors prior to gelation [6], 
enabling homogenous cell seeding and easy implantation. 

Implantation
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precursor

Injection 

Biopsy of 
healthy tissue

Preformed 
hydrogel

Implantation

Injectable gel 
precursor

Injection 

Biopsy of 
healthy tissue

Preformed 
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Figure 2.1. TE strategies using preformed and injectable hydrogels in combination with cell. 

 
In this chapter, we focus on the design of injectable hydrogels and their applications in 

cartilage tissue engineering. The criteria for the design of injectable hydrogels in cartilage 
tissue engineering are outlined and the strategies for preparation of hydrogels are described. 

2.2 Hydrogel design  

Important requisites have to be met in the development of injectable hydrogels as 
scaffolds for cartilage tissue engineering. These requisites include biocompatibility, 
biodegradability, mechanical strength and multiple biofunctionality. 

Biocompatible hydrogels should not induce an immune response and severe 
inflammation and have a negligible or a minor influence (e.g. temperature, pH value) on the 
surrounding tissue and cells inside the gel should survive and remain bioactive. Another 
requisite is that hydrogel formation takes place under physiological conditions at a 
temperature of 37 °C and a physiological pH of about 7.4. Organic solvents and harsh 
gelation conditions like strong bases or acids have to be avoided. Moreover, during the 
tissue regeneration process, degradation products leaching from or generated in the 
hydrogels should not accumulate in the body; instead they should be readily metabolized or 
excreted from the body.  
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Biodegradability of hydrogels is another requisite for TE scaffolds. Biodegradable 
hydrogels may function as a temporary ECM until they are completely replaced by newly 
formed tissue. Degradation properties of hydrogels should be optimized to provide good 
cell migration [7] and to enable homogeneous ECM distribution [8-13]. Degradable 
hydrogels are generally derived from natural or synthetic biodegradable polymers or 
absorbable polymers [14]. Typical examples are hydrogels containing hyaluronic acid (HA) 
[15], collagen [16], chitosan [17] and poly(lactic acid), (PLA) [9, 10]. Degradation of 
hydrogels will generally lead to a loss in mechanical strength. Hence, the degradation rate 
of the gels needs to be carefully adjusted to match the rate of tissue formation. This rate can 
be controlled by the molecular weight of the polymers used, the crosslinking density of the 
gels and the introduction of hydrolytically unstable groups.  

In the design of hydrogels as tissue-engineered scaffolds for cartilage repair, adequate 
mechanical support is a critical requirement. The native cartilage has a compressive 
modulus of approximately 0.79 MPa, a shear modulus of 0.68 MPa, and a tensile modulus 
in the range of 0.32 to 10.2 MPa [18]. The scaffold should be mechanically strong in order 
to protect the seeded cells and the developing tissue as well as to withstand the physiologic 
load [19]. At the cellular scale, the mechanical properties of a scaffold are highly potent 
regulators of cell migration and their phenotype [20]. Recent work by Engler et al. showed 
that mesenchymal stem cells differentiated into various cell types depending on the 
elasticity of the polyacrylamide gel substrates on which they were cultured [21]. The 
moduli of hydrogels generally increase with increasing crosslinking density. However, an 
increase in mechanical moduli can result in decreased cell metabolic activity, giving an 
inferior biocompatibility [22].  

Biofunctionality of hydrogels is essential to guide cellular behavior such as proliferation, 
differentiation and matrix production. It has been shown that an on-demand 
biofunctionality can be obtained by incorporation of growth factors into hydrogels to 
control cellular behavior [23]. In another approach hydrogels which do not contain growth 
factors are being designed, which structurally and functionally resemble the natural ECM. 
A straightforward method is the use of natural ECM components such as collagen, 
hyaluronic acid and fibrin to create hybrid hydrogels that are biocompatible and can 
provide appropriate signals to regulate cell behavior [24]. Besides, hydrogels modified with 
bioactive molecules can also elicit specific cellular functions and direct cell-cell and cell-
materials interactions. For example, hydrogels can promote cell adhesion and migration 
when they contain long chain ECM proteins such as fibronectin (FN) [25] and laminin (LN) 
[26]. Recently, short peptide sequences have been covalently conjugated to hydrogels, 
including Arg-Gly-Asp (RGD), Ile-Lys-Val-Ala-Val (IKVAV) and Tyr–Ile–Gly–Ser–Arg 
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(YIGSR) since they are identified as dominant segments in receptor binding and host cell 
attachment [27]. 

2.3 Crosslinking methods 

Hydrogels can be classified into chemical and physical gels according to their crosslinks 
present. In this section, we summarize various crosslinking approaches to prepare injectable 
hydrogels and discuss specific properties of the hydrogels, such as gelation time, 
mechanical modulus and biocompatibility, which are important for cartilage tissue 
engineering applications. 

2.3.1 Chemical crosslinking  

2.3.1.1 Crosslinking by radical polymerization 

 

 

Figure 2.2. Chemical structures of macromers used for the preparation of hydrogels by radical 
polymerization. 

 
Free radical polymerization has been frequently used to prepare injectable hydrogels for 

tissue engineering applications [28, 29]. Vinyl-bearing macromers can be polymerized to 
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form hydrogels using redox- or thermally-initiated polymerization as well as 
photopolymerization. Chemical structures of commonly used macromers, such as synthetic 
polymers like poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG) [8-10, 30, 31] 
and natural polymers like hyaluronic acid [32], chitosan [33] and dextran [34], are listed in 
Figure 2.2. The preparation of hydrogels by photo-initiation has the advantage of fast 
crosslinking rates upon exposure to UV irradiation. However, the disadvantage is that 
exposure of cells with UV at high intensity or for long times may have an adverse effect on 
cellular metabolic activity [35]. Moreover, local heat release during the crosslinking 
process may give rise to cellular necrosis [36]. So, the intensity of the UV light is limited to 
approximately 5-10 mW/cm2 in order to prevent cell damage [37]. Besides, UV light has a 
limited penetration depth in tissues and polymerization in vivo is hampered due to the 
absorption of UV-light by the skin (>99%) [37]. Alternatively, thermal- or redox- initiated 
polymerization can be applied. Several groups reported on hydrogels for tissue engineering 
using the redox-initiator N,N,N’N’-tetramethylene diamine (TEMED) and ammonium 
peroxydisulfate (APS) [17, 38]. Increasing the concentration of the initiator resulted in 
reduced gelation times and enhanced mechanical properties. However, a concomitant high 
cytotoxicity with low cell viability (<30 %) at high concentrations of initiator (10 mM) was 
observed after a short cell culturing time of 4 days [17]. Therefore, a suitable method of 
free radical polymerization is necessary to arrive at appropriate hydrogels for cartilage 
tissue engineering. 

2.3.1.2 Crosslinking reactions through functional groups  

Injectable hydrogels can be prepared via reactions between functional groups present in 
the water-soluble monomers or macromonomers. Typical reactions are Schiff-base 
formation, Michael-type additions, peptide ligation as well as “click” chemistry by 
cycloaddition reactions (Table 2.1).  

Schiff-base formation between an aldehyde and an amino group is often used to prepare 
crosslinked hydrogels [39, 40]. Glutaraldehyde as a crosslinker in this respect was 
frequently used (Figure 2.3a). However, glutaraldehyde is toxic even at low concentrations 
and may leach out into the body during matrix degradation, inhibiting cell growth [41]. To 
avoid the toxicity associated with the use of glutaraldehyde, aldehyde-containing 
compounds are coupled to a non-toxic polymer such as hyaluronic acid [42] (Figure 2.3b). 
Besides, reactive aldehyde groups can also be generated by oxidation of a polysaccharide 
such as dextran [39], hyaluronic acid [40] and alginate [43]. Since Schiff bases are prone to 
degradation via hydrolysis of imine bonds at low pH values. Addition of basic components 
like borax may facilitate Schiff-base formation, yielding relatively stable hydrogels with 
fast gelation [43].  
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Table 2.1. Summary of crosslinking methods via reactions between functional groups 

Chemical 
reactions 

Typical 
functional 

groups 
Advantages Limitations 

Schiff-base 
formation 

Amine/ 
hydrazide & 

aldehyde 

Easy incorporation 
and crosslinking of 
amine-bearing 
peptides and proteins 

Aldehyde may induce side 
reactions in the body. Schiff-
base linkages are usually 
unstable at low pH.  

Michael-
type 

addition 

Acrylate/vinyl 
sulfone & 

thiol/amine 

Mild reaction 
conditions, tunable 
properties, suitable for 
cell encapsulation 

Unreacted thiol groups may 
influence cell viability 

Peptide 
ligation 

N-terminal 
cystein & 
aldehyde 

High substrate 
specificity, efficient 
crosslinking, mild 
reaction conditions 

Complicated synthesis 
procedures of peptides due to 
protection and deprotection 
steps. 

Click 
chemistry 

Azide & 
alkyne 

An efficient, high-
yield reaction 

Involvement of catalytic 
amounts of potentially toxic Cu 

 

 

Figure 2.3. Aldehyde/amine-containing polymers to prepare hydrogels via Schiff base formation. 

 
The Michael addition reaction between a nucleophile (e.g., an amine or a thiol group) 

and an electrophile (vinyl/acrylate/maleimide group) is another approach for preparation of 
injectable hydrogels (Figure 2.4). Hydrogels can be readily formed simply by mixing two 
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polymers bearing nucleophilic and electrophilic groups. Many polymers such as hyaluronic 
acid [44-46], dextran [47, 48], PVA [49] and PEG [46, 50, 51] were conjugated with these 
groups to prepare hydrogels via Michael type addition reactions. Using this type of reaction 
thiol-bearing functional peptides (e.g. containing cystein) were also incorporated to yield 
biofunctional hydrogels, enhancing cell adhesion or matrix production [13, 51, 52]. 
Generally, the hydrogels that are prepared via Michael type addition reactions have gelation 
times of less than 0.5 min to about 1 h, and moderate mechanical strength and their 
properties can be adjusted by tuning the reactivity of functional groups and crosslinking 
density [46-49]. Since Michael addition reactions generally take place at mild conditions, 
the reaction does not seriously influence cell viability during the hydrogel formation 
process. It was reported that incorporated cells in these type of hydrogels generally 
remained viable and survived from days to months, depending on the applied materials [6, 
52]. However, some caution has to be taken in the use of an excess of thiol functional 
groups for unreacted thiols may cause cell death [53]. 
 

 

Figure 2.4. Strategy of injectable hydrogel preparation via Michael-type additions 
 

Chemical peptide ligation is a particularly appealing approach for the synthesis of 
proteins and enzymes [54]. The reaction is based on the chemoselective reaction and 
ligation of two unprotected peptide segments. Recently, peptide ligation has been employed 
as a novel method to design injectable hydrogels. Wathier et al. described the preparation 
of hydrogels based on a reaction, in which aldehyde groups of PEG derivatives and NH2-
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terminal cystein moieties of peptide dendrons were reacted to form thiazolidine rings 
(Figure 2.5a) [55]. The reactions were carried out under mild conditions and gelation took 
place within a few minutes. However, these hydrogels were intact for short periods of time 
(about 1 week) due to the reversible thiazolidine ring formation. Relatively stable hydrogels 
were prepared using PEG with end-capped ester-aldehyde groups instead of aldehyde 
groups via pseudoproline ring formation (Figure 2.5b) [56]. The hydrogels retained their 
shape and size with less than 10% weight loss for more than 6 months. 

 

 
 

Figure 2.5. Preparation of hydrogels via peptide ligation 
 
Recently, attention has been drawn to “Click chemistry”, a highly efficient, quantitative 

reaction [57]. This reaction can be carried out at physiological temperatures and pH by the 
copper-catalyzed 1,3-dipolar cyclo-addition of azide and alkyne moieties (Figure 2.6). A 
few attempts have been made to use click chemistry to synthesize polymer networks from 
functionalized synthetic polymers such as PVA [58], PEG [59], poly(N-
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isopropylacrylamide-co-hydroxyethyl methacrylate) (P(NIPAAm-co-HEMA)) [60] as well 
as natural polymers like hyaluronic acid [61]. It was shown that a low degree of substitution 
of polymers with active pendant groups was able to induce a fast gelation [58]. Although 
copper-catalyzed click chemistry could be performed inside living cells [62], copper is 
known to be toxic to most bacterial and mammalian cells [63]. The removal of copper 
catalyst from hydrogels may be a difficulty. Recently, efforts have been made in the search 
of copper-free click reactions as an alternative to the conventional copper-catalyzed click 
chemistry [63]. This could offer a new route to prepare hydrogels for tissue engineering. 

 

Figure 2.6. Preparation of hydrogels via click chemistry 

2.3.1.2 Crosslinking by enzymatic reactions 

An interesting and biologically compatible approach in generating injectable hydrogels is 
to take advantage of enzymes in the crosslinking reaction. Enzymes often exhibit a high 
degree of substrate specificity, potentially avoiding side reactions during crosslinking. 
Considering this advantage, it is possible to control and predict the gelation kinetics and 
increase the overall crosslinking rate by the concentration of the enzyme. One of the typical 
enzymes capable of catalyzing crosslinking reactions is transglutaminase (TG), a calcium-
dependent enzyme which appears to serve various roles such as crosslinking proteins in 
vivo [64]. TG-catalyzed covalent crosslinking occurs via the formation of an amide linkage 
between the carboxamide and primary amine residues in polymers or polypeptides (Figure 
2.7a) [65]. Sperinde et al. first explored the use of TG in hydrogel formation and successful 
gelation stimulated researchers to study a variety of systems including PEG-peptide or 
polypeptide hydrogels [7, 64, 66-69]. It was shown that gelation times can be shortened to a 
few minutes by rationally designing peptide sequences with a significant increase in 
substrate specificity [69]. In addition, these hydrogels demonstrated good adhesive 
properties which make them applicable as surgical tissue adhesives [7]. Another enzyme 
that was recently explored for hydrogel formation is horseradish peroxidase (HRP) (Figure 
2.7b). HRP is a single-chain β-type hemoprotein that catalyzes the coupling of phenols or 
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aniline derivatives in the presence of hydrogen peroxide [70]. Kaplan et al. showed that 
poly(aspartic acid)s conjugated with phenol groups can be crosslinked with HRP and H2O2 
to give hydrogels [71]. Similar approaches have been adopted to design hydrogels based on 
hyaluronic acid [6, 72], cellulose [73] and alginate [74]. In this thesis, HRP-mediated 
crosslinking of injectable hydrogels based on dextran, chitosan, hyaluronic acid as well as 
heparin can be found in Chapters 4-8. 

 

Figure 2.7. Enzymatic crosslinking of (a) poly(ethylene glycol) or polypeptide conjugates or (b) 
polysaccharide conjugates. 

 

2.3.2 Physical crosslinking 

2.3.2.1 Crosslinking by stereocomplexation 

Enantiomeric mixtures of polylactides (D- and L-PLA) co-crystallize into a 
stereocomplex [75, 76] and were used in the design of injectable hydrogels. Hydrogel 
formation occurs by mixing two water-soluble polymers containing PLLA and PDLA 
blocks [77]. For example, Feijen and coworkers reported on stereocomplexed hydrogels 
based on PEG-PLLA and PEG-PDLA block copolymers [77-79]. Generally, hydrogels 
based on multi-arm block PEG-PLA copolymers show shorter gelation times and higher 
moduli than the triblock PEG-PLA copolymers (Figure 2.8) [78]. In another study, Hennink 
and coworkers reported on the research of stereocomplexed hydrogels based on dextran 
grafted with monodisperse L-lactic acid and D-lactic acid oligomers, respectively. At least 
eleven lactic acid units in the grafts appeared necessary for hydrogel formation [80, 81]. 
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Figure 2.8. Stereocomplexed hydrogels based on PEG-PLA star block copolymers. 
 

2.3.2.2 Thermo-gelation 

Thermo-sensitive hydrogels have been studied for many years [82]. The process is 
triggered by hydrophobic interactions upon a change in temperature [41]. Thermosensitive 
hydrogels based on poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 
(PEO-PPO-PEO, known as Pluronics) and poly(N-isopropylacrylamide) (PNIPAAm) have 
been extensively studied. However, non-degradability and potential cytotoxicity of these 
gels limit their applications in tissue engineering. For example, it was shown that a 
significant decrease in cell viability of HepG2 cells in a 10% (w/w) Pluronic F127 solution 
was evident. Cell encapsulation in F127 hydrogels at concentrations ranging from 15 to 
20% (w/w) resulted in complete cell death within 5 days [83]. Alternatively, biodegradable 
thermo-sensitive hydrogels such as block or graft copolymer containing hydrophilic PEO 
moieties and hydrophobic PLA moieties have low cytotoxicity [84, 85]. In another 
approach, thermosensitive biodegradable gels were prepared from naturally occurring 
polymers such as gelatin and agarose. Besides, water-soluble polymers like polysaccharides 
can be modified with a hydrophobic moiety to prepare physical hydrogels. A variety of 
temperature-sensitive hydrogel systems are described in literature and the reader is referred 
to some recent reviews [82, 86-88]. 

2.3.2.3 Crosslinking by self assembly 

Supramolecular self-assembly is a powerful concept in the design of injectable hydrogels. 
The coiled-coil, one of the basic folding patterns of native proteins, has been utilized to 
design physically crosslinked hydrogels. Gelation is triggered by the formation of coiled-
coils, which takes place when protein folding domains consisting of two or more helices 
wind together to form a superhelix [89]. Kopeček et al. developed a series of self-
assembled  hydrogels containing coiled-coil protein motifs. In these systems, coiled-coil 
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protein motifs were either non-covalently or covalently grafted to a synthetic N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer backbone, resulting in hybrid 
hydrogels (Figure 2.9) [90-93]. The gelation process was influenced by the length and the 
number of coiled-coil grafts per chain. The results suggested that at least four heptads were 
needed to achieve hydrogel formation and gelation occurred in time periods ranging from a 
few minutes to several days [91]. Moreover, by changing the structural specificity of 
coiled-coils, gelation in PBS at concentrations as low as 0.1 wt% appeared possible [90]. In 
similar approaches, hydrogels were prepared from block polypeptides [94-97]. The gelation 
process of hydrogels from polypeptide amphiphiles depended not only on the overall 
amphiphilic nature of the polypeptides, but also on the chain conformation (α-helix, β-
strand, or random coil) [96]. The thermal stability and self-assembling properties of these 
hydrogels are related to hydrophobic and electrostatic interactions, which can be controlled 
by manipulating the amino acid sequences and block length of the coiled-coil domains [94, 
95]. 

 
Figure 2.9. Hydrogel formation through coiled-coil association. 

 

2.3.2.4 Crosslinking by inclusion complexation 

Inclusion complexes between cyclodextrin (CD) and guest molecules represent a type of 
physical crosslinking that was exploited for network formation. Cyclodextrins are cyclic 
oligosaccharides linked by α-1,4-glucosidic linkages. The three subtypes, α-, β- and γ-CDs 
consisting of six, seven and eight glucopyranose units, respectively, have a relatively 
hydrophobic interior cavity and a relatively hydrophilic outer surface [98]. This important 
characteristic gives CDs the unique ability to form complexes in which lipophilic guest 
molecules are surrounded by the hydrophobic environment of the cavity. Hennink et al. 
recently reported PEG hydrogels based on inclusion complexes between β-CD and 
cholesterol linked to the end groups of PEG (Figure 2.10) [99]. The stability of the gels was 
influenced by temperature since they showed significantly lower storage moduli at 37 °C 
than at 4 °C. Hydrogels formed by inclusion complexes between adamantyl-containing 
copolymers and CD dimers were described by Kretschmann et al. [100]. In addition to 
complexation with guest molecules, complex formation also takes place between CD and 
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polymers such as poly(ε-caprolactone) (PCL) and PEG [101]. For example, α-CDs were 
used to act as a gelator for the preparation of PLA–PEG–PLA and PEO-poly([R]-3-
hydroxybutyrate)-PEO (PEO–PHB–PEO) hydrogels, resulting in a rapid gelation [102, 
103]. 

  
Figure 2.10. Hydrogel based on inclusion complexes between cholesterol (sphere) and α-CD (ellipse) 
moieties coupled to star-shaped 8-arm PEG [99]. 
 

2.3.3 Combining physical and chemical crosslinking 

Due to the reversible interactions present in physically in-situ formed hydrogels, they 
generally have lower mechanical properties than chemical hydrogels. Although mechanical 
properties can be improved through an increasing crosslinking density and molecular 
weight of polymers, also the viscosity of hydrogel precursors increases, leading to 
difficulties in handling. For chemically in-situ formed hydrogels, the mechanical properties 
are much higher, but their preparation usually involves biologically unfavorable compounds, 
which lead to nonbiocompatible materials. A proper combination of physical and chemical 
crosslinking offers the possibility of obtaining injectable materials with improved physical 
and mechanical properties without compromising biocompatibility. This idea has been 
demonstrated in the design of in situ forming hydrogels by combining stereocomplexation 
and photopolymerization (Figure 2.11) [37]. As an example, when an 8-arm PEG-PLLA 
and an 8-arm PEG-PDLLA were partly functionalized with methacrylate groups, 
stereocomplexed hydrogels were obtained upon mixing. These hydrogels can be post-
crosslinked by UV-irradiation. These double-crosslinked hydrogels showed increased 
mechanical moduli and prolonged degradation times as compared to hydrogels that were 
formed only by stereocomplexation. Importantly, it was noted that the photopolymerization 
could take place at much lower initiator concentrations (0.003 wt%) than conventional 
photocrosslinked systems (0.05 wt%), which greatly reduced the possibility of substantial 
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heating effects and damage to the cells. Similar approaches are combinations of thermo-
gelation, inclusive complexation, stereocomplexation, ligand-receptor interaction, Michael 
addition reactions and/or photopolymerization [53, 102-112]. The advantages of combining 
two crosslinking mechanisms in one hydrogel system include fast gelation, controlled 
hydrogel properties and improved biocompatibility with cells and proteins. 

 

Figure 2.11. Schematic representation of the preparation of hydrogels based on methacrylated PEG-
PDLA and PEG-PLLA by stereocomplexation and post-UV irradiation [37].  

 

2.4 Applications in cartilage tissue engineering 

A Cartilage is a flexible connective tissue in which chondrocytes are sparsely distributed 
in an extracellular matrix rich in proteoglycans (PGs) and collagen fibers. Cartilage has a 
limited capacity for self-repair due to its avascular nature and the low mitotic activity of 
chondrocytes. The chondrocyte is the only cell type in articular cartilage and is responsible 
for the synthesis and maintenance of the resilient extracellular matrix. Chondrocytes readily 
undergo a dedifferentiation process during monolayer culturing and lose their phenotype. 
When cultured in hydrogels, dedifferentiated chondrocytes were found to be able to 
redifferentiate [113], as shown by their rounded morphology and the production of ECM 
molecules such as type II collagen and sulfated GAGs [22].  
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2.4.1 Factors influencing cartilage regeneration  

Injectable hydrogels enable a perfect match with irregular cartilage defects and good 
alignment with the surrounding tissues. Therefore, they are promising materials that can 
function as scaffolds for chondrocyte culturing and cartilage regeneration. Several factors 
may influence the cell viability, recovery or the maintenance of the chondrocytic phenotype, 
and correspondingly play an important role in cartilage tissue engineering.  

Chemical compositions of injectable hydrogels have been studied to explore their 
influence on cartilage tissue engineering. For example, Elisseeff et al. studied the cellular 
toxicity of transdermal photopolymerization on chondrocytes [114]. There was a significant 
decrease in the chondrocyte viability when the initiator concentration was increased from 
0.012% to 0.036% or higher. In another study, Chung et al. noticed that a higher macromer 
concentration potentially compromised cell viability and growth [115]. Besides, a higher 
polymer concentration also resulted in a decreased accumulation of matrix components 
such as proteoglycans and collagen type II [116].  

Recent studies showed that the degradation properties of the gels may have a significant 
influence on the matrix production and distribution as well. Degradable hydrogels induced 
a more homogenous distribution of GAG than non-degradable hydrogels [8]. However, in 
fast degrading hydrogels void spaces are generally present before new matrix formation has 
taken place [9, 10]. Therefore, the degradation rate of hydrogels needs to be tailored by the 
combination of degradable main chain linkages and crosslinks [8-12].  

Poor integration of neocartilage with native cartilage tissue is a major obstacle to 
cartilage regeneration. One main strategy is to take advantage of the presence of collagen 
type II in native cartilage that can chemically react with functional groups of the gel 
precursor molecules. For example, tissue-initiated polymerization was carried out between 
acrylate groups in polymerizable PEGDA macromers and tyrosine groups in collagen when 
exposed to light and an oxidative reagent like H2O2, resulting in improved tissue adhesion 
and integration [117] (Figure 2.12a). In another approach, adhesion and integration with 
native cartilage was achieved using aldehyde functionalized methacrylated chondroitin 
sulfate (CSMA) which was covalently attached to collagen via Schiff-base formation [118] 
(Figure 2.12b). The CSMA layer was further polymerized by photo-crosslinking of PEGDA 
to give a gel/cartilage integrated scaffold. 

2.4.2 Biofunctionality  

Understanding of the tissue structure and composition can lead to a rational material 
design, targeted towards mimicking the underlying biological cues and specific chemistry 
of cartilage. Generally, injectable hydrogels have been prepared from either synthetic 
polymers, or natural as well as naturally-derived polymers. However, synthetic polymers 
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allow structural and compositional variations in the design of hydrogels, but mostly lack the 
necessary bio-functionality. Hydrogels prepared from natural polymers encounter problems 
in batch-to-batch differences. Proteins and peptides are easily denatured by proteases or 
elicit immune responses in the body. These opportunities and limitations have been a 
motivation to develop hybrid injectable hydrogels with tightly defined physical, chemical 
and biological properties by the combination of synthetic polymers with biomimetic natural 
polymers or peptide/protein sequences. 

 
Figure 2.12. Strategy for hydrogel-cartilage integration by (a) tissue-initiated photopolymerization or 
(b) Schiff-base formation.  

 
Figure 2.13 illustrates commonly used approaches to prepare hybrid injectable hydrogels. 

One approach is the preparation of hybrid copolymers and subsequent crosslinking (Figure 
2.13a). For example, Lee et al. reported on the preparation of proteins (collagen, albumin 
and fibrinogen) conjugated with acrylated PEG and subsequent hydrogel formation by 
photopolymerization [119]. Enzymatic biodegradation and structural properties of these 
hydrogels were easily controlled. The modified protein maintained its cell-adhesive 
properties and supported proteolytic degradability based on the specific characteristics of 
the protein backbone. Another approach is the crosslinking of mixtures of natural 
polymers/peptides and synthetic polymers (Figure 2.13b). For example, proteolytically 
degradable hydrogels based on synthetic polymers and protease-sensitive peptide sequences 
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were reported [7, 13, 51, 120, 121]. These peptide sequences are susceptible to local 
degradation upon excretion of cell-surface proteases and the degradation rate of the 
hydrogel can be tailored by enzyme specificity to the peptide sequences [121]. The 
advantage of hybrid injectable hydrogels is that multiple functionalities can be included in 
one gel system such as tunable physical properties, proteolytic degradation properties and 
enhanced extracellular matrix production. Table 2.2 lists typical examples of injectable 
hybrid hydrogels for cartilage tissue engineering applications.  

 
Table 2.2. Typical examples of injectable hybrid hydrogels for cartilage applications.  

Synthetic 
polymer 

Biomimetic 
natural moiety Functionality Ref. 

PEG RGD 
Promoting chondrocyte-specific 
differentiation and morphogenesis 
and cartilage tissue development 

[122] 

PEG MMP-sensitive 
peptide 

Proteolytic degradability, enhanced 
gene expression of type II collagen 
and aggrecan 

[52] 

PVA or 
PEG 

Chondroitin 
sulfate 

Balance between modulus and 
swelling of hydrogels, enhanced 
matrix production 

[30, 123] 

PEG Collagen-mimic 
peptide 

Retention of ECM production 
inside hydrogel via collagen 
binding, enhanced chondrogenesis  

[119, 124] 

Pluronic 
F127 

Hyaluronic acid, 
RGD 

Improved cellular adhesion and 
proliferation, increased matrix 
production 

[125] 

 
 

(a) Injectable hybrid hydrogels prepared from hybrid copolymers [119, 125, 126] 

 
(Figure 2.13 continued) 



Chapter 2 
 

 24 

(Figure 2.13 continued) 

 

(b) Injectable hybrid hydrogels prepared from natural and synthetic polymers [52, 127] 

SH SH SH = -CH2CH2S-

PEG diacrylate

Thiolated heparin

SH SH SH = -CH2CH2S-

PEG diacrylate

Thiolated heparin

 
Figure 2.13. Commonly used approaches in the preparation of hybrid injectable hydrogels. 
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2.4.3 Growth factors 

During the cartilage regeneration process growth factors play a crucial role in regulating 
cellular proliferation, differentiation, migration, and gene expression. Besides, they have 
large influences on the communication between cells and their microenvironment. A 
number of growth factors have been studied and include bone morphogenetic protein 
(BMP), transforming growth factor (TGF), insulin-like growth factor (IGF) and basic 
fibroblast growth factor (bFGF). Their main functions in cartilage regeneration are 
summarized in Table 2.3. For example, the BMP family can stimulate mitosis and matrix 
production by chondrocytes and induce chondrogenesis of mesenchymal cells, triggering 
them to differentiate and maintain a chondrogenic phenotype [128, 129]. TGF-β not only 
enhances chondrocyte proliferation, but also increases the synthesis of proteoglycans [65, 
130].  

 
Table 2.3. Delivery of growth factors using injectable hydrogels for cartilage regeneration 

Growth factor Function Hydrogel Ref. 

BMP Inducing chondrogenesis; 
Stimulating cartilage formation Alginate [131] 

TGF-β 

Regulation of cell proliferation 
and differentiation; Stimulating 
production of proteoglycans and 
other matrix components 

OPF  [132] 

IGF Promotion of cartilage tissue 
formation PEODM [133] 

bFGF 

Potent modulator of cell 
proliferation, motility, 
differentiation, and survival; 
initiation of chondrogenesis 

P(NIPAAm-
co-AAc) [134] 

 
Direct administration of growth factors is commonly associated with problems such as a 

short biological half-life and easy diffusion. Injectable hydrogels offer significant 
opportunities for controlled local delivery of such biomolecules. These bioactive agents can 
be easily incorporated into hydrogels prior to gelation and their release kinetics can be 
adjusted on demand by the crosslinking density and stability of the networks. The 
disadvantages of in situ incorporation, however, is the potential damage of proteins during 
the gelation process [135] or the occurrence of an initial burst release [136]. To circumvent 
these disadvantages, growth factors can be incorporated into microparticles which can be 
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added to the hydrogel precursor solutions (Figure 2.14b). Microparticles can be prepared 
either from synthetic polymers (e.g. PGA, PLA, and PLGA) or from natural polymers (e.g. 
gelatin) [130]. For example, Holland et al. reported on TGF-β1-loaded-gelatin particles 
which were incorporated in oligo(poly(ethylene glycol) fumarate) hydrogels [137]. In vitro 
release experiments showed a suppressed burst release and prolonged delivery of TGF-β1 
[137]. Besides, when chondrocytes or MSCs were embedded, an increased cellular 
proliferation and enhanced chondrocyte-specific gene expression was observed for the 
hydrogels containing TGF-loaded-gelatin particles [65, 132]. 

 

 

Figure 2.14. Schematic representation of methods for encapsulating growth factors either by (a) 
direct incorporation or (b) preloading into microparticles 
 

2.4.4 In vivo studies 

Many injectable hydrogels so far prepared for cartilage tissue engineering have been 
studied in vitro, however, only a few reports have appeared on their performance in vivo. 
Before clinical application, injectable hydrogels need to be systematically evaluated in 
animal models. A summary of in vivo studies on injectable hydrogels for cartilage 
regeneration is presented in Table 2.4.  

Early in vivo studies generally focused on the ability of cell-seeded injectable hydrogels 
to generate cartilaginous tissue after subcutaneous implantation/injection in mouse models. 
For example, Elisseeff et al. implanted chondrocyte-incorporated PEO-based hydrogels, 
and showed that the chondrocytes survived during the photopolymerization process and 
proliferated without any sign of necrosis [138]. However, partial chondrocyte 
dedifferentiation and undesired fibro-cartilaginous tissue formation were observed in these 
gels after 6 weeks’ in vivo. To retain the chondrocyte phenotype and improve cartilage 
regeneration, ECM components and bioactive molecules were incorporated into hydrogels. 
Na et al. showed that cartilage-specific ECM production was significantly higher in 
P(NIPAAm-co-AAc) hydrogels containing HA and TGF-β3 compared to those without the 
growth factor or HA [139, 140].  
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Table 2.4. Injectable hydrogels for in vivo cartilage tissue engineering 

Hydrogel (+/-cell) Animal model Outcome  Ref. 

PEODM-PEO 
(+bovine 

chondrocytes) 

Subcutaneous 
implantation in 
athymic mice 

Chondrocytes survived implantation 
and photopolymerization. 
Fibrocartilage tissue containing 
collagen type I and type II, and 
glycosaminoglycans were formed 
after 6 weeks. 

[138] 

Chitosan-GP- 
glucosamine (+ 

primary calf 
chondrocytes) 

Subcutaneous 
injection in 
nude mice 

Chitosan gels supported cartilage 
matrix accumulation by cells 48 days 
after injection. 

[141] 

P(NIPAAm- co-
AAc)/HA (+ rabbit 

chondrocytes or 
rabbit MSC) 

Subcutaneous 
injection in 
nude mice 

The hydrogel containing HA and GF 
showed enhanced ECM 
accumulation and chondrogenic gene 
expression at 8 weeks after injection. 

[139, 
140] 

Hyaluronic acid (+ 
swine auricular 
chondrocytes) 

Subcutaneous 
implantation in 

nude mice 

Neocartilage was produced and 
evenly distributed in the gels after 6 
weeks. The P0 and P1 chondrocytes 
produced neocartilage tissue that 
resembled native auricular cartilage 
after 12 weeks. 

[15, 
142] 

PEGDA with 
methacrylated 

chondroitin sulfate 
as adhesive 

Goat chondral 
defects 

Defects treated with chondroitin 
sulfate adhesive and hydrogel 
showed improved cartilage repair 
compared to an empty, untreated 
defect after 6 months. 

[118] 

Chitosan-GP- 
glucosamine 

Rabbit 
(osteo)chondra

l defects 

Chitosan gel can reside at least 1 day 
in a full-thickness chondral defect 
and for at least 1 week in a mobile 
osteochondral defect. 

[141] 

Hyaluronic acid-
gelatin-PEGDA (+ 
autologous MSC) 

Rabbit 
osteochondral 

defect 

Defects were completely filled with 
elastic, firm, translucent cartilage at 
12 weeks and showed superior 
integration of the repair tissue with 
the cartilage. 

[143] 

Elastin-like 
polypeptide  

Goat chondral 
defects 

ELP formed stable, well-integrated 
gels and supported cell infiltration 
and matrix synthesis 3 months after 
injection. These hydrogels degraded 
rapidly. 

[144] 
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Recent studies have been directed to injectable hydrogels for cartilage regeneration in 
animal models like rabbit and goat. Hoemann et al. tested the residence of injectable 
hydrogels in rabbit joints and showed that injectable chitosan/glycerol phosphate gels could 
reside at least 1 day in a full-thickness chondral defect, and at least 1 week in a mobile 
osteochondral defect [141]. Liu et al. described osteochondral defect repair in a rabbit 
model using a synthetic ECM composed of hyaluronic acid and gelatin [143]. At 12 weeks, 
the defects were completely filled with elastic, firm, translucent cartilage and showed good 
integration of the repair tissue with the surrounding cartilage. 

2.5 Conclusion 

Novel crosslinking methods provide significant opportunities for the design of injectable 
hydrogels with multifunctional properties on demand for cartilage tissue engineering 
applications. The fast progress in molecular biology inspires researchers to design smart 
and biofunctional injectable hydrogels. Polymer composition and structures, hydrogel 
forming methods, degradation properties, mechanical strength and biocompatibility are of 
significant importance. Artificial extracellular matrices combining injectable hydrogel 
scaffolds, cells and growth factors hold great promise for cartilage tissue engineering, and 
pave the way for regenerated cartilage. 
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2.6 Abbreviations 

 

APS ammonium peroxydisulfate PEODM poly(ethylene glycol) 
dimethacrylate 

bFGF basic fibroblast growth 
factor PEO poly(ethylene oxide) 

BMP bone morphogenetic protein PG proteoglycan 
CD cyclodextrin PGA poly(glycolic acid) 

CSMA methacrylated chondroitin 
sulfate PHB poly([R]-3-hydroxybutyrate) 

ECM extracellular matrix PLA poly(lactic acid) /polylactide 
ELP elastin-like polypeptide PLLA Poly(L-lactic acid) 
FN fibronectin PNIPAAm poly(N-isopropylacrylamide) 

GAG glycosaminoglycan P(NIPAAm- 
co-AAc) 

poly(N-isopropylacrylamide -
co-acrylic acid) 

GF growth factor P(NIPAAm- 
co-HEMA) 

poly(N-isopropylacrylamide-
co-hydroxyethyl methacrylate) 

GP β-glycerol phosphate P(PF-co-
EG) 

poly (propylene fumarate-co-
ethylene glycol) 

HA hyaluronic acid PPO poly(propylene oxide) 
HEMA hydroxyethyl methacrylate PVA poly(vinyl alcohol) 

HPMA N-(2-hydroxypropyl) -
methacrylamide SELP silk-elastin like polypeptide 

HRP horseradish peroxidase TA tyramine 
IGF insulin-like growth factor TE tissue engineering 

LN laminin TEMED N,N,N’N’-tetramethylene 
diamine 

MMP matrix metalloproteinase TG transglutaminase 
NVP N-vinyl-2-pyrrolidone   

OPF oligo[poly(ethylene glycol) 
fumarate] TGF transforming growth factor 

PCL poly(ε-caprolactone) VEGF vascular endothelial growth 
factor 

PDLA Poly(D-lactic acid)   
PEG poly(ethylene glycol)   

PEGDA poly(ethylene glycol) 
diacrylate   
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Chapter 3 

 
Synthesis and Characterization of Hyaluronic acid-PEG 
Hydrogels via Michael Addition:  
An Injectable Biomaterial for Cartilage Repair ∗ 
 

Injectable hydrogels based on hyaluronic acid (HA) and poly(ethylene glycol) (PEG) 
were designed as biodegradable matrices for cartilage tissue engineering. Solutions of HA 
conjugates containing thiol functional groups (HA-SH) and PEG-vinylsulfone (PEG-VS) 
macromers were crosslinked via Michael addition to form a three-dimensional network 
under physiological conditions. Gelation times varied from 14 min to less than 1 min, 
depending on the molecular weight of the HA-SH and PEG-VS, degree of substitution (DS) 
of the HA-SH and the total polymer concentration. In the presence of 100 U/mL of 
hyaluronidase, when the polymer concentration was increased from 2 to 6% (w/v), the 
degradation time increased from 3 to 15 days. Hydrogels with a homogeneous distribution 
of cells were obtained when chondrocytes were mixed with the precursor solutions. 
Culturing cell-hydrogel constructs, prepared from HA185k-SH with a DS of 28 and 
crosslinked with PEG5k-4VS for 3 weeks in vitro, revealed that the cells were viable and 
that cell division took place. Gel-cell matrices degraded in approximately 3 weeks as 
shown by a significant decrease in dry gel mass. At day 21, glycosaminoglycans and 
collagen type II were found to accumulate in hydrogels. These results indicate that these 
injectable hydrogels have a high potential for cartilage tissue engineering.  

. 

3.1 Introduction 

Over the past decades, hydrogels have been extensively studied as temporary scaffolds 
for cartilage regeneration [1-3]. Hydrogels are three-dimensional, hydrophilic, polymeric 
networks absorbing and retaining a large amount of water, resembling the properties of 
native cartilage [4]. Moreover, hydrogels have a high permeability for nutrients, and water-
soluble metabolites, allowing cell survival and supporting cellular growth. The 
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incorporation of chondrocytes or stem cells into hydrogels is a promising repair strategy for 
cartilage [5-8].  

In such a strategy, preformed hydrogels with a permanent shape generally need to be 
surgically implanted into the cartilage defects. However, good attachment and integration 
of the preformed hydrogel in native cartilage is not easily realized because the defects 
usually have an irregular shape. Alternatively, injectable hydrogels, which are implanted 
via injection of a viscous polymer solution which subsequently gels in situ at the defect site, 
offer an opportunity to circumvent this problem. These injectable hydrogels allow a 
homogenous encapsulation of chondrocytes and bioactive molecules during the gelation 
process which may facilitate the formation of a new matrix.  

One of the most studied methods to induce hydrogel formation at a cartilage defect site is 
photocrosslinking of vinyl functionalized polymers e.g. poly(ethylene glycol) (PEG) 
di(meth)acrylate [9-12].  Elisseeff et al. pioneered on injectable PEG-based hydrogels via 
transdermal photopolymerization for cartilage repair in vitro and in vivo and showed that 
neocartilage was formed after 7 weeks [11]. In another study, Bryant et al. fabricated 
biodegradable hydrogels based on PEG and polylactide (PLA) via photocrosslinking and 
examined neocartilage formation in the hydrogels at different degradation rates [13-15]. 
One of the limitations of the photocrosslinking method to prepare injectable hydrogels is 
the potential cytotoxicity of photo-initiators and UV light on cells [11, 16]. Besides, the 
transmittance of UV light through the skin decreases with increasing skin thickness and no 
UV light penetrates the human skin when the thickness is above 2 mm [11]. Thus for 
hydrogel formation by photopolymerization in a cartilage defect, UV light needs to be 
placed in close proximity of the defect.  

Another approach to prepare injectable hydrogels as artificial cartilage matrices is the use 
of the Michael-type addition reaction to crosslink precursor macromers. Crosslinks are 
formed via addition reactions between  nucleophiles (e.g., thiol groups) and electrophiles 
(e.g., vinyl/acrylate groups) [17]. By this approach, Park et al. reported on branched PEG–
vinylsulfone macromers that were crosslinked with thiol-bearing MMP-sensitive peptides 
to form a 3-dimensional network in situ under physiological conditions [18]. Gene 
expression experiments by real-time RT-PCR demonstrated the expression of type II 
collagen and aggrecan by chondrocytes. Recently, our group prepared injectable hydrogels 
based on vinyl sulfone conjugated dextrans and PEG thiols via the Michael addition 
reaction [19, 20]. Since cells do not adhere to dextran and PEG [21, 22], the hydrogels are 
expected not to facilitate the attachment of chondrocytes within the gels during the cartilage 
regeneration process. 
  Hyaluronic acid (HA), consisting of disaccharide units of glucuronic acid and N-
acetylglucosamine [23], is a key glycosaminoglycan (GAG) component distributed 
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throughout the ECM of cartilage and is a major constituent of synovial fluid. HA is a 
biodegradable polysaccharide which  can be metabolized via enzymatic hydrolysis by 
hyaluronidase (HAse), an enzyme present in various mammalian tissues [24]. HA may 
interact with chondrocytes through surface receptors like CD44, enabling modulation of 
cell activity such as migration, proliferation and differentiation as well as matrix secretion 
[25-27].  Therefore, HA is considered as a promising material for cell delivery in cartilage 
regeneration. Various reports on injectable HA-based hydrogels for cartilage repair have 
been published with photocrosslinking as a gelation method [12, 28-32]. To the best of our 
knowledge, only a few studies in cartilage tissue engineering make use of HA-based 
hydrogels that are prepared by the Michael addition method. For example, Liu et al. 
reported on HA-based hydrogels via Michael addition reactions between thiolated HA, 
thiolated gelatin, and acrylated PEG for the repair of osteochondral defects in a rabbit 
model [33]. The results showed that defects filled with Mesenchymal Stem Cells (MSC) 
seeded hydrogels resulted in an elastic, firm, translucent cartilage with good integration 
with the surrounding cartilage. 

In this study, HA-based hydrogels were prepared via the Michael type addition of 
thiolated HA (HA-SH) and 4-arm PEG-vinylsulfone (PEG-4VS). We focused our attention 
on factors important for successful application of an injectable hydrogel like gelation rate, 
enzymatic degradation profile, and mechanical moduli. The degree of substitution of HA-
SH, the molecular weight of HA and PEG, as well as concentration of the precursor 
solutions were taken into account. Biocompatibility, biodegradability, cytotoxicity and 
cartilage formation were studied in vitro by cell culture experiments using bovine 
chondrocytes incorporated inside the gels. 

 

3.2 Materials and methods 

Materials. Hyaluronic acid sodium salt (HA), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDAC), N-hydroxysuccinimide (NHS), dithiothreitol 
(DTT), calcium hydride (CaH2) and divinyl sulfone (DVS) were purchased from Fluka. 
Sodium hydride (NaH) and glacial acetic acid were obtained from Aldrich and Sigma-
Aldrich, respectively. Hyaluronidase (Type VIII, lyophilized powder, 298 units/mg) was 
purchased from Sigma and used without further purification. The 4-arm poly(ethylene 
glycol)s (4-arm PEG, Mn,MALDI = 1.06х104g/mol, Mw/Mn=1.02, denoted as PEG10k, and 

Mn,MALDI = 5.11х103g/mol, Mw/Mn=1.04, denoted as PEG5k) were purchased from Jenkem 
Technology Co., LTD. All PEGs were dried by azeotropic distillation of toluene. Toluene 
was previously dried over sodium wire followed by distillation. Dichloromethane was dried 
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over calcium hydride and distilled before use. Phosphate buffered saline (PBS, pH 7.4) was 
purchased from Invitrogen. All other solvents were used as received.  

Degradation and thiolation of hyaluronic acid. HA of low molecular weight was 
obtained by degradation of commercially available HA (~ 1.8×106 g/mol by viscosity 
measurement) in acidic solutions. In a typical example, high molecular weight HA (5 g) 
was dissolved in 500 mL of distilled water, and the pH of the solution was adjusted to ca. 
0.5 by the addition of 4M HCl. The degradation was carried out at 37 °C with continuous 
stirring for 3 d. Subsequently, the pH of the solution was adjusted to 7 by the addition of 
4M NaOH. The solution was dialyzed against water (MWCO 6000-8000) and freeze-dried 
to give the degraded HA as a white foam. The molecular weight of the degraded HA was 
determined by a viscosity measurement [34] and calculated to be approximately 45 kg/mol. 
A similar procedure was applied for the degradation of HA in an HCl solution at pH 1. 
After dialysis against water (MWCO 12000-14000) and free-drying, HA with a molecular 
weight of approximately 185 kg/mol was obtained. 

Conjugation of HA was carried out using a one-pot synthesis procedure [35]. Typically, 
HA45k (200 mg) was dissolved in 20 mL of water. To the solution, a three molar excess 
(relative to the carboxylic acid groups in HA) of EDAC (287 mg, 1.5 mmol) and NHS (172 
mg, 1.5 mmol) were added and the pH of the solution was adjusted to 4-5 by the addition of 
4 M HCl. After 2 h, cystamine dihydrochloride (337 mg, 1.5 mmol) was added. After 2 
days, the reaction was stopped by neutralizing the solution with the addition of 4 M NaOH. 
DTT (2.3 g, 15 mmol) was dissolved in 5 mL of water and added to the mixture. After the 
mixture was stirred for 24 h under N2, the pH of the reaction mixture was adjusted to pH 5 
by the addition of 4 M HCl.  The solution was first dialyzed (MWCO 12000-14000) against 
dilute HCl (pH 5) containing 4g/L NaCl followed by dialysis against dilute HCl (pH 5). 
After dialysis, the pH of the solution was readjusted to 7 by the addition of 1 M NaOH and 
then quickly immersed in liquid N2. The conjugated HA containing free thiol groups 
(denoted as HA-SH) was obtained as a white foam by freeze-drying. The degree of 
substitution of free thiol groups (DS, Ellman method) [36] was 10. Yield: 90%. 1H NMR 
(D2O): δ=4.5 (HA anomeric proton), 3.0–4.1 (HA ring protons), 2.6 (NH-CH2-CH2-SH), 
2.4 (NH-CH2-CH2-SH), 1.9 (NHCOCH3). 

Synthesis of poly(ethylene glycol) vinyl sulfone. PEG vinyl sulfone (denoted as PEG-
VS) was synthesized from 4-arm PEG and divinyl sulfone according to a modified 
procedure reported by Hubbell et al. [37]. Typically, 4-arm PEG (2 g, 0.8 mmol OH) was 
dissolved in 30 mL of dichloromethane under a nitrogen atmosphere. To the solution, 10 
mL of dichloromethane containing sodium hydride (96 mg, 4 mmol) was added and the 
reaction mixture was stirred for 1 h. After hydrogen evolution, the mixture was added 
dropwise to 20 mL of a dichloromethane solution containing divinyl sulfone (4.7g, 40 
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mmol) under a nitrogen atmosphere. The reaction mixture was stirred for 3 d in the dark. 
After neutralization with glacial acetic acid to a pH of 7, the mixture was filtrated and the 
filtrate was concentrated. The product was recovered by precipitation in cold diethyl ether 
and purified by ultrafiltration (MWCO 1000). The final product was obtained by freeze-
drying. The degree of end group conversion was calculated to be 98% from 1H NMR. Yield: 
72%. 1H NMR (CD3Cl): δ=3.2-3.3 (-O-CH2-CH2-SO2-), 3.6-3.7 (-CH2-CH2-O-), 3.8-3.9 (-
O-CH2-CH2-SO2-), 6.1 (CH2=CH-), 6.4 (CH2=CH-), 6.8 (CH2=CH-). 

Polymer characterizations. 1H NMR (300 MHz) spectra were recorded on a Varian 
Inova spectrometer (Varian, Palo Alto, USA). Samples of 10-20 mg each were prepared 
and dissolved in 0.8 mL of D2O or CD3Cl. The signals of non deuterated solvent residues 
were used as a reference for the 1H NMR chemical shifts and were set at δ 4.79 and 7.26 
for water and chloroform, respectively. The degree of end group conversion of PEG-VS 
was calculated from 1H NMR spectra by comparing the integrals of signals at δ 3.6-3.7 
(PEG main chain protons) and δ 6.1-6.8 (vinyl sulfone protons). The number of free thiol 
groups of HA-SH was determined by the Ellman method [36]. The absorption at 412 nm of 
diluted HA-SH (in PBS) was recorded using a Cary 300 Bio UV-Visible 
Spectrophotometer (Varian) and the free thiol concentration was calculated using a 
calibration curve derived from a series of mercaptoethanol solutions. 

Hydrogel formation and gelation time. To determine the gelation time, 200 μL samples 
of HA-SH and PEG-VS (molar ratio of thiol to vinyl sulfone was kept at 1.2 unless 
otherwise mentioned) in PBS were mixed in vials by vortexing and kept at 37 ºC. The 
concentration is defined as the total dry weight of both PEG-VS and HA-SH per volume of 
buffer. The time to form a gel (denoted as gelation time) was determined using the vial 
tilting method. No flow within 1 min upon inverting the vial was regarded as the gel state. 
The experiments were performed in triplicate. 

Swelling and degradation. Hydrogel samples (0.4 mL) were prepared in vials according 
to the procedure described above and accurately weighed (Wi). Subsequently, 2 mL of 
chondrocyte expansion medium (DMEM with 10% FBS, 10 mM HEPES, 0.1 mM 
nonessential amino acid, 0.2 mM ascorbic acid, 100 U/ml penicillin, 100 μg/ml 
streptomycin and 0.4 mM proline) containing 100U/mL hyaluronidase (HAse) was applied 
on top of the hydrogels followed by incubation at 37°C. At regular time intervals, the 
medium was removed from the samples and the hydrogels were weighed (Wt). The 
swelling ratio of hydrogels was calculated from the equation Wt/Wi×100%. The 
degradation time was defined as the time needed for the gel to disappear (Wt = 0). The 
medium was replaced twice a week and the experiments were performed in triplicate. 

Rheological analysis. Rheological experiments were carried out with a MCR 301 
rheometer (Anton Paar) using parallel plates (25 mm diameter, 0°) configuration at 37°C in 
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the oscillatory mode. In a typical example, 350 μL of HA-SH and PEG-VS in PBS were 
mixed using a double syringe (2.5 mL, 1:1 volume ratio) equipped with a mixing chamber 
(Mixpac). After the samples were applied to the rheometer, the upper plate was 
immediately lowered to a measuring gap size of 1 mm, and the measurement started. To 
prevent water evaporation, a layer of oil was introduced around the polymer sample. The 
storage modulus (G′) was recorded at a frequency of 1 Hz and a strain of 1%. 

In situ chondrocyte incorporation. Chondrocytes from bovine cartilage were isolated 
as previously described and used in passage 2 [38]. A 4.5% (w/v) stock solution of 
HA185k-SH DS28 in sterilized PBS was exposed to UV (Bio-Rad Gel Doc 2000). A 6.9% 
(w/v) stock solution of PEG5k-4VS in medium was sterilized via filtration through a filter 
with a pore size of 0.22 μm. To incorporate chondrocytes, 0.2 mL of the PEG5k-4VS stock 
solution was mixed with 0.2 mL chondrocyte/medium suspension and subsequently 0.4 mL 
of the HA185k-SH DS 28 stock solution was added. The resulting solutions were gently 
mixed. The final concentration of the hydrogel was 4% (w/v) and the cell seeding density in 
the gels was 5×106 cells/mL. For cytotoxicity and degradation studies, the cell/gel 
constructs were cultured in a chondrocyte expansion medium. To assess matrix production 
by the chondrocytes, the constructs were cultured in a chondrocyte differentiation medium 
composed of DMEM high glucose with 0.1μM dexamethasone (Sigma), 100 μg/mL sodium 
pyruvate (Sigma), 0.2 mM ascorbic acid, 50 mg/mL insulin-transferrin-selenite 
(ITS+Premix, BD biosciences), 100 U/ml penicillin, 100 μg/ml streptomycin and 10 ng/mL 
transforming growth factor β3 (TGF-β3, R&D system). The samples were incubated in a 
humidified atmosphere of 5% CO2 at 37°C. The medium was replaced every 2 or 3 days. 

Cytotoxicity assay. To investigate chondrocyte viability in the hydrogels, a fluorescence 
Live/Dead assay (Invitrogen) was used. At days 1, 7 and 14, the hydrogel constructs were 
rinsed with PBS and stained with calcein AM/ethidium homodimer, according to the 
manufacturer’s instructions. Hydrogel/cell constructs were visualized using fluorescence 
microscopy (Zeiss). As a result living cells fluoresce green and the nuclei of dead cells red. 
Quantification of total DNA in the cell/gel constructs (50 μL of each) was performed with a 
CyQuant dye kit (Molecular Probes) following the manufacturer's instructions using a 
fluorescent plate reader (Perkin Elmer) at an excitation of 480 nm and an emission of 520 
nm. Data (n=3, measured in triplicate) are expressed as mean ± standard deviation (SD). 

Hydrogel degradation in the presence of chondrocytes. Gel/cell constructs of 0.1 mL 
were prepared in a culture plate as described above and weighed (Wci). About 2 mL of 
chondrocyte expansion medium was added to each gel (the gel was fully immersed in the 
medium) and the constructs were incubated in a humidified atmosphere of 5% CO2 at 37°C. 
The medium was replaced every 2-3 days and the cell/gel constructs were weighed at 
regular time intervals (Wct). The swelling ratio of the constructs was calculated from the 



Synthesis and characterization of hyaluronic acid-PEG hydrogels via Michael addition 
 

 45 

equation Wct/Wci×100%. Afterwards, the constructs were washed extensively with water to 
remove salts and then freeze-dried. The freeze-dried samples were weighed (Wcdt). The 
degradation profiles of the hydrogels with chondrocytes were determined from the 
remaining dry gel masses. HA185k-SH DS 28/PEG5k-4VS hydrogels without cells 
cultured under the same condition were used as a control. 

Matrix production. For histological analysis, samples were fixed in 10% formalin for 1 
h, embedded in paraffin, and processed using standard histological procedures. Sections (5 
μm thick) were stained for chondroitin sulfate (CS) using an immunofluorescent staining. 
Briefly, the hydrogel sections were rehydrated with xylene and series of ethanol (from 
100% until 70%). The slides were left in distilled water for 10 minutes. The samples were 
incubated with 0.5 U/ml Chondroitinase ABC (Sigma) (diluted in PBS+1% BSA (Sigma)) 
to expose the chondroitin sulfate epitopes for 1 h, and afterwards rinsed with PBS. Then the 
samples were treated with anti-chondroitin-6-sulfate (clone MK-302, Chemicon) (1:50) in 
PBS+1% BSA overnight at 4°C, followed by rinsing with PBS. A negative sample was 
included without primary antibody (replaced by PBS). All the samples were incubated with 
goat anti-mouse IgG labeled with Alexa Fluor 488 (1:100 in PBS+1% BSA) (Invitrogen) 
for 1 h at room temperature. Counterstaining of nuclei was performed with DAPI for 
10 min. The samples were washed with distilled water and the slides were embedded with 
VECTASHIELD Mounting Medium (Vector Laboratories, Burlingame, CA) for further 
visualization under the fluorescence microscope (Zeiss). 

The production of collagen type II was investigated using immunofluorescent staining of 
Col2A1. After rehydration, the samples were treated with 10 mM citric acid buffer (pH 6.0) 
for 10 minutes, and then were washed with PBS/BSA 1%.  Sections were incubated 
overnight with a Col2A1 monoclonal antibody (Purified mouse immunoglobulin IgG1, 
clone 3HH1-F9, Abnova, diluted at 1:100 in PBS/BSA 1%). After washing twice for 5 min 
in PBS/BSA 1%, sections were incubated with Alexa Fluor 488-Goat anti-Mouse IgG1 (γ1) 
(Invitrogen, Molecular Probes, 1:1000) for 1 hour. After extensive washes, the sections 
were embedded with VECTASHIELD Mounting Medium supplemented with DAPI 
(Vector Laboratories, Burlingame, CA).  

To quantitatively analyze the GAG production in the hydrogels a dimethylmethylene 
blue (DMMB) assay was performed. The constructs were taken from the chondrocyte 
differentiation medium after 1, 14 and 21 days. Samples were washed with PBS and frozen 
at −80 °C overnight. After freeze drying, the constructs were digested using proteinase-K 
(Sigma) at 56 °C (>16 h). The amount of GAG was determined spectrophotometrically 
after reaction with dimethylmethylene blue (DMMB, Sigma-Aldrich). The intensity of 
color change was quantified immediately in a microplate reader (Bio-TEK Instruments) by 
measuring the absorbance at 540 nm. The amount of GAG was calculated using a standard 
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curve of chondroitin sulphate A or B (Sigma-Aldrich). The total collagen content was 
determined using the hydroxyproline assay [39]. Aliquots of digested solutions were 
hydrolyzed in 6 M HCl at 100°C for 24 h, dried under vacuum and resuspended in buffer 
(0.16 M citric acid, 0.8% v/v glacial acetic acid, 0.6 M sodium acetate, 0.57 M sodium 
hydroxide, 20% v/v n-propanol, pH 6.0). The hydroxyproline content was determined via a 
colorimetric assay by reaction with chloramine T and dimethylaminobenzaldehyde. All 
values were corrected for the background staining of gels without cells and normalized to 
DNA content (expressed as GAG or collagen (μg)/DNA (μg)). Data (n=3, measured in 
triplicate) are expressed as mean ± standard deviation (SD).  

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

 

3.3 Results and discussion 

3.3.1 Synthesis and characterization of HA-SH and PEG-VS 

Low molecular weight HAs were prepared by hydrolytic degradation of a high molecular 
weight HA (~ 1.8×106 g/mol) in acidic solutions and were purified by exhaustive dialysis 
and isolated after freeze-drying. The molecular weights of these HAs were approximately 
185k and 45k, as determined by viscosity measurements. Thiolated hyaluronic acids (HA-
SHs) were prepared in a two-step reaction shown in Figure 3.1.  

 
Figure 3.1. Conjugation of hyaluronic acid to prepare HA-SH. 
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The hyaluronic acids were modified by reacting the carboxylic groups of HA with the 
amine groups of cystamine dihydrochloride (Cys) using EDAC/NHS activation at an 
optimal pH of 4-5 at room temperature [40]. During the reaction, the solution became 
turbid or formed a gel. Subsequently, disulfide bonds were cleaved using an excess amount 
of the reductive reagent DTT at a pH of 7-8 for 24 h. The final product (HA-SH) was 
purified by dialysis and isolated after freeze-drying in a yield of over 90% (Table 3.1). The 
1H NMR spectrum of HA-SH showed two signals at δ 2.4 and 2.6 (Figure 3.2, peaks 2 and 
3), belonging to the methylene protons of the cysteamine moieties. The degree of 
substitution (DS), defined as the number of free thiol groups per 100 repeat units of HA, 
was determined by an Ellman test. The DS of HA-SH increased from 10 to 28 when the 
molar feed ratio of COOH/Cys was increased from 1:3 to 1:6 (Table 3.1).  
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Figure 3.2. 1H NMR spectra of (a) HA-SH and (b) unmodified HA in D2O 

Vinyl sulfone functionalized poly(ethylene glycol) (PEG-VS) was synthesized by a 
single step reaction between 4-arm PEG (Mn, 5,000 or 10,000 g/mol) and an excess amount 
of divinyl sulfone (DVS, molar ratio of DVS to PEG hydroxyl groups was 50) in the 
presence of NaH in dichloromethane. The PEG-VS was purified by precipitation and 
ultrafiltration, and finally obtained in solid form after freeze-drying in yields of 80-90%. 
The degree of end group conversion was determined from 1H NMR spectra by comparing 
the integrals of signals at δ 3.6-3.7 (PEG main chain protons) and δ 6.1-6.8 (vinyl sulfone 
protons). High conversions (>94%) were obtained for 4-arm PEGs with molecular weights 
of 5,000 and 10,000 g/mol (denoted as PEG5k-4VS and PEG10k-4VS), respectively. 
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Table 3.1. Molecular weight (MW) of HA and degree of substitution of thiolated HA.  

Sample code MW (kg/mol) 
of starting HA 

Molar feed ratio 
of COOH/Cys DS Yield 

HA185k-SH DS 10 1 : 3 10 90% 

HA185k-SH DS 28 
185 ± 42 

1 : 6 28 95% 

HA45k-SH DS 11 1 : 3 11 94% 

HA45k-SH DS 27 
45 ± 7 

1 : 6 27 96% 

 

3.3.2 Hydrogel formation and gelation time  

Hydrogels were formed in situ via Michael addition between the HA-SH and the PEG-
4VS in PBS at 37°C. The molar ratio of thiol groups to vinyl sulfone groups was kept at 1.2. 
The polymer concentration was defined as the total dry weight of both PEG-VS and HA-
SH per volume of buffer. The gelation time was determined by the vial tilting method. The 
influence of molecular weight, DS and polymer concentration on the gelation times of 
hydrogels was first determined.  

In Figure 3.3a the gelation times of HA185k-SH with a DS of 10 or 28 and HA45k-SH 
with a DS of 27 crosslinked with PEG10k-4VS as a function of the polymer concentration 
ranging from 2 to 6% (w/v) is depicted. The gelation times were significantly reduced with 
increasing polymer concentration (p<0.05), which could be attributed to an increase in the 
number of functional groups per volume of gel precursor. The gelation times of HA-
SH/PEG10k-4VS hydrogels decreased with an increasing molecular weight of HA from 
45k to 185k at similar DS values  (p<0.05). For example, at a polymer concentration of 4 % 
(w/v), the gelation time is about 8 min for HA45k-SH DS27/PEG10k-4VS, but 4 min for 
HA185k-SH DS28/PEG10k-4VS. This was most likely due to the higher number of thiol 
groups per HA molecule in HA185k-SH DS28 than in HA45k-SH DS27. However, at a 
high polymer concentration of 6% (w/v) only a minor difference in the gelation times was 
observed for the hydrogels prepared from HA185k-SH DS28 and HA45k-SH DS27. The 
HA45k-SH DS11 was not able to form a hydrogel with PEG10k-4VS at polymer 
concentrations ranging from 2 to 6% (w/v) (data not shown). On the other hand, hydrogels 
prepared from HA185k-SH and PEG10k-4VS with DS 10 and 28 revealed similar gelation 
times of about 4 min at a polymer concentration of 4% (w/v) (Figure 3.3a).  
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The influence of the PEG-VS molecular weight on the gelation time when crosslinked 
with HA185k-SH DS 28 at concentrations of 2 to 6 % (w/v) is shown in Figure 3.3b. The 
gelation time for those hydrogels decreased from 4 min to less than 1 min with increasing 
polymer concentrations. At the same polymer concentrations, PEG5k-4VS gave faster 
gelation than PEG10k-4VS, which may be due to the higher number of crosslinks present in 
PEG5k-4VS hydrogels. 

In general, the HA-SH/PEG-4VS hydrogels showed shorter gelation times (less than 
about 5 min) than hydrogels based on dithiol peptides/PEG-4VS (about 13 min) [37], HA-
thiol/PEG diacrylate (ca. 5-30 min) and HA-thiol/PEG dimethacrylate (several days) under 
physiological conditions [41]. More recently, we reported on hydrogels prepared from 
thiolated dextran and 4-arm PEG tetra-acrylate. The gelation times of those systems are 
similar to the HA-SH/PEG-VS hydrogels described here, but at higher polymer 
concentrations (10-20% (w/v)) [19]. The relatively fast gelation of HA-SH/PEG-VS 
hydrogels at low polymer concentrations may be attributed to a higher reactivity of vinyl 
sulfone groups compared to (meth)acrylate groups [19, 20]. Fast gelation is preferred 
especially for injectable hydrogels, since slow gelation in vivo may result in diffusion of 
hydrogel precursors or bioactive molecules to surrounding areas or failure of gel formation. 
Besides, a heterogeneous incorporation of cells in the gel may occur due to the gravity. 
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Figure 3.3. Gelation times determined by the vial tilting method after mixing solutions of HA-SH and 
PEG-4VS (molar ratio of SH to VS is 1.2) in PBS at 37 °C (n=3). (a) HA45k-SH DS 27, HA185k-SH 
DS 10 and HA185k-SH DS 28 with PEG10k-4VS as a function of polymer concentration; (b) 
HA185k-SH DS 28 with PEG10k-4VS and PEG5k-4VS as a function of polymer concentration. (* 
p<0.05, ** p<0.01) 

3.3.3 Swelling and degradation of hydrogels by hyaluronidase 

It is well known that HA is readily biodegraded by hyaluronidase (HAse) [42]. To study 
the swelling and degradation profiles of the hydrogels from HA-SH and PEG-4VS, 2 mL of 
chondrocyte expansion medium containing 100 U/mL HAse was applied on top of 0.4 mL 
of the hydrogels. The hydrogels were kept at 37 °C and their weights were monitored at 
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regular intervals. The swelling ratios of the hydrogels at day t were calculated by rationing 
the weight of the swollen gel to the initial gel weight (Wt/Wi х100%). The swelling and 
degradation profiles of hydrogels from HA185k-SH DS 28 and PEG5k-4VS in the presence 
of the HAse as a function of time are presented in Figure 3.4a. In general, swelling ratios of 
the hydrogels first increased and then gradually decreased until complete degradation. The 
continuous swelling during the first time period was attributed to an increasing uptake of 
medium by the hydrogels during the enzymatic degradation process. In time degraded 
fragments became soluble and released from the gels. At a certain time point, the increase 
in the swelling is overtaken by the gel weight loss, which results in a decrease of the 
swelling ratio. The degradation time was defined as the time required to completely 
dissolve at least one of three hydrogel samples. At a low polymer concentration of 2% 
(w/v), the hydrogel was completely degraded at day 6, while at higher polymer 
concentrations of 4 and 6% (w/v), the gels were completely degraded at day 10 and 15, 
respectively. The prolonged degradation times of the hydrogels with higher polymer 
concentrations results from the higher crosslinking densities (defined as the number of 
crosslinks per volume of gels) in the gels.  
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Figure 3.4. Swelling and degradation profiles of hydrogels prepared from HA-SH and PEG-4VS 
(molar ratio of SH to VS is 1.2) exposed to 100 U/ml HAse in expansion medium at 37 °C (n=3). (a) 
HA185k-SH DS 28 with PEG5k-4VS at polymer concentrations of 2, 4 and 6% (w/v); (b) Plots of 
degradation times of HA-SH / PEG-4VS hydrogels as a function of polymer concentration. 

 
The molecular weight of the HA significantly influenced the degradation time of the 

hydrogels (Figure 3.4b). The hydrogels prepared from HA185k-SH DS 28 showed longer 
degradation times than those prepared from HA45k-SH DS 27 at the same polymer 
concentrations (5-14 d vs. 3-12 d). Moreover, degradation profiles of the hydrogels were 
also affected by the degree of substitution, rather than the molecular weight of the PEG. 
The hydrogels from HA185k-SH with a DS 28 clearly showed longer degradation times 
than those from HA185k-SH with DS 10 (6-15 d vs. 4-8 d). However, hydrogels prepared 
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from HA185k-SH DS 28 and crosslinked with either PEG5k-4VS or PEG10k-4VS showed 
comparable degradation times (6-15 d vs. 5-14 d). 

The in vivo degradation is dependent on the actual local enzyme concentration in 
cartilage tissue [43]. The HAse concentration (100 U/ml) used in this study is not 
representative for the concentration of HAse in vivo. Consequently, the results presented in 
Figure 3.4b only show the dependence of gel composition and polymer concentrations. 

3.3.4 Rheological analysis 

The mechanical properties of the HA-SH/PEG-VS hydrogels were studied by oscillatory 
rheology experiments at 37°C. PBS solutions of HA-SH and PEG-4VS were mixed using a 
double syringe equipped with a mixing chamber and quickly applied to the rheometer. The 
kinetics of the gelation was followed by monitoring the storage modulus (G’) and loss 
modulus (G”) in time. The storage modulus gradually increased after mixing solutions of 
HA185k-SH DS 28 and PEG-4VS in PBS at a polymer concentration of 4% (w/v) (Figure 
3.5a). The crosslinking process was assumed to be completed when the G’ and G” reached 
a plateau after 25 min. The plateau modulus values of the hydrogels from HA185k-SH and 
PEG-4VS were recorded at 30 min, as presented in Figure 3.5b. The G’ plateau values of 
hydrogels prepared from HA185k-SH crosslinked with PEG10k-4VS ranged from 768 to 
1030 Pa with the DS of thiol groups from 10 to 28. Moreover, storage moduli of 1610 and 
1030 Pa were observed for hydrogels of HA185k-SH crosslinked with PEG5k-4VS and 
PEG10k-4VS at the same DS and polymer concentration. However, changes in the DS and 
molecular weight of PEG did not significantly influence the loss modulus of the hydrogels. 
Generally, the damping factors (defined as G”/G’) were in the range 0.01-0.02, indicating 
the viscoelastic nature of these hydrogels.   
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Figure 3.5. Rheological analysis of hydrogels of HA185k-SH crosslinked with PEG-4VS (molar ratio 
of SH to VS is 1.2) at a polymer concentration of 4% (w/v) in PBS at 37 °C (n=1). (a) Storage (G’) 
and loss (G”) modulus as a function of time after mixing HA185k-SH DS 28 with PEG5k-4VS or 
PEG5k-4VS; (b) (G’) and loss (G”) modulus plateau values as well as damping factors (tgδ=G”/G’) 
of hydrogels from HA185k-SH and PEG-4VS. 
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3.3.5 Cytotoxicity 

The biocompatibility of the HA-SH/PEG-VS hydrogels was evaluated by incorporating 
chondrocytes in 4% (w/v) gels and examining their cell viability with Live-dead assay. 
Hydrogels from HA185k-SH DS 28 and PEG5k-4VS were chosen due to their relative 
shorter gelation time and higher mechanical properties compared to other HA-SH/PEG-VS 
hydrogels. The cytotoxicity results at day 1, 7 and 14 are shown in Figure 3.6. Live cells 
fluoresce green and dead cells fluoresce red. It was clearly seen that the chondrocytes were 
distributed homogeneously inside hydrogels and over 95% of the cells remained viable. It is 
worth mentioning that chondrocytes maintained their characteristic round shapes and cell 
division was observed (noted by arrows) after culturing for 2 weeks. 

 

Figure 3.6. Live-dead assay showing homogeneous incorporation of chondrocytes in the 4% (w/v) 
hydrogels from HA185k-SH crosslinked with PEG-4VS after 1 (A), 7 (B) and 14 (C and D) in culture 
(chondrocytes division indicated in Fig.6D). Cells were stained with calcein AM/Ethidium 
Homodimer. Chondrocyte seeding density was 5х106 cells/ml. 

 

Quantitative evaluation of the cell viability was performed by CyQuant DNA assay 
(Figure 3.7). The results showed that during the first week, the DNA content per sample 
increased, indicative for the chondrocytes proliferation. However, a significant decrease in 
DNA content was observed after 14 days. When the DNA content was normalized to the 
dry gel mass, values increased from day 1 to day 7 (p<0.05) and afterwards remained 
statistically constant (p>0.05). Taken together with the results from the Live-dead assay, it 
is suggested that the decrease in the DNA content per gel after 14 days could be attributed 
to cell release into the medium during gel degradation. 
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Figure 3.7. Quantitative evaluation of DNA content (μg, columns) and DNA content normalized to 
the dry gel mass (μg/mg dry gel mass, line) per cell/gel sample after in vitro culturing for 1, 3, 7, 14 
and 21 days in chondrocyte expansion medium. (* p<0.05, ** p<0.01) 

 

3.3.6 Swelling and degradation of cell/gel constructs 

Chondrocytes are capable of expression of HAse that can degrade hyaluronic acid [44, 
45]. In order to prove the biodegradability of the HA-based hydrogels with chondrocytes, 
swelling ratios of the hydrogels in the presence of chondrocytes (cell/gel constructs) were 
studied during cell culture over a period of 3 weeks. As a negative control, the swelling 
ratios of the hydrogels without the cells were studied in parallel.  
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Figure 3.8. Swelling (a) and degradation (b) profiles of hydrogels from HA185k-SH DS 28 and 
PEG5k-4VS (molar ratio of SH to VS is kept at 1.2) with or without chondrocytes cultured in 
chondrocyte expansion medium (n=3). In the case of gels with cells, the cell seeding density was 
5х106/ml. ((a) * p<0.05, ** p<0.01; (b) ** p<0.01 with chondrocytes: day 14 or 21 vs. day 0, 3 or 7). 
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As shown in Figure 3.8a, there was no difference in the swelling ratio of the hydrogels in 
the absence or presence of chondrocytes up to 7 days. Thereafter, the swelling ratios of the 
hydrogels in the presence of chondrocytes were significantly decreased compared to the 
control, indicating the degradation of the hydrogels and the breakdown of the gel networks. 
The biodegradation of the hydrogels in the presence of chondrocytes was further confirmed 
by monitoring the dry mass of the hydrogels (Figure 3.8b). In the presence of cells, up to 7 
days, the dry gel mass remained constant. It started to decrease after day 7 and significantly 
decreased at day 14 and 21. This is most likely due to the production of HAse by the 
incorporated chondrocytes. As a negative control, the hydrogels without cells did not show 
significant difference in the dry mass along the culturing period up to 3 weeks (p>0.05). 

3.3.7 Matrix production 

The ability of the hydrogels to function as a scaffold for cartilage tissue formation was 
investigated by histology using immunofluorescent staining after culturing cell/gel 
constructs for 14 or 21 days in differentiation medium. 
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(Figure 3.9 continued) 

Figure 3.9. (a) Chondroitin sulfate staining of HA185k-SH DS 28/PEG5k-4VS hydrogels (4% (w/v)) 
at day 14 (C and D) and 21 (E and F). The section of bovine cartilage without or with incubation with 
primary antibodies was used as a negative (A) and positive (B) control, respectively. The chondroitin 
sulfate fluoresced green and the nuclei blue. (b) Collagen type II immunofluorescent staining of 
HA185k-SH DS 28/PEG5k-4VS hydrogels (4% (w/v)) at day 14 (I) and 21 (J and K). The section of 
human chondrocyte pellet (day 21) without or with incubation with primary antibodies was used as a 
negative (G) and positive (H) control, respectively. The collagen type II fluoresced green and the 
nuclei blue.  In all cases, the molar ratio of SH to VS is kept at 1.2). Cell seeding density was 
5х106/mL. 

 
As shown in Figure 3.9a, the hydrogels stained positive for the presence of chondroitin 

sulfate and the intensity seemed to increase from day 14 to day 21. Collagen type II was 
also detected after 14 and 21 days’ culturing, as shown in Figure 3.9b. 
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Figure 3.10. GAG and total collagen accumulation normalized to DNA content in chondrocyte-
incorporated HA185k-SH DS28/PEG5k-4VS hydrogels after in vitro culturing for 1, 14 and 21 days 
in differentiation medium. (Cell seeding density: 5×106/mL, * p<0.05). 

 

The level of extracellular matrix (GAG and total collagen) produced by chondrocytes 
that remained in the HA185k-SH DS 28/PEG5k-4VS hydrogels after 1, 14 and 21 days’ 
culture was quantitatively determined by biochemical assays. Due to variation in the cell 
seeding density and gel volume, it was difficult to compare the efficiency of chondrocytes 
under different conditions. Hence, matrix content was also normalized to the total DNA 
content of the samples to determine the efficiency of matrix accumulation (Figure 3.10). 
The GAG/DNA value was significantly higher at day 14 and 21 compared to that at day 1. 
A similar trend in the collagen/DNA value was observed. As compared to other HA-based 
hydrogel systems, for example, photocrosslinked HA gels, the GAG production was lower 
than the values reported in the literature (ca. GAG/DNA=20 μg/μg) [30], probably due to 
the shorter culturing periods (3 vs. 6 wks). However, total collagen synthesis was 
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comparable with the values reported in the literature [30]. In contrast to this paper on 
photocrosslinked HA hydrogels, in which high levels of GAG and collagen production 
were only found in 2 wt% gel systems, in our study, GAG and collagen production could be 
detected in 4% (w/v) hydrogels. 

3.4 Conclusions 

The Michael addition reaction is a highly effective crosslinking method to prepare 
hydrogels from thiolated hyaluronic acid (HA) and vinyl sulfone functionalized 
poly(ethylene glycol) (PEG). Gelation times, enzymatic degradation by hyaluronidase and 
storage moduli can be controlled by the molecular weight of the starting HA and PEG, 
degree of substitution and polymer concentration. Chondrocytes were successfully 
incorporated into the hydrogels and it was shown that the hydrogels had good 
biocompatibility. Collagen type II and chondroitin sulphate accumulated over time in the 
gels. Biochemical assays further confirmed the production of glycosaminoglycans. This 
study has demonstrated that the HA-SH/PEG-VS hydrogels have the potential capability to 
be used as an injectable biomaterial for cartilage tissue engineering. 
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Chapter 4 

 
Enzyme-mediated Fast In-situ Formation of Hydrogels 
From Dextran-tyramine Conjugates ∗ 
 

Dextran hydrogels were formed in situ by enzymatic crosslinking of dextran-tyramine 
conjugates and their mechanical, swelling and degradation properties were evaluated. Two 
types of dextran-tyramine conjugates (Mn, dextran=14k, Mw/Mn=1.45), i.e. dextran-
tyramine linked by a urethane bond (denoted as Dex-TA) or by an ester-containing 
diglycolic group (denoted as Dex-DG-TA), with different degrees of substitution (DS) were 
prepared. Hydrogels were rapidly formed under physiological conditions from Dex-TA DS 
10 or 15 and Dex-DG-TA DS 10 at or above a concentration of 2.5 wt% in the presence of 
H2O2 and horseradish peroxidase (HRP). The gelation time ranged from 5 sec to 9 min 
depending on the polymer concentration and HRP/TA and H2O2/TA ratios. Rheological 
analysis showed that these hydrogels are highly elastic. The storage modulus (G′), which 
varied from 3 to 41 kPa, increased with increasing polymer concentration, increasing 
HRP/TA ratio and decreasing H2O2/TA ratio. The swelling/degradation studies showed that 
under physiological conditions, Dex-TA hydrogels are rather stable with less than 25% loss 
of gel weight in 5 months, whereas Dex-DG-TA hydrogels are completely degraded within 
4-10 d. These results demonstrate that enzymatic crosslinking is an efficient way to obtain 
fast in-situ formation of hydrogels. These dextran-based hydrogels are promising for use as 
injectable systems for biomedical applications including tissue engineering and protein 
delivery. 

. 

4.1 Introduction 

Hydrogels are widely employed as materials for numerous biomedical applications, due 
to their excellent properties, such as good biocompatibility, high water content and 
excellent permeability for nutrients and metabolites [1-3]. From the clinical point of view, 
in-situ forming hydrogels, often referred to as injectable hydrogels, appear to be more 
desirable for many biomedical applications over conventional preformed hydrogels. For 
example, they can be implanted simply by injection, allow homogeneous incorporation of 

                                                      
∗ This chapter has been published: Rong Jin, Christine Hiemstra, Zhiyuan Zhong and Jan 
Feijen, Biomaterials, 2007, 28, 2791–2800. 
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bioactive molecules and/or cells, and provide the possibility of good alignment with the 
surrounding tissue.  

In the past decade, different methods have been applied to obtain in-situ forming 
hydrogels. These methods can be classified into two categories: (1) chemical crosslinking 
such as photocrosslinking [4-6], Michael-type reactions [7, 8], Schiff-base formation 
reactions [9, 10], and (2) physical crosslinking such as ionic interactions [11, 12], 
hydrophobic interactions [13-15] and stereocomplexation [16-19]. Physically crosslinked 
hydrogels are usually formed under mild conditions providing a friendly environment to 
cells and bioactive molecules. However, they generally have a low mechanical strength and 
changes in the external environment (e.g. ionic strength, pH, temperature) may give rise to 
disruption of the hydrogel network. Chemically crosslinked hydrogels, on the other hand, 
may exhibit enhanced mechanical strength and better stability. In order to obtain a 
chemically crosslinked hydrogel, the use of additives such as photo-initiators, crosslinking 
agents, and/or organic solvents are often required. These additives may be cytotoxic, 
resulting in a non-biocompatible hydrogel. Photo-crosslinking as a method to obtain 
hydrogels may also lead to a local increase of temperature, which subsequently may 
damage neighboring cells and tissues [20].  

An emerging approach for in-situ formation of hydrogels is based on enzyme-catalyzed 
crosslinking reactions. Sperinde et al. described the formation of hydrogels from 
glutaminamide-functionalized poly(ethylene glycol) (PEG) and poly(lysine-co-
phenylalanine) using transglutaminase (TG) in the presence of calcium ions as cofactors 
[21]. TG-mediated covalent crosslinking occurred via the formation of an amide linkage 
between the carboxamide groups of peptidyl glutamine residues and primary amine groups 
of lysine residues. Hydrogels based on PEG-peptide conjugates and polypeptides using TG 
were reported by Sanborn et al. [22] and McHale et al. [23], respectively. The formation of 
hydrogels via TG-mediated crosslinking required 9 to 30 min. Hydrogels have also been 
obtained by horseradish peroxidase (HRP)-catalyzed crosslinking reactions [24, 25]. HRP 
is a single-chain β-type hemoprotein that catalyzes the coupling of phenol or aniline 
derivatives via decomposition of hydrogen peroxide [26]. Kaplan et al. reported the 
formation of hydrogels from poly(aspartic acid) functionalized with tyramine, tyrosine or 
aminophenol side groups by the use of H2O2 in the presence of HRP [24]. Fast gelation (e.g. 
1 min) could be obtained at pH 6.5 with a HRP concentration of 2 mg/mL and a molar ratio 
of H2O2 and tyramine (TA) of 0.5. However, the authors showed that the rate of gelation at 
pH 7.14 was much lower. Uyama et al. reported injectable hyaluronic acid hydrogels which 
were formed by enzymatic crosslinking of hyaluronic acid-tyramine conjugates [25]. The 
hydrogels did not cause adverse tissue reactions or visible inflammation after subcutaneous 
injection into mice. 
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Dextran is a natural polysaccharide which is well soluble in water and amenable to 
various types of chemical modifications. Dextran can be excreted through the kidneys up to 
molecular weights of ca. 30,000 g/mol [27]. Dextran hydrogels have been obtained by 
radical polymerization of dextran (meth)acrylate or maleic acid derivatives [4, 6, 28], 
Michael addition between dextran-vinyl sulfone derivatives and PEG thiols [19], or by 
stereocomplexation of grafted oligo(D/L-lactic acid) [16]. These dextran-based hydrogels 
have been used for drug or protein delivery [29-32] and tissue engineering [33, 34]. For 
example, Hovgaard et al. reported colon-specific delivery of hydrocortisone from 1,6-
hexamethylenediisocyanate crosslinked dextran hydrogels [30]. Hennink et al. reported 
dextran-lactate stereocomplexed hydrogels for lysozyme and IgG delivery [31]. Schoichet 
et al. have prepared macroporous dextran hydrogels by copolymerizing methacrylated 
dextran with aminoethyl methacrylate (AEMA) for neural tissue regeneration [33].  

In this chapter, we report novel in-situ forming dextran hydrogels based on dextran-
tyramine conjugates via enzymatic crosslinking. Two dextran-tyramine conjugates, i.e. 
dextran-tyramine linked by a urethane bond (denoted as Dex-TA) and by an ester-
containing diglycolic group (denoted as Dex-DG-TA), were prepared. Hydrogels were 
rapidly formed under physiological conditions from Dex-TA DS 10 or 15 and Dex-DG-TA 
DS 10 by using horseradish peroxidase (HRP) and H2O2. The gelation time ranged from 5 
sec to 9 min. The hydrogels were characterized in terms of their rheological, swelling and 
degradation properties.  

4.2 Materials and methods 

Materials. Dextran (Mn, dextran=14k, Mw/Mn=1.45) was dried by azeotropic distillation 
from dry toluene. 4-Dimethylamino pyridine (DMAP), p-nitrophenyl chloroformate (PNC) 
and N,N’-dicyclohexylcarbodiimide (DCC) were purchased from Fluka. Tyramine (TA), 
hydrogen peroxide (H2O2), pyridine (anhydrous), deuterium oxide (D2O), phosphorus 
pentoxide, lithium chloride (LiCl) and N-hydroxysuccinimide (NHS) were obtained from 
Aldrich-Sigma. Diglycolic anhydride (DGA) was obtained from Acros. Horseradish 
peroxidase (HRP, type VI, 298 purpurogallin unit/mg solid) was purchased from Aldrich 
and used without further purification. Phosphate buffered saline (PBS, 150mM, pH 7.4) 
was purchased from B. Braun Co. N,N-Dimethylformamide (DMF) was dried over CaH2, 
distilled under vacuum and stored over molecular sieves (4Å). LiCl was dried at 80°C 
under vacuum in the presence of phosphorus pentoxide. All other solvents were used as 
received.  

Synthesis of dextran-tyramine conjugates linked by a urethane group (Dex-TA). 
Dextran-tyramine conjugates linked by a urethane group (Dex-TA) were synthesized as 
previously reported [35]. Dextran was reacted with p-nitrophenyl chloroformate (PNC) to 



Chapter 4 
 

 62 

form p-nitrophenyl carbonate derivatives, which were then treated with tyramine by 
aminolysis. Typically, dextran (5.0 g, 92.6 mmol OH) was dissolved in DMF (500 mL, 
containing LiCl 20g/L) at 90 °C under nitrogen. After dextran was dissolved, the mixture 
was cooled and thermostated at 0°C. PNC (2.2 g, 11.1 mmol) and pyridine (0.9 g, 11.1 
mmol) were added to the solution while stirring. The feeding molar ratio of PNC to 
hydroxyl groups in dextran was 0.12. The reaction was conducted overnight. The dextran 
activated with p-nitrophenyl carbonate groups (denoted as dex-PNC) was precipitated in 
cold ethanol, filtered and carefully washed with ethanol and diethyl ether, and then dried in 
a vacuum oven. DS (1H NMR): 10. Yield: 5.24 g (95%). 1H NMR (DMSO-d6): 3.00-4.00 
(m, dextran glucosidic protons), 4.91 (s, dextran anomeric proton), 7.58 and 8.32 (m, 
aromatic protons of PNC). 

Subsequently, dex-PNC DS 10 (5.0 g, 2.8 mmol PNC) was dissolved in 56 mL of DMF 
and tyramine (0.7 g, 5.0 mmol) was added under nitrogen. The reaction was conducted 
overnight. The product was precipitated in cold ethanol, filtered and carefully washed with 
ethanol and diethyl ether. The Dex-TA conjugates were further purified by ultrafiltration 
(MWCO 3000) against deionized water and isolated after lyophilization. The composition 
of Dex-TA conjugates was established by 1H NMR. DS (1H NMR): 10. Yield: 3.92 g (78%). 
1H NMR (D2O): δ 2.75 and 3.05 (m, -CH2-CH2-), 3.30-4.10 (m, dextran glucosidic protons), 
5.00 (s, dextran anomeric proton), 6.86 and 7.17 (m, tyramine aromatic protons). 

Dex-TA DS 15 was synthesized in a similar manner as described for Dex-TA DS 10 
using a feed molar ratio of PNC to hydroxyl groups in dextran of 0.18. 

Synthesis of dextran-tyramine conjugates linked by a diglycolic group (Dex-DG-TA). 
Dextran-tyramine conjugates linked by a diglycolic group (Dex-DG-TA) were synthesized 
by first reacting dextran with diglycolic anhydride (DGA) and subsequent coupling with 
tyramine using DCC/NHS as coupling reagents. Dextran (5 g, 92.6 mmol OH) was 
dissolved in DMF (500 mL, containing LiCl 20g/L) at 90°C under nitrogen. After dextran 
was dissolved, the mixture was placed in an ice bath and DMAP (1.7 g, 13.9 mmol) was 
added to the solution. The mixture was stirred for 10 min and DGA (1.6 g, 13.9 mmol) 
dissolved in DMF was added. The reaction was conducted overnight. The product (denoted 
as dex-DG) was collected by precipitation in cold ethanol, filtration and drying under 
vacuum. DS (1H NMR): 10. Yield: 5.07 g (94%). 1H NMR (D2O): 3.40-4.15 (m, dextran 
glucosidic protons), 4.37 (s, -CH2-O-CH2-), 5.00 (s, dextran anomeric proton). 

Next, dex-DG DS 10 (5.0 g, 2.8 mmol COOH) was dissolved in 200 mL of DMF/LiCl. 
The carboxyl groups of dex-DG were activated using DCC/NHS (molar ratio: 
DCC/NHS/COOH=1.5/1.8/1) and then coupled with amino groups of tyramine (0.6 g, 4.2 
mmol). The formed dicyclohexylurea (DCU) salt was removed by filtration and the Dex-
DG-TA conjugates were collected by precipitation in cold ethanol, filtration and drying 
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under vacuum. The composition of Dex-DG-TA conjugates was established by 1H NMR. 
DS (1H NMR): 10. Yield: 4.20 g (79%). 1H NMR (D2O): δ 2.72 and 3.05 (m, -CH2-CH2-), 
3.40-4.15 (m, dextran glucosidic protons), 4.37 (s, -CH2-O-CH2-), 5.00 (s, dextran 
anomeric proton), 6.91 and 7.23 (m, tyramine aromatic protons). 

Polymer characterizations. 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were 
recorded on a Varian Inova spectrometer (Varian, Palo, Alto, USA). The signals of solvent 
residues were used as reference peaks for the 1H NMR chemical shift and were set at δ 4.79 
for water and δ 2.50 for DMSO.  

The degree of substitution (DS), which is defined as the number of substituents per 100 
AHG rings in dextran, was determined using 1H NMR by comparing the integrals of signals 
at δ 5.0 and δ 6.5-7.5 for Dex-TA and Dex-DG-TA, δ 4.9 and δ 7.5-8.3 for dex-PNC, and δ 
5.0 and δ 4.2-4.4 for dex-DG. 

Hydrogel formation and gelation time. Hydrogel samples (0.5 mL) were prepared in 
vials at room temperature (~25 °C). In a typical example, to a PBS solution of dextran-
tyramine conjugate (400 μL, 12.5 wt%), freshly prepared PBS solution of H2O2 (52 μL of 1 
wt% stock solution) and HRP (48 μL of 0.6 mg/mL of stock solution) were added and the 
mixture was gently vortexed. The final concentration of dextran-tyramine conjugate was 10 
wt%. The time to form a gel (denoted as gelation time) was determined using the vial tilting 
method [25, 36]. No flow within 1 min upon inverting the vial was regarded as the gel state. 

Gel content and water uptake. To determine the gel content, samples of about 0.5 g of 
hydrogel made from Dex-TA DS 10 were lyophilized and weighed (Wd). The dry hydrogels 
were then extensively extracted with 6 mL of DMSO for a week to remove uncrosslinked 
polymer. The solvent was replaced twice. Then the samples were washed 3 times with 
ethanol and dried under vacuum to a constant weight (Wg). The gel content was expressed 
as Wg/Wd×100%.  

The water uptake of the Dex-TA DS 10 hydrogels was determined as follows. After 
lyophilization, the dry hydrogels (Wd) were immersed in 3 mL of PBS at 37 °C for 2 d in 
order to reach the swelling equilibrium. Swollen samples were first removed from PBS and 
after removal of surface water, the samples were weighted (Ws). The water uptake of the 
hydrogels was calculated as follows: (Ws-Wd)/Wd×100%.  

Swelling and Degradation assays of dextran-tyramine hydrogels. Hydrogel samples 
(0.5 mL) were prepared in vials according to the procedure above and accurately weighed 
(Wi). The samples were subsequently incubated in 2 mL of PBS at 37°C. At regular time 
intervals, the buffer solution was removed from the samples and the weight of the 
hydrogels was determined (Wt) to calculate the swelling ratio (S), which is defined as 
Wt/Wi. The degradation of hydrogels was also investigated by swelling experiments. The 
degradation time of the hydrogels is defined as the time needed for complete degradation 
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(Wt=0). After weighing, fresh PBS solutions were added to the hydrogels. The experiments 
were performed in triplicate. 

Rheological analysis. Rheological experiments were carried out with a US 200 
rheometer (Anton Paar) using parallel plates (25 mm diameter, 0°) configuration at 37°C in 
the oscillatory mode. In a typical example, 104 μL of H2O2 stock solution (1 wt%, in PBS) 
and 96 μL of HRP stock solution (0.6 mg/mL, in PBS) were mixed. The HRP/ H2O2 
solution was then immediately mixed with 800 μL of a solution of dex-TA (DS 15, 12.5 
wt%, in PBS) using a double syringe (2.5 mL, 1:4 volume ratio) equipped with a mixing 
chamber (Mixpac). After the samples were applied to the rheometer, the upper plate was 
immediately lowered to a measuring gap size of 0.5 mm, and the measurement was started. 
To prevent evaporation, a layer of oil was introduced around the polymer sample. The 
evolution of the storage (G′) and loss (G″) modulus was recorded as a function of time.  A 
frequency of 0.5 Hz and a strain of 0.1% were applied in order to maintain the linear 
viscoelastic regime. A frequency sweep on the hydrogels was performed from 0.01 to 10 
Hz at 0.1% strain. 

4.3 Results and discussion 

4.3.1 Synthesis and characterization of dextran-tyramine conjugates 
Dex-TA and Dex-DG-TA 

In this study, two types of dextran-tyramine conjugates, i.e. dextran-tyramine linked by a 
urethane bond (denoted as Dex-TA) or by an ester-containing diglycolic group (denoted as 
Dex-DG-TA), were prepared. The synthesis of Dex-TA is illustrated in Figure 4.1a. 
Hydroxyl groups of dextran were activated with p-nitrophenyl chloroformate (PNC) to 
form p-nitrophenyl carbonate derivatives (dex-PNC). Dex-PNC conjugates with degree of 
substitution (DS, defined as the number of substituents per 100 anhydroglucose, AHG, 
units in dextran) of 10 and 15 were obtained when feed molar ratios of PNC to hydroxyl 
groups in dextran were 0.12 and 0.18, respectively. This indicates that Dex-PNC of 
different DS can be prepared by simply varying feed molar ratios of PNC to hydroxyl 
groups in dextran. 13C NMR indicates that p-nitrophenyl carbonate groups are mainly 
linked to C2 carbon atoms, which is in accordance with the results previously reported [35, 
37]. Subsequently, dex-PNC was treated with an excess amount of tyramine, which led to 
the formation of Dex-TA conjugates. The structure of Dex-TA conjugate was confirmed by 
1H NMR. Figure 4.2a shows that besides signals attributable to dextran (peaks 1, 2 and 3), 
new peaks at δ 2.75-3.05 (peaks 4 and 5) and 6.86-7.17 (peaks 6 and 7) due to the presence 
of tyramine groups were clearly detected. The DS of Dex-TA conjugates can be determined 
by comparing the integrals of signals at δ 5.00 and δ 6.86-7.17. The results show that Dex-
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TA with DS 10 and 15 are obtained from dex-PNC with DS 10 and 15, respectively. This 
indicates that aminolysis of dextran p-nitrophenyl carbonate derivatives using tyramine is a 
quantitative reaction.  

Dex-DG-TA conjugates were synthesized in two steps (Figure 4.1b). Dextran was first 
reacted with diglycolic anhydride (DGA) to obtain dex-DG containing carboxylic acid 
groups. Dex-DG with DS 10 was prepared at a feed molar ratio of DGA to hydroxyl groups 
in dextran of 0.15. Dex-DG DS 10 was then coupled with excess tyramine using N,N’-
dicyclohexylcarbodiimide/N-hydroxysuccinimide (DCC/NHS) as coupling reagents to give 
Dex-DG-TA conjugates. The 1H NMR spectrum of Dex-DG-TA (Figure 4.2b) clearly 
shows peaks at δ 4.37 (peak 4’) attributable to the methylene protons of the diglycolic units 
and peaks at δ 2.72-3.05 (peaks 5’ and 6’) and 6.91-7.23 (peaks 7’ and 8’) due to the 
presence of the tyramine substituents. The DS of Dex-DG-TA, determined by comparing 
the integrals of signals at δ 5.00 and δ 6.91-7.23 was 10, indicating a quantitative coupling 
of dex-DG with tyramine. 

 
 

Figure 4.1. Preparation of dextran-tyramine conjugates (a) Dex-TA and (b) Dex-DG-TA. 
 

4.3.2 Hydrogel formation and gelation time  

Hydrogels were prepared by the horseradish peroxidase (HRP)-mediated coupling 
reaction of phenol moieties in dextran-tyramine conjugates in PBS (Figure 4.3) [26, 38]. 
Coupling of phenols can take place either via a carbon-carbon bond at the ortho positions or 
via a carbon-oxygen bond between the carbon atom at the ortho position and the phenoxy 
oxygen [39, 40]. Enzymatic crosslinking of dextran-tyramine conjugates, i.e. Dex-TA DS 
10, Dex-TA DS 15 and Dex-DG-TA DS 10, were investigated, wherein different polymer 
concentrations (2~15 wt%), HRP/TA ratios (0.125~2.0 mg/mmol) and H2O2/TA ratios 
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(0.6~6.0 mol/mol) were applied. The gelation time was determined by the vial tilting 
method. 
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Figure 4.2. 1H NMR spectra of (a) Dex-TA and (b) Dex-DG-TA in D2O. 
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Figure 4.3. Enzymatic crosslinking of dextran-tyramine conjugates. 

Figure 4.4a shows that the gelation time decreases when increasing the HRP/TA ratio 
from 0.125 to 2.0 mg/mmol at a constant polymer concentration of 10 wt% and a H2O2/TA 
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molar ratio of 0.6. This may be due to the increased rate of H2O2 decomposition and 
production of phenoxy radicals for coupling with increasing HRP/TA ratio. Notably, Dex-
TA hydrogels were formed within 1 min when the HRP/TA ratio was at or above 0.50 
mg/mmol. Increasing the H2O2/TA ratio at a constant polymer concentration of 10 wt% and 
a HRP/TA ratio of 0.5 mg/mmol, on the other hand, resulted in an increase of the gelation 
time (Figure 4.4b). This is likely due to excessive oxidation of HRP by H2O2. It has been 
reported that HRP can be oxidized to an inactivated form upon exposure to an excess 
amount of H2O2 [41, 42]. The optimal H2O2/TA molar ratio appeared to be 0.6 wherein 
rapid gelation occurred for all dextran-tyramine conjugates. Moreover, under this condition, 
the dose of H2O2 (34, 48 and 35 mM for Dex-TA DS 10, Dex-TA DS 15 and Dex-DG-TA 
DS 10, respectively) appears to be non-toxic, as was observed for the hyaluronic acid-
tyramine based hydrogel system in vivo (70 mM H2O2) [25]. In the experiments described 
hereafter, a HRP/TA ratio of 0.5 mg/mmol and a H2O2/TA ratio of 0.6 mol/mol were used 
unless otherwise mentioned. Figure 4.4c reveals that increasing the polymer concentration 
at fixed ratios of HRP/TA and H2O2/TA decreases the gelation time. At polymer 
concentrations of 10-15 wt%, the gelation took place within 1min for all three dextran-
tyramine conjugates. Furthermore, it should be noted that hydrogels could also be formed 
rapidly at low polymer concentrations. For example, Dex-TA DS 10 gelled within 70 s at a 
polymer concentration of 2 wt%. 
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Figure 4.4. The gelation time of dextran-tyramine conjugates under various conditions: (a) Gelation 
time of 10 wt% Dex-TA DS 10 and 15 and Dex-DG-TA DS 10 with H2O2/TA=0.6 mol/mol as a 
function of HRP/TA ratio; (b) Gelation time of 10 wt% Dex-TA DS 10 and 15 and Dex-DG-TA DS 
10 with HRP/TA=0.5 mg/mmol as a function of H2O2/TA ratio; (c) Gelation time of Dex-TA DS 10 
and 15 and Dex-DG-TA DS 10 with HRP/TA=0.5 mg/mmol and H2O2/TA=0.6 mol/mol as a function 
of polymer concentration. 

 
Fast gelation is preferred especially for in-situ forming hydrogels, since slow gelation in 

vivo may result in diffusion of hydrogel precursors or bioactive molecules to surrounding 
areas or failure of gel formation. The enzymatic crosslinking of dextran-tyramine 
conjugates resulted in relatively fast gelation as compared to the time required for many 
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previously reported in-situ forming hydrogels. For example, Chung et al. reported a 
gelation time of 12 min for dextran hydroxyethyl methacrylate using a redox initiator 
although fast gelation could be achieved by greatly increasing the concentration of initiators 
[43]. Kim et al. reported that the gelation of acrylated dextran by photocrosslinking took 
place within 5 min at a high polymer concentration of 40 % (w/v) [4]. The hydrogels 
formed by a Michael type addition between vinylsulfone-functionalized PEG and cysteine-
containing peptides required 13 min to complete the gelation process under physiological 
conditions [44].  

4.3.3 Gel content and water uptake 

The gel content and water uptake of the hydrogels made from Dex-TA DS 10 were 
studied. Figure 4.5a shows the variation of gel content and water uptake of hydrogels 
prepared from 10 wt% Dex-TA solutions in PBS as a function of the HRP/TA ratio. The gel 
content and water uptake did not vary much with the different HRP concentrations used. 
The gel content was high (92.6 to 98.6%), indicating that almost all polymers chains are 
incorporated into the gel network. The water uptake increased slightly with decreasing 
HRP/TA ratio. On the other hand, it can be seen in Figure 4.5b that the gel content 
decreased from 98.6% to 75.6% when the H2O2/TA ratio was increased from 0.6 to 6.0 
mol/mol. Also the water uptake increased with increasing H2O2/TA ratio. This may be 
attributed to a decreased crosslinking efficiency of the Dex-TA polymers resulting from 
excessive oxidation of HRP. 
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Figure 4.5. Gel content (–■–) and water uptake (–□–) of hydrogels made from 10 wt% Dex-TA DS 
10 in PBS: (a) hydrogels prepared with a H2O2/TA ratio of 0.6 mol/mol as a function of the HRP/TA 
ratio (mg/mmol); (b) hydrogels prepared with a HRP/TA ratio of 0.5 mg/mmol as a function of the 
H2O2/TA ratio (mol/mol). 

4.3.4 Rheological analysis 

The mechanical properties of the dextran-based hydrogels were studied by oscillatory 
rheology experiments on polymer solutions containing various amounts of HRP and H2O2 
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in PBS at 37°C. A solution of dextran-tyramine conjugate and a mixture of HRP and H2O2 
solutions (in PBS) were applied to the rheometer using a double syringe equipped with a 
mixing chamber. The kinetics of hydrogel formation was followed by monitoring the 
storage modulus (G′) and loss modulus (G″) in time. Figure 4.6 shows the storage and loss 
modulus as function of time of a 10 wt% dex-TA DS 15 solution crosslinked at a H2O2/TA 
ratio of 0.6 mol/mol and a HRP/TA ratio of 0.125 or 0.5 mg/mmol. At a HRP/TA ratio of 
0.125 mg/mmol, the storage modulus of the hydrogels increased rapidly during the initial 
30 sec. The gel point, defined as the crossover point of G′ and G″, was observed after ca. 
20s. The storage modulus quickly leveled off after 2 min, indicating that the crosslinking 
reaction was complete. At a higher HRP/TA ratio of 0.5 mg/mmol, an immediate gelation 
after injection was observed.  
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Figure 4.6. The storage modulus (G′) and loss modulus (G″) of Dex-TA hydrogels (10 wt% in PBS, 
DS 15, H2O2/TA=0.6 mol/mol) as a function of time. A frequency of 0.5 Hz and a strain of 0.1% at 
37°C were applied. 

 
Figure 4.7 shows that at fixed H2O2/TA (0.6 mol/mol) and HRP/TA (0.5 mg/mmol) 

ratios, the storage modulus of hydrogels made from Dex-TA DS 15 increases with 
increasing polymer concentration. For example, the hydrogels formed from Dex-TA DS 15 
at polymer concentrations of 2.5 wt% and 10 wt% showed storage moduli of ca. 2.4 and 41 
kPa, respectively. The damping factor (tan δ= G″/G′) of the hydrogels decreased with 
increasing polymer concentration, indicating higher network perfection at higher polymer 
concentration. The storage modulus of hydrogels prepared at high concentrations (>10 wt%) 
could not be accurately measured due to the instantaneous gelation. 

The influences of HRP/TA and H2O2/TA ratios on the storage and loss modulus of the 
Dex-TA DS 15 hydrogels were investigated at a polymer concentration of 10 wt%. Figure 
4.8a shows that the storage modulus of Dex-TA hydrogels increased from 17 kPa to 41 kPa 
when increasing HRP/TA ratio from 0.125 to 0.5 mg/mmol. It appears from these results 
that the HRP/TA ratio has a direct effect on the mechanical properties of the hydrogels. 
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Figure 4.8b shows that a higher H2O2/TA ratio used in hydrogel formation results in Dex-
TA hydrogels with a relatively lower storage modulus. For example, the hydrogel prepared 
with a H2O2/TA ratio of 4.5 and 1.5 mol/mol have a storage modulus of 3.6 and 21 kPa, 
respectively. As previously mentioned, excess H2O2 may cause excessive oxidation and 
inactivation of HRP and thereby give rise to decreased crosslinking efficiency.  

In addition, the results show that an increase in the DS slightly increases the storage 
modulus of the Dex-TA hydrogels. At a polymer concentration of 10 wt%, a HRP/TA ratio 
of 0.125 mg/mmol and a H2O2/TA ratio of 0.6 mol/mol, the hydrogels made from Dex-TA 
DS 10 and 15 showed storage moduli of 13 and 17 kPa, respectively. 

1.E-03

1.E-01

1.E+01

1.E+03

1.E+05

2.5 5.0 10.0

Polymer concentration (wt%)

G
', 

G
" 

(P
a)

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

ta
n
δ

G'
G"
tanδ

 
Figure 4.7. The storage modulus (G′, solid bar), loss modulus (G″, slashed bar) and damping factor 
(tanδ, ●) of Dex-TA hydrogels (DS 15, H2O2/TA=0.6 mol/mol, HRP/TA=0.5 mg/mmol) as a function 
of polymer concentration. A frequency of 0.5 Hz and a strain of 0.1% at 37°C were applied. 
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Figure 4.8. The storage modulus (G′, solid bar), loss modulus (G″, slashed bar) and damping factor 
(tanδ, ●) of the Dex-TA hydrogels (DS 15, 10 wt%) as a function of (a) HRP/TA ratio (H2O2/TA=0.6 
mol/mol) and (b) H2O2/TA ratio (HRP/TA=0.5 mg/mmol). 

Similar to dex-TA, the storage modulus of dex-DG-TA DS 10 hydrogels also increased 
with increasing polymer concentration and HRP/TA ratio (Figure 4.9). These hydrogels 
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have a low damping factor, indicating that they are highly elastic. For example, hydrogels 
prepared from 10 wt% Dex-DG-TA DS 10 at a HRP/TA ratio of 0.5 mg/mmol and a 
H2O2/TA ratio of 0.6 mol/mol have a storage modulus of 5.2 kPa with a very low damping 
factor. Notably, at the same polymer concentration, HRP/TA and H2O2/TA ratios, Dex-DG-
TA DS 10 hydrogels displayed a lower storage modulus than Dex-TA DS 10 hydrogels (e.g. 
2.0 kPa vs. 16 kPa at a polymer concentration of 10 wt%, a HRP/TA ratio of 0.25 mg/mmol 
and a H2O2/TA ratio of 0.6 mol/mol).  

A frequency sweep from 0.01 to 10 Hz was also performed on both dex-TA and dex-DG-
TA hydrogels at a small oscillatory strain of 0.1 %. The results showed that both hydrogels 
exhibit constant G′ and G″ independent of frequency ranging from 0.01 to 10 Hz, further 
confirming the highly elastic character of the hydrogels. 
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Figure 4.9. The storage modulus (G′, solid bar), loss modulus (G″, slashed bar) and damping factor 
(tanδ, ●) of the Dex-DG-TA hydrogels (DS 10, H2O2/TA=0.6 mol/mol) as a function of (a) HRP/TA 
ratio (10 wt%) and (b) polymer concentration (HRP/TA=0.5 mg/mmol). 
 

4.3.5 Swelling and degradation assays 

To study the swelling/degradation properties of Dex-TA DS 10 and dex-DG-TA DS 10 
hydrogels, 2 mL of PBS was applied on the top of the 0.5 mL prepared hydrogels. 
Hydrogels were stored at 37°C and weighed at regular intervals. After weighing, fresh PBS 
was applied to the hydrogels. The swelling ratio is expressed as Wt/Wi, wherein Wt is the 
weight of hydrogel at time t and Wi is the weight of the initial hydrogels. 

Figure 4.10 shows that the Dex-TA DS 10 hydrogel had a low swelling ratio, ranging 
from 1.1 to 1.5. The swelling ratios of hydrogels prepared with different HRP/TA ratios or 
polymer concentrations were comparable. These Dex-TA hydrogels were rather stable with 
swelling ratio decreasing to 0.75 in 5 months. The overall slow degradation of the 
hydrogels could be attributed to the slow degradation of the urethane bonds in the 
hydrogels.  
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The swelling and degradation behavior of the Dex-DG-TA DS 10 hydrogels is shown in 
Figure 4.11. In the examined range of the HRP/TA and H2O2/TA ratios, the Dex-DG-TA 
hydrogels revealed very low initial swelling ratios. The swelling ratio decreased gradually 
due to degradation of the hydrogels and hydrogels were completely degraded in less than 
10 d. The hydrogels formed at lower HRP /TA ratio or higher H2O2/TA ratio degraded 
faster. For example, Dex-DG-TA hydrogels prepared with HRP/TA ratio of 0.125 and 2.0 
mg/mmol were completely degraded after 4 and 10 d, respectively (Figure 4.11a). Dex-DG-
TA hydrogels obtained at a H2O2/TA ratio of 0.6 and 6.0 mol/mol had a degradation time of 
10 and 5 d, respectively (Figure 4.11b). The slower degradation of Dex-DG-TA hydrogels 
at higher HRP/TA ratios results from higher crosslinking densities in the hydrogels, which 
was also demonstrated by the rheological analysis. 

The degradation time of Dex-DG-TA hydrogels is much shorter than that of Dex-TA 
hydrogels. This is in line with our expectation, since ester groups hydrolyze much faster 
than urethane groups. These results indicate that the degradation time of the dextran-
tyramine-based hydrogels can be easily modulated to give stable hydrogels or rapidly 
degrading hydrogels.  
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Figure 4.10. The swelling and degradation behavior of Dex-TA hydrogels (DS 10, 10 wt% in PBS, 
H2O2/TA=0.6 mol/mol) at 37°C with different HRP/TA ratio (mg/mmol, –◊– 0.25; –□– 0.5) or 
polymer concentration (wt%, –∆– 5.0; –□– 10). 
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Figure 4.11. The swelling and degradation behavior of Dex-DG-TA (DS 10, 10 wt%) hydrogels in 
PBS at 37°C: (a) H2O2/TA=0.6 mol/mol, HRP/TA ratio (mg/mmol): –×– 0.125; –○– 0.25; –∆– 0.5; –
□– 1.0; –◊– 2.0; (b) HRP /TA=0.5 mg/mmol, H2O2/TA ratio (mol/mol): –◊– 0.6; –□– 1.5; –∆– 3.0; –
○– 4.5. 
 

4.4 Conclusions 

Novel in-situ forming dextran hydrogels based on dextran-tyramine conjugates (Dex-TA 
and Dex-DG-TA) were prepared. Dextran-tyramine conjugates with different degrees of 
tyramine substitution can be easily synthesized and in a controlled manner. The hydrogels 
were obtained by enzymatic crosslinking under physiological conditions using HRP as a 
catalyst and H2O2 as an oxidant. No chemical initiators or organic solvents are required. 
The gelation is fast with gelation times ranging from 5 sec to 9 min, depending on the 
HRP/TA and H2O2/TA ratios and polymer concentration. The high gel content indicated 
that almost all polymer chains were incorporated into the gel. These dextran-tyramine-
based hydrogels were highly elastic with a storage modulus ranging from 3 to 41 kPa. The 
degradation time of the hydrogels can be easily adjusted to give either a rapidly degrading 
Dex-DG-TA hydrogel or a stable Dex-TA hydrogel. In conclusion, the results demonstrate 
that this enzymatic crosslinking method is an efficient way to prepare fast in-situ forming 
dextran-tyramine-based hydrogels, which have great potential for biomedical applications, 
such as tissue engineering and drug or protein delivery. 
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Chapter 5 

 
Enzymatically Crosslinked Dextran-tyramine Hydrogels 
as Injectable Scaffolds for Cartilage Tissue Engineering∗ 
 

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

. 

5.1 Introduction 

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

                                                      
∗ This chapter is in preparation: Rong Jin, Liliana S. Moreira Teixeira, Pieter J. Dijkstra, 
Zhiyuan Zhong, Clemens A. van Blitterswijk, Marcel Karperien and Jan Feijen, Tissue Eng. 
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Hydrogels are biocompatible hydrated, elastic three-dimensional networks that mimic the 
micro-environment for cells in soft tissues. Over the past decades, a number of hydrogels as 
scaffolds for cartilage tissue engineering have been developed [1-4]. Among these materials, 
injectable hydrogels, which can be placed locally as a viscous solution and gel in situ, have 
received much attention [5, 6]. They can be applied using a minimally invasive procedure 
and can readily fill in cartilage defects of various sizes and shapes. Moreover, cultured cells 
can be homogenously distributed in the hydrogels by suspending cells in the precursor 
solutions prior to injection and gelation.  

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

Alternatively, injectable hydrogels can be prepared under mild conditions via Michael-
type addition reactions [18-20]. Hubbell et al. reported on biodegradable PEG-peptide 
injectable hydrogels via Michael-type addition for cartilage repair [20]. The reaction 
between thiols and vinyl sulfone groups had no adverse effect on the chondrocytes in the 
gels, and culturing periods over one month showed that >90% cells were still viable. 
However, gelation times to form stable gels from these materials appeared rather long (ca. 
20 min) [21].  

Recently, a new approach which makes use of enzymatic crosslinking was introduced to 
prepare injectable hydrogels [22-28]. We previously reported on the enzyme-mediated in-
situ formation of hydrogels from dextran-tyramine conjugates (Dex-TA) [25]. In this 
approach, horseradish peroxidase (HRP) in combination with hydrogen peroxide (H2O2) 
was used to induce crosslinking of the tyramine (TA) units conjugated to the dextran. By 
varying the ratios of HRP/TA, H2O2/TA and the degree of substitution (DS) of tyramine 
groups to the dextran, the gelation times, mechanical properties (e.g. storage and loss 
moduli) and degradation properties of the hydrogels can be tuned.  



Dextran-tyramine Hydrogels as Injectable Scaffolds for Cartilage Tissue Engineering 
 

 79 

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

5.2 Materials and methods 

Materials. Dextrans (Mn, GPC=1.4х104 g/mol, Mw/Mn=1.45, denoted as Dex14k, and Mn, 

GPC=3.1х104 g/mol, Mw/Mn=1.38, denoted as Dex31k) were purchased from Fluka. 
Dextran-tyramine conjugates (denoted as Dex-TA) were prepared as reported previously 
[25]. Hydrogen peroxide (H2O2), dextranase (10-25 units/mg solid) and deuterium oxide 
(D2O) were obtained from Aldrich-Sigma. Horseradish peroxidase (HRP, type VI, ~300 
purpurogallin unit/mg solid) was purchased from Aldrich and used without further 
purification. Phosphate buffered saline (PBS, pH 7.4, without calcium or magnesium) was 
purchased from Invitrogen. Bovine chondrocytes were isolated as previously reported and 
cultured in a chondrocyte expansion medium composed of DMEM high glucose 
(Invitrogen), 10 mM HEPES (Invitrogen), 10% fetal bovine serum (FBS, Cambrex), 100 
U/mL penicillin (Invitrogen), 100 μg/mL streptomycin (Invitrogen), 0.2 mM ascorbic acid 
(ASAP, Sigma), 0.1 mM non-essential amino acids (NEAA, Sigma) and 0.4 mM proline 
(Sigma) [26].  

Hydrogel formation and characterization. Hydrogel samples (~0.5 mL) were prepared 
in vials by the addition of a mixture of H2O2 and HRP in PBS to stock solutions of Dex-TA. 
In a typical example, to a PBS solution of Dex14k-TA DS15 (400 μL, 12.5 wt%), a freshly 
prepared solution of H2O2 (61.5 μL of 0.4 wt% stock solution) and HRP (40.5 μL of 0.25 
mg/mL stock solution) in PBS were added. The contents were gently mixed. The final 
concentration of Dex-TA was 10 wt%. The amount of HRP used was fixed at 0.25 mg per 
mmol of tyramine moieties. Molar ratios of H2O2/TA ranging from 0.1 to 0.5 were applied 
in the preparation of the hydrogels. The time to form a gel (denoted as gelation time) was 
determined using the vial tilting method. No flow within 1 min upon inverting the vial was 
regarded as the gel state. Semi-spherical hydrogel samples of 4 mm in diameter and 2 mm 
in height were prepared for microstructural characterization. Freeze-dried hydrogels were 
prepared by first freezing the gels at -20°C for 4 hours and then in liquid nitrogen, followed 
by freeze-drying. The constructs were analyzed with a Philips XL 30 ESEM-FEG scanning 
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electron microscopy (SEM) operating at a voltage of 10kV. Samples were gold sputtered 
(Carringdon) before SEM analysis. 

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

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

In situ chondrocyte incorporation. Hydrogels containing bovine chondrocytes were 
prepared under sterile conditions by mixing a Dex-TA/cell suspension with a freshly 
prepared mixture of HRP and H2O2. Solutions of Dex-TA were made using medium and 
HRP and H2O2 stock solutions were made using PBS. All solutions were sterilized by 
filtration through filters with a pore size of 0.22 μm. Chondrocytes were incorporated in 
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hydrogels prepared analogously as without cells. As an example: Chondrocyte/polymer 
suspensions were prepared by mixing 200 μL of a Dex14k-TA DS 15 solution (25 wt%) 
with 200 μL of medium containing chondrocytes. To 100 μL of the resulting cell/polymer 
suspension, 25 μL of a HRP/H2O2 mixture was added and the suspension was gently mixed. 
The HRP/H2O2 mixture was prepared by adding 61.5 μL of the HRP stock solution to 40.5 
μL of the H2O2 stock solution. Before gelation, the precursor was quickly transferred to a 
culture plate. The final polymer concentration was 10 wt% and the cell seeding density in 
the gels was 5×106/mL. For cytotoxicity and morphology studies, the cell/gel constructs 
were cultured in a chondrocyte expansion medium (see Section 2.1). For matrix production 
studies, the constructs were cultured in a chondrocyte differentiation medium composed of 
DMEM high glucose with 0.1μM dexamethasone (Sigma), 100 μg/mL sodium pyruvate 
(Sigma), 0.2 mM ascorbic acid, 50 mg/mL insulin-transferrin-selenite (ITS+Premix, BD 
biosciences), 100 U/ml penicillin, 100 μg/ml streptomycin and 10 ng/mL transforming 
growth factor β3 (TGF-β3, R&D system). In all experiments, samples were incubated at 
37°C and 5% CO2, and the medium was replaced every 2 or 3 days. 

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

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

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

Histology and immunofluorescent staining. After 14 and 21 days, the hydrogel/cell 
constructs were washed with PBS and fixed in a 10% buffered formalin solution for 1 hour. 
After dehydration with a standard series of ethanol followed by butanol incubation 
overnight, samples were embedded in paraffin and sectioned using a microtome to yield 
sections of 5 µm in thickness. Sections were stained with Alcian Blue (Sigma-Aldrich, used 
as 1% w/v solution) for 30 min, and destained for 5 min in 1% acetic acid. Afterwards, the 
sections were washed with water and dehydrated. The staining for glycosaminoglycans 
(GAGs) was examined under a light microscope (Nikon Eclipse E400).  

For immunofluorescence analysis of collagen type II, sections were rehydrated with 
xylene and a standard series of ethanol. Afterwards, the samples were treated with 10 mM 
citric acid buffer (pH 6.0) for 10 min, and then washed with PBS/BSA 1%.  Col2A1 
monoclonal antibody (Purified mouse immunoglobulin IgG1, clone 3HH1-F9, Abnova) 
was diluted at 1:100 in PBS/BSA 1% and let to react overnight at room temperature. After 
washing twice for 5 min in PBS/BSA 1%, the sections were incubated with Alexa Fluor 
488-Goat anti-Mouse IgG1 (γ1) (Invitrogen, Molecular Probes, 1:1000) for 1 h. After 
extensive washing, the sections were mounted with VECTASHIELD Mounting Medium 
containing 4’,6’-diamidino-2-phenylindole dihydrochloride (DAPI, Vector Laboratories, 
Burlingame, CA) to stain the nuclei. The sections not incubated with primary antibodies 
were used as a negative control and a pellet of human chondrocytes cultured for 21 days in 
chondrocyte differentiation medium was used as a positive control. 

Biochemical analysis. To quantitatively analyze the GAG production inside the 
hydrogels, a DMMB assay was performed. The constructs were taken from the chondrocyte 
differentiation medium after 14, 21 and 28 days. Samples were washed with PBS and 
frozen at −80 °C. After thawing, the constructs were digested in proteinase-K (Sigma) at 56 
°C (>16 h). Quantification of total DNA was done by a Cyquant dye kit (Molecular Probes) 
using a fluorescent plate reader (Perkin-Elmer). The amount of GAG was determined 
spectrophotometrically after reaction with a dimethylmethylene blue dye (DMMB, Sigma-
Aldrich). The intensity of the color was quantified immediately in a microplate reader (Bio-
TEK Instruments) by measuring the absorbance at 540 nm. The amount of GAG was 
calculated based on a calibration curve using chondroitin sulphate A or B (Sigma-Aldrich). 
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All values were corrected for the background staining of gels without cells and normalized 
to the DNA amount (expressed as the GAG/DNA (μg/μg) ratio). Data (n=3, measured in 
triplicates) are expressed as mean ± standard deviation (SD). Statistical significance was 
determined by one-way ANOVA with Turkey’s post-hoc analysis. 

5.3 Results and discussion 

5.3.1 Hydrogel formation and gelation time  

In foregoing research, it was shown that the enzymatic crosslinking of dextran-tyramine 
(Dex-TA) conjugates using horseradish peroxidase (HRP) and hydrogen peroxide (H2O2) is 
a highly efficient method to prepare in-situ forming hydrogels [25]. The gelation time 
depends on relative ratios of HRP and H2O2 to tyramine (TA) groups present. In this study, 
Dex-TA conjugates with different molecular weights of dextran (Mn of 14k and 31k) and 
degrees of substitution (DS) of tyramine groups, i.e. Dex14k-TA with a DS of 5, 10 or 15 
tyramine groups and Dex31k-TA with a DS of 5 or 10 tyramine groups, were synthesized 
(Scheme 5.1a) [25]. The hydrogels were prepared by mixing PBS solutions of Dex-TA 
conjugates and freshly-made PBS solutions of HRP and H2O2 (Scheme 5.1b). To apply 
these hydrogels as an injectable matrix material for cartilage tissue engineering, the 
crosslinking reaction was optimized with respect to suitable gelation times and use of 
hydrogen peroxide. It was expected that the use of high concentrations of H2O2 would have 
a detrimental effect on chondrocytes during the crosslinking reaction [32, 33]. To this end, 
the gelation times of Dex-TA at low molar ratios of H2O2/TA ranging from 0.05 to 0.5 were 
investigated. Concentrations of Dex-TA conjugates of 10 wt% and 0.25 mg of HRP per 
mmol tyramine moieties were applied in the hydrogel preparation. The gelation times of the 
Dex-TA hydrogels were determined by the vial tilting method. 
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Figure 5.1. Gelation times of Dex-TA conjugates (10 wt%) as a function of the H2O2/TA molar ratio. 
Reaction conditions: 0.25 mg HRP per mmol phenol groups; 37 °C, PBS. 
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As shown in Figure 5.1, the gelation times of the hydrogels prepared from Dex14k-TA 
and Dex31k-TA conjugates (DS=10) increased with increasing molar ratios of H2O2/TA 
from 0.1 to 0.5. No gelation occurred when H2O2/TA ratios at and below 0.05 were used 
(data not shown). Moreover, at the same H2O2/TA ratio, a shorter gelation time was 
observed for the hydrogels comprising a higher molecular weight Dex-TA. Additionally, 
the DS values of the Dex14k-TA and Dex31k-TA conjugates have an influence on the 
gelation time of the hydrogels (Table 5.1). By increasing the number of tyramine groups 
conjugated to the dextran from 5 to 15 per 100 anhydroglucose rings of dextran, the 
gelation times of the hydrogels of the Dex14k-TA conjugates decreased from about 60 to 
20 seconds. Taken together, the hydrogels prepared from Dex14k-TA with a DS of 10 or 15, 
and Dex31k-TA with a DS of 10 showed short gelation times and were regarded suitable as 
injectable cell carriers for the retention of cells inside the gels. Since fast gelation (less than 
60 sec) was generally observed at a H2O2/TA molar ratio of 0.2 ([H2O2]= 12 and 16 mM for 
Dex-TA DS 10 and DS 15, respectively), this ratio was used in the preparation of cell/gel 
constructs and evaluation of their properties. 

(a)     

(b)     
 
Scheme 5.1. Synthesis of dextran-tyramine conjugates (Dex-TA) and hydrogel formation via 
enzymatic crosslinking. 
 

5.3.2 Hydrogel characterization  

The mechanical properties of the Dex-TA hydrogels were studied by oscillatory rheology 
experiments at 37°C [34] . The storage moduli of Dex-TA hydrogels are listed in Table 5.1. 
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The storage moduli of the Dex-TA hydrogels largely increased with increasing DS of 
tyramine groups from 5 to 15. For example, the storage moduli of the Dex14k-TA 
hydrogels increased from about 1.4 kPa to 40 kPa by increasing the DS from 5 to 15. An 
even higher storage modulus of about 60 kPa was obtained in the hydrogels prepared from 
Dex31k-TA with a DS of 10. Interestingly, the Dex-TA hydrogels containing chondrocytes 
(5x106 cells/mL gel) had storage and loss moduli that were close to the gels without cells 
(data not shown), indicating that the presence of chondrocytes in the hydrogels did not 
influence their mechanical properties. 

The morphology of freeze-dried hydrogels prepared from the Dex-TA conjugates was 
determined using scanning electron microscopy (SEM) (Figure 5.2). In all cases, the Dex-
TA hydrogels appeared to be highly porous and had a well-interconnected pore structure. It 
appeared that the pore size of these hydrogels is mainly influenced by the DS rather than by 
the Mn of the polymers. Freeze-dried samples of hydrogels prepared from Dex14k-TA with 
a DS of 5 had a larger average pore size (351±71 μm) than those of Dex14k-TA with a DS 
of 10 (206±93 μm) (Figure 5.2 b vs. c) and the hydrogel prepared from Dex31k-TA with a 
DS of 10 had an average pore size similar to the Dex14k-TA with the same DS of 10 
(Figure 5.2 a vs. b). 

 

Figure 5.2. SEM images of freeze dried hydrogel samples: (a) Dex31k-TA DS 10, (b) Dex14k-TA 
DS 10 and (c) Dex14k-TA DS 5. Reaction conditions: 0.25 mg HRP per mmol phenol groups; molar 
ratio of H2O2/TA = 0.2. (Scale bar 500 μm) 

 
To allow cell growth over prolonged periods of time, sufficient nutrient diffusion in the 

hydrogels is highly desired. The permeability of the Dex-TA hydrogels was evaluated by 
determining the glucose diffusion through the hydrogels. The setup consisted of two 
chambers separated by a plate with a circular opening in which a hydrogel film was placed. 
Glucose is a representative nutrient in the cell culture medium. Figure 5.3 shows typical 
results of the glucose diffusion in time through a Dex14k-TA DS 15 hydrogel. As can be 
expected, the concentration of the glucose in chamber A decreased over time, while there 
was a corresponding increase in the concentration of glucose in chamber B. After 72h, the 
glucose concentrations in both chambers almost reached a plateau. The diffusion coefficient 
of glucose through a Dex14k-TA DS 15 hydrogel was determined in time from the glucose 
concentrations in both chambers [35]. The diffusion coefficient was calculated to be 
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3.2×10-6 cm2/s, which was close to that of glucose diffusion in cartilage tissue (~2х10-6 
cm2/s) [36]. In Table 5.1, the percentage of glucose diffused after 72 h using various Dex-
TA hydrogels is presented. Similar values of 79% were determined for hydrogels prepared 
from Dex14k-TA and Dex31k-TA with a DS value of 10. A slightly lower percentage of 
74% was determined for the Dex14k-TA hydrogels with a higher DS of 15. The slower 
diffusion can be attributed to a more compact network of the hydrogel prepared from 
Dex14k-TA DS 15 than that of Dex14k-TA DS 10. In all cases, the glucose diffusion 
reached over 70% of the equilibrium glucose concentration within 72 h, indicating that cells 
may efficiently interact with nutrients in these hydrogels. 
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Figure 5.3. Typical graph of glucose (in water) diffusion from chamber A towards the chamber B 
using a Dex14k-TA DS 15 hydrogel as function of time at 37 °C. 
 
Table 5.1. Gelation times, storage moduli and glucose diffusion for Dex-TA hydrogels a 

 DS b Gelation 
time (s) 

Storage modulus 
G’ (kPa) 

Percentage of glucose 
diffused after 72 h c 

5 60 1.4 n.d. 

10 41 15.1 79% Dex14k-TA 

15 20 40.2 74% 

5 42 8.2 83% 
Dex31k-TA 

10 17 60.4 79% 

a: Reaction conditions: 10 wt% polymer concentration; molar ratio of H2O2/TA is 0.2; 0.25 
mg HRP per mmol phenol groups; 37 °C, PBS 

b: DS (Degree of substitution, defined as the number of tyramine units per 100 
anhydroglucose rings in dextran) was determined using 1H NMR. 

c: The percentage of glucose diffused after 72 h was expressed as the ratio of the glucose 
concentration in chamber B and the equilibrium conc. of 5g/L, multiplied by 100%. 
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5.3.3 Cell viability of chondrocytes in Dex-TA hydrogels 

Chondrocytes were cultured in the hydrogels of Dex14k-TA and Dex31k-TA with 
different DS for 14 days. Cell survival of the chondrocytes in the hydrogels was evaluated 
using a live-dead assay, in which living cells stained green and dead cells red. As is shown 
in Figure 5.4, over 95% cells in these hydrogels were alive, similar to those embedded in an 
agarose gel which was used as a control. Moreover, a homogeneous distribution of 
metabolically active chondrocytes that stained purple with a MTT solution was observed in 
all Dex-TA hydrogels after 1, 7 and 14 days (Figure 5.5). Cell viability experiments, 
evaluated by the MTT assay, showed that the metabolic activities (%) of chondrocytes in 
the hydrogels of Dex31k-TA DS 10, Dex14k-TA DS 10 and Dex14k-TA DS 15 were 
comparable to the agarose control over the culturing periods, indicating good 
biocompatibility and low cytotoxicity (Figure 5.6a). Notably, the metabolic activity values 
of chondrocytes in the Dex14k-TA DS 10 hydrogel after 14 days in culture is statistically 
higher than the value at day 1 (p<0.05). These results suggested that chondrocyte 
proliferation might occur in the Dex14k-TA DS 10 hydrogels. Support for this hypothesis 
was found by the live-dead assay. Nests of doublets that are indicative of chondrocyte 
division were observed in the Dex14k-TA DS 10 hydrogel after 14 days in culture (Figure 
6b).   

 

 

Figure 5.4. Live-dead assay of chondrocytes in Dex-TA hydrogels at day 14: (a) Dex14k-TA DS 15, 
(b) Dex14k-TA DS 10, (c) Dex14k-TA DS 5, (d) Dex31k-TA DS 10 and (e) Dex31k-TA DS 5. 
Agarose gels (0.5 wt%) were used as a control (f). Reaction conditions: 0.25 mg HRP per mmol 
phenol groups; molar ratio of H2O2/TA = 0.2. Cells were stained with calcein-AM/ethidium 
Homodimer (living cells stained green and dead cells red). The chondrocyte seeding density was 
5х106 cells/mL. Scale bar: 200 μm. 
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Figure 5.5. MTT staining of chondrocytes in Dex31k-TA DS 10, Dex14k-TA DS 15 and DS 10 
hydrogels after 1, 7 and 14 days in culture. Metabolically active cells stained purple. Reaction 
conditions: H2O2/TA molar ratio is 0.2; 0.25 mg HRP per mmol phenol groups. The chondrocyte 
seeding density was 5х106 cells/mL. 

 
 

 
Figure 5.6. (a) Quantitative determination of the metabolic activity of chondrocytes inside Dex-TA 
hydrogels (Student’s t-test, * p<0.05). (b) Live-dead assay showing chondrocytes incorporated in a 
Dex14k-TA DS10 hydrogel after 14 days in culture (chondrocyte division is indicated by arrows, 
original amplification: 100x). Reaction conditions: the H2O2/TA molar ratio is 0.2; 0.25 mg HRP per 
mmol phenol groups. The chondrocyte seeding density was 5х106 cells/mL.  
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5.3.4 Chondrocyte morphology and matrix production 

In native cartilage, chondrocytes are surrounded by an extracellular matrix that consists 
of negatively charged glycosaminoglycan (GAG), like hyaluronic acid and chondroitin 
sulfate, as well as collagen type II fibrils. The ability of these Dex-TA hydrogels to function 
as a scaffold for cartilage tissue formation was investigated by examining the cell 
morphology and the ability to produce a cartilaginous specific matrix.  

It is known that chondrocytes in culture may rapidly lose chondrocytic characteristics 
and obtain a fibroblast-like phenotype, a process termed “dedifferentiation” [37]. A round 
cell shape is correlated with the maintenance of the chondrocyte phenotype. The 
morphology of the chondrocytes incorporated in the Dex-TA and agarose hydrogels was 
evaluated by SEM after culturing for 14 days in chondrocyte expansion medium. In Figure 
5.7 it is shown that the chondrocytes incorporated in Dex31k-TA DS 10 and Dex14-TA DS 
10 and 15 hydrogels exhibited a distinctly round cell shape. Notably, as a typical example, 
the chondrocytes inside Dex14k-TA DS 15 hydrogels after culturing for 21 days, were 
located adjacent to a fibrous pericellular matrix (Figure 5.8a) [38]. SEM examinations 
revealed that this fibrous matrix consisted of collagen fibrils, which was confirmed by the 
observation of the typical D-period in the fibrils (Figure 5.8b-c). 

 

 
Figure 5.7. SEM images of chondrocytes in Dex-TA hydrogels after 14 days’ culture. 

 

 

Figure 5.8. SEM images of (a) a single chondrocyte in a Dex14k-TA DS 15 hydrogel (21 days) was 
surrounded by a fibrous matrix on the gel surface, (b) fibrous matrix at high magnification (c) Circles 
point to collagen fibrils with a visible D-period at high magnification. 
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GAG production by chondrocytes in the Dex-TA hydrogels was examined by histology 
using Alcian Blue staining. Histology showed that the chondrocytes incorporated in these 
Dex-TA hydrogels produced abundant ECMs rich in GAGs after 14 and 21 days, as 
confirmed by the dense GAG staining in these gels (Figure 5.9). No staining was observed 
for the Dex-TA gels without chondrocytes or for the Dex-TA/cell constructs at day 1 (data 
not shown). Moreover, at day 14, the GAGs were mainly located in the pericellular matrix 
around spherical cells, but at day 21, the GAGs were more evenly distributed throughout 
the gels both in the pericellular and interterritorial matrix.  

 

Day Day 14 Day 21 

Original 
magnification 200× 400× 200× 400× 

Dex14k-TA 
DS15 

Dex14k-TA 
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Dex31k-TA 
DS10 

  

Figure 5.9. Alcian blue staining of Dex-TA hydrogels with chondrocytes after culturing for 14 and 21 
days in differentiation medium. GAGs were stained blue/green. The chondrocyte seeding density was 
5х106 cells/mL. 

 
The synthesis of collagen by chondrocytes in the Dex-TA hydrogels was also examined. 

The type of collagen present in articular cartilage is primarily collagen type II [39]. An 
immunofluorescent staining demonstrated the presence of collagen type II inside Dex-TA 
hydrogels (Figure 5.10a). In the positive control, the nuclei of the chondrocytes fluoresced 
blue due to the counterstaining with DAPI and the collagen type II fluoresced green. In the 
negative control, only the staining of the nuclei was observed. These results indicated that 
chondrocytes cultured inside Dex-TA hydrogels were capable of maintaining their 
phenotype and producing a cartilaginous specific matrix. 
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Figure 5.10. Collagen type II staining of Dex14k-TA DS 15 (A and D), Dex14k-TA DS 10 (B and E), 
and Dex31k-TA DS 10 (C and F) hydrogels after culturing for 14 (A-C) and 21 (D-F) days in 
differentiation medium; The chondrocyte seeding density was 5х106 cells/mL. A pellet of human 
chondrocytes cultured for 21 days in chondrocyte differentiation medium was used as a positive 
control (G) and the section without incubation with primary antibodies was used as a negative control 
(H). Collagen type II fluoresced green and nuclei of the cells were stained with DAPI (blue). 
 

The amounts of glycosaminoglycan (GAG) secreted by chondrocytes inside the 
hydrogels at different times in culture were determined by a DMMB assay. Agarose gel, a 
well-known polysaccharide hydrogel system for chondrocyte culturing, was used as a 
positive control [40, 41]. In Figure 5.11a the time-dependent accumulation of the GAG in 
the Dex-TA and agarose hydrogels is presented. All hydrogels demonstrated a significant 
increase in GAG production with increasing culturing times from 14 to 28 days (p<0.05). 
These results are consistent with the histology results using Alcian blue staining, which 
showed a denser staining of GAGs at day 21 than that at day 14. Notably, the GAG 
contents in the hydrogels from Dex14k-TA DS 10 and Dex31k-TA DS 10 are significantly 
higher than that in the agarose gel at day 28 (p<0.05). The GAG amount for these Dex-TA 
hydrogels at the same culturing time did not differ. 



Chapter 5 
 

 92 

0

10

20

30

40

50

60

Day 14 Day 21 Day 28

G
A

G
 (μ

g)
/g

el
Dex14k-TA DS 15 Dex14k-TA DS 10
Dex31k-TA DS 10 Agarose  *

(a)

0

10

20

30

Day 14 Day 21 Day 28

G
A

G
 (u

g)
 / 

D
N

A
 (u

g)

Dex14-TA DS15 Dex14-TA DS10
Dex31-TA DS10 Agarose

 *

(c)

0

1

2

3

4

5

Day 14 Day 21 Day 28

G
A

G
 (μ

g)
/g

el

Dex14k-TA DS 15 Dex14k-TA DS 10
Dex31k-TA DS 10 Agarose

(b)

 
Figure 5.11. GAG accumulation in Dex-TA and agarose hydrogels containing chondrocytes after in 
vitro culturing for 14, 21 and 28 days in differentiation medium. (a) GAG and (b) DNA content per 
hydrogel sample; (c) GAG accumulation normalized to the DNA content per gel sample. (Cell 
seeding density: 5×106/mL, ANOVA: * p<0.05) 

 
To compare the described hydrogels with other injectable hydrogel systems reported in 

literature, the amounts of GAG in each gel were normalized to their DNA content 
(GAG/DNA) at the different culturing time points (Figure 5.11c). The GAG/DNA values 
remained statistically constant at day 14 and day 21 (p>0.05). However, the values 
decreased at day 28 compared to day 14 (p<0.05) because of the increased DNA content 
per gel as a result of cell proliferation (Figure 5.11b) [42]. Moreover, the GAG/DNA ratios 
for Dex-TA hydrogels were higher than for agarose gels (10.9-12.5 μg/μg for Dex-TA vs. 
8.7 μg/μg for agarose, p<0.05) at day 28. The GAG/DNA values for the Dex-TA hydrogels 
at day 14 (17.8-26.7 μg/μg) are comparable with those for other injectable hydrogel 
systems, such as self-assembled peptide hydrogels (~22 μg/μg at day 15) and 
photopolymerized PEG hydrogels (ca. ~26 μg/μg at day 14) [43, 44].  

Taken together, these results reveal the high potential of these injectable Dex-TA 
hydrogels for cartilage tissue engineering. 
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5.4 Conclusions 

The enzymatic crosslinking of dextran-tyramine (Dex-TA) conjugates in the presence of 
horseradish peroxidase and hydrogen peroxide is a highly efficient method to prepare in-
situ forming hydrogels. Increasing the molecular weight of dextran and degree of 
substitution of tyramine moieties resulted in decreasing gelation times and increasing 
storage moduli. Chondrocytes incorporated in the hydrogels showed a high cell viability 
after 2 weeks and retained their round cell morphology. Besides, the cells were capable of 
producing a cartilaginous specific matrix rich in GAGs and collagen type II. These studies 
indicated that injectable hydrogels from Dex-TA conjugates have a high potential as 
injectable scaffolds for cartilage tissue engineering. 
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Chapter 6 

 
Injectable Chitosan-based Hydrogels for Cartilage 
Tissue Engineering ∗ 
 

Water-soluble chitosan derivatives, chitosan-graft-glycolic acid (GA) and phloretic acid 
(PA) (CH-GA/PA), were designed to obtain biodegradable injectable chitosan hydrogels 
through enzymatic crosslinking with horseradish peroxidase (HRP) and H2O2. CH-GA/PA 
polymers were synthesized by first conjugating glycolic acid (GA) to native chitosan to 
render the polymer soluble at pH 7.4, and subsequent modification with phloretic acid (PA). 
The CH-GA43/PA10 with a degree of substitution (DS, defined as the number of substituted 
NH2 groups per 100 glucopyranose rings of chitosan) of GA of 43 and DS of PA of 10 
showed a good solubility at pH values up to 10. Short gelation times (e.g. 10 s at a polymer 
concentration of 3 wt%), as recorded by the vial tilting method, were observed for the CH-
GA43/PA10 hydrogels using HRP and H2O2. It was shown that these hydrogels can be 
readily degraded by lysozyme. In vitro culturing of chondrocytes in CH-GA43/PA10 
hydrogels revealed that after 2 weeks the cells were viable and retained their round shape. 
These features indicate that CH-GA/PA hydrogels are promising as an artificial 
extracellular matrix for cartilage tissue engineering.  

6.1 Introduction 

Tissue engineering is a promising method for cartilage regeneration. In this approach, a 
scaffold as a temporary artificial extra-cellular matrix (ECM) is needed to accommodate 
cultured cells and guide their growth [1]. To allow cell survival in the artificial ECM, it is 
required to use scaffolds, which have properties resembling the native extracellular matrix 
such as a high water content and sufficient transport of nutrients and waste products. 
Because hydrogels, water-swollen networks of crosslinked hydrophilic polymers, are in 
general compatible with proteins, cells and surrounding tissues [2, 3], they are regarded as 
highly suitable materials for artificial ECMs for tissue engineering.  

Recently, injectable hydrogels that are in situ formed after injection at the defect site 
have received much attention in tissue engineering [4]. Injectable hydrogels have the 

                                                      
∗ This chapter has been published: Rong Jin, Liliana S. Moreira Teixeira, Pieter J. Dijkstra, 
Marcel Karperien, Clemens A. van Blitterswijk, Zhiyuan Zhong and Jan Feijen, 
Biomaterials, 2009, 30, 2544-2551. 
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advantage that implantation surgery can be replaced by a simple minimally invasive 
injection procedure. Moreover, the incorporation of cells and bioactive molecules like 
growth factors can be readily performed and the gels can be formed in any desired shape in 
good alignment with the surrounding tissue. 

Chitosan has been widely investigated for biomedical applications such as controlled 
drug and protein delivery [5-7], non-viral gene delivery [8] and tissue engineering [9-12]. 
Chitosan is a polycationic polysaccharide comprising glucosamine and N-
acetylglucosamine residues. Moreover, chitosan can be enzymatically degraded in vivo by 
lysozyme [13, 14], a polycationic protein present in the ECM of human cartilage [15, 16]. 
These features make chitosan a potential material for use in cartilage tissue engineering to 
modulate chondrocyte morphology, differentiation and stimulating chondrogenesis. In vitro 
studies demonstrated that chitosan-based matrices not only efficiently support chondrogenic 
activity [12, 17], but also allow the expression of cartilage ECM proteins by chondrocytes 
[17]. Chondrocytes that are cultured in chitosan scaffolds may maintain their inherent round 
morphology [10]. Cui et al. showed that surface modification of PLLA films with chitosan 
leads to increased cell adhesion, proliferation, and correspondingly, improved 
glucosaminoglycan (GAG) production and collagen type II synthesis as compared to 
unmodified PLLA film [18]. A major drawback of chitosan is its poor solubility in neutral 
solutions. The chitosan backbone has to be derivatized with hydrophilic moieties to afford 
water-soluble chitosans [19].  

In the past years, many investigators have developed injectable chitosan-based hydrogels 
for cartilage repair [20-23]. Injectable chitosan hydrogels have been prepared by either 
physical or chemical crosslinking methods. The reversible physical interactions in poly(N-
isopropyl-acrylamide) or PEG grafted chitosan derivatives have been used to prepare 
physically crosslinked hydrogels [5, 20, 22, 24]. Such physical gels generally exhibit a low 
stability, low mechanical strength and fast degradation. In another approach, chemically 
crosslinked injectable chitosan hydrogels were prepared using redox-initiated crosslinking 
[21, 25] and photo-initiated crosslinking [6, 11, 26, 27]. Moreover, gelation time, gel 
modulus and hydrogel degradability of these chemically crosslinked hydrogels can be 
adjusted by the molecular weight of polymers and the crosslinking densities. For example 
Hong et al. prepared methacrylated chitosan-based hydrogels using ammonium persulfate 
and N,N,N’,N’-tetramethylethylenediamine and showed that by increasing the concentration 
of the initiator, the gelation time could be reduced and the enzymatic degradation of the 
resulting hydrogels decreased. However, a concomitant high cytotoxicity with low cell 
viability (<30 %) at a high concentration of initiator was observed after a short cell 
culturing time of 4 days [21].  
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We previously reported on fast in-situ forming hydrogels from dextran-tyramine 
conjugates [28]. These hydrogels were formed within 1 min at optimal conditions upon 
enzymatic coupling of tyramine phenol moieties using horseradish peroxidase (HRP) and 
hydrogen peroxide (H2O2). Moreover, the hydrogels showed a high gel content and 
mechanical strength. In this study, we report on injectable biodegradable hydrogels based 
on chitosan derivatives using enzymatic crosslinking for cartilage regeneration. The 
gelation and degradation rates of these newly developed chitosan-based hydrogels as well 
as their mechanical properties were determined. Additionally, the in vitro cytocompatibility 
of the gels and the morphology of incorporated chondrocytes in time were studied.  

6.2 Materials and methods 

Materials. Chitosan (low molecular weight, viscosity = 20-200 cP, 1 wt% in 1 vol% 
acetic acid) was obtained from Aldrich. The degree of deacetylation (DD) of chitosan was 
estimated from 1HNMR spectra as described elsewhere [29]. N-Ethyl-N′-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDAC, Fluka), N-hydroxysuccinimide 
(NHS, Aldrich), phloretic acid (PA, Fluka), glycolic acid (GA, Fluka), hydrogen peroxide 
(H2O2, 30 wt%, Aldrich) and deuterium oxide (D2O, Aldrich) were purchased with the 
highest purity available and used without further purification. Horseradish peroxidase (HRP, 
type VI, 298 purpurogallin unit/mg solid) was purchased from Aldrich and used as received. 
Phosphate buffered saline (PBS, pH 7.4) was purchased from B. Braun Co. All other 
solvents were used as received. Buffers used were a phosphate buffer (pH 2), acetate buffer 
(pH 5.0), MES buffer (pH 6.5), PBS buffer (pH 7.4) and a CHES buffer (pH 9.0) all at an 
ionic strength of 150 mM.  

Synthesis of chitosan conjugates. Chitosan conjugates were prepared in two steps by 
first reacting chitosan with glycolic acid followed by a reaction with phloretic acid. In both 
steps the molar ratios of reagents to the NH2 groups of chitosan were varied to obtain the 
desired degree of derivatization.  

As a typical example, 1.5 g of chitosan (DD=85% from 1H NMR) was dissolved in 600 
mL of water containing GA (1.65 g, 0.022 mol) overnight. To the solution EDAC (6.33 g, 
0.033 mol) and NHS (3.99 g, 0.026 mol) were added. The resulting solution was stirred for 
48 h at room temperature. The reaction mixture was then neutralized with a 1M NaOH 
solution to pH 7. In order to remove unreacted GA, the solution was ultra filtrated (MWCO 
30 kDa), first with 50 mM NaCl and then deionized water. Finally, the glycolic acid grafted 
chitosan (CH-GA) was freeze-dried. DS: 43 (1H NMR). Yield: 68%. 1H NMR 
(D2O/CD3COOD (95/5 v/v)): δ=4.9 (chitosan anomeric proton, overlaps with water peak), 
3.0 and 3.4-4.2 (chitosan glucopyranose ring protons), 4.2 (NHCOCH2OH), 2.0 
(NHCOCH3).  
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By changing the molar feed ratio of carboxylic groups of GA to chitosan amino groups 
from 1:3 to 2.5:1, chitosan derivatives with different DSs of 10, 19 and 43 were obtained. 
The yield of CH-GA varied from 68 to 95%. 

To a solution of 1 g of CH-GA43 dissolved in 100 mL of water, PA (410 mg, 2.5 mmol) 
was added and stirred overnight. To the resulting solution, EDAC (725 mg, 3.7 mmol) and 
NHS (345 mg, 3.0 mmol) were added. The mixture was stirred for 48 h at room 
temperature. The resulting mixture was neutralized with 1M NaOH and the chitosan 
derivative CH-GA/PA was isolated using the procedures described above. DS: 10 (1H 
NMR). Yield: 76%. 1H NMR (D2O/CD3COOD (95/5 v/v)): δ=6.8 and 7.2 
(CH2CH2C6H4OH), 4.9 (chitosan anomeric proton, overlaps with water peak), 3.0 and 3.4–
4.2 (chitosan glucopyranose ring protons), 4.2 (NHCOCH2OH), 2.4-2.9 (CH2CH2C6H4OH), 
2.0 (NHCOCH3). 

Polymer characterizations. 1H NMR (300 MHz) spectra were recorded on a Varian 
Inova spectrometer (Varian, Palo Alto, USA). Samples of 10-20 mg each were dissolved in 
0.8 mL of D2O containing 5% (v/v) CD3COOD. The signals of solvent residues were used 
as reference for the 1H NMR chemical shifts and were set at δ 4.79 for water.  

The degrees of substitution (DSs) of GA and PA, defined as the number of substituted 
NH2 groups per 100 glucopyranose rings of chitosan, were determined using 1H NMR by 
comparing the integrals of signals at δ 2.0 (acetamide groups of chitosan) with δ 4.2 
(methylene protons of GA) for CH-GA, and δ 6.5-7.5 (aromatic protons of PA) for CH-
GA/PA, respectively. To indicate the DS of GA and PA, the samples are coded by adding 
numbers to the CH-GA/PA polymer as presented in Table 6.1. 

pH dependent solubility. The solubility of unmodified and modified chitosan at a fixed 
concentration and different pH values was measured according to a procedure described in 
literature [11]. Briefly, chitosan, CH-GA and CH-GA/PA were separately dissolved in 
water (1 mg/mL) and the pH was adjusted to 3 with 0.1M HCl to give clear solutions. A 
solution of 0.1M NaOH was gradually added to the stirred polymer solution until 
precipitation occurred. The pH value was measured using a pH meter (Metrohm 702 SM 
Titrino). Upon addition of 0.1M of NaOH the concentration of the chitosan and its 
derivatives did not decrease below 70% of the original concentration (1 mg/mL). 

Hydrogel formation and gelation time. Hydrogel samples (0.5 mL) were prepared in 
vials at 37 °C. In a typical procedure, to 400 μL of a 1.25 wt% solution of CH-GA43/PA10 
in PBS, a freshly prepared mixture of H2O2 (38.5 μL of a 0.075 wt% stock solution) and 
HRP (61.5 μL of a 15.6 μg/mL stock solution) was added and the mixture was gently mixed. 
The final concentration of CH-GA43/PA10 was 1 wt%. The time to form a gel (denoted as 
gelation time) was determined using the vial tilting method. No flow within 1 min upon 
inverting the vial was regarded as the gel state. In all experiments using different 
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concentrations of CH-GA43/PA10 always 0.5 mg HRP per mmol phenol groups and a 
H2O2/phenol molar ratio of 0.5 were applied. 

Gel content and water uptake. To determine the gel content, samples of about 0.5 g of 
a hydrogel made from CH-GA43/PA10 were lyophilized and weighted (Wd). The dry 
hydrogels were then extensively extracted with 6 mL of a 1% (v/v) acetic acid solution at 
room temperature for 3 days to remove uncrosslinked polymer. The solution was replaced 
each day. The samples were subsequently washed 3 times with deionized water and 
lyophilized (Wg). The gel content was expressed as Wg/Wd×100%.  

Dried hydrogel samples were immersed in 2 mL buffer solutions having pH values of 2.0, 
5.0, 6.5, 7.4 or 9.0 at 37 °C for 1 day in order to reach equilibrium swelling. After removal 
of surface water, the samples were weighted (Ws). The water uptake of dried hydrogels was 
expressed as (Ws-Wg)/Wg×100% [30]. 

In vitro degradation. Hydrogel samples (about 0.5 g) were prepared in vials according 
to the procedure described in Section 2.5 and accurately weighted (Wi). Subsequently, 2 
mL of PBS solutions containing different concentrations of lysozyme (0.5~2 mg/mL) were 
applied on top of the hydrogels and then incubated at 37 °C. At regular time intervals, the 
buffer solution was removed from the samples and the hydrogels were weighted (Wt). The 
percentage of original gel weight remaining is expressed as Wt/Wi×100%. The medium was 
replaced twice a week and the experiments were performed in triplicate. 

Rheological analysis. Rheological experiments were carried out with an MCR 301 
rheometer (Anton Paar) using parallel plates (25 mm diameter, 0°) configuration at 37 °C in 
the oscillatory mode. In a typical example, 77 μL of a H2O2 stock solution (0.075 wt%, in 
PBS) and 123 μL of the HRP stock solution (15.6 μg/mL, in PBS) were mixed. The 
HRP/H2O2 solution was then immediately mixed with 800 μL of a solution of CH-
GA43/PA10 (1.25 wt%, in PBS) using a double syringe (2.5 mL, 1:4 volume ratio) 
equipped with a mixing chamber (Mixpac). After the samples were applied to the 
rheometer, the upper plate was immediately lowered to a measuring gap size of 0.5 mm, 
and the measurement was started. To prevent evaporation, a layer of oil was introduced 
around the polymer sample. The evolution of the storage (G′) and loss (G″) moduli was 
recorded as a function of time. A frequency of 0.5 Hz and a strain of 0.1% were applied in 
order to maintain a linear viscoelastic regime. 

Chondrocyte isolation and encapsulation. Bovine cartilage was harvested from the 
patellar–femoral groove of calf legs. Cartilage tissue was cut into small pieces and 
chondrocytes were isolated by incubation in Dulbecco’s modified Eagle’s medium (Gibco) 
(DMEM) containing 0.2% collagenase type II at 37 °C for 8 h. The isolated chondrocytes 
were washed, centrifuged and resuspended in DMEM with 10% heat inactivated fetal 
bovine serum, 1% Penicillin/Streptomycin (Gibco), 0.5 mg/mL fungizone (Gibco), 0.01 M 
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MEM nonessential amino acids (Gibco), 10 mM HEPES and 0.04 mM L-proline. The cell 
suspension was then seeded in culture flasks and incubated at 37 °C in humidified 
atmosphere (95% air/5% CO2). At confluence, the cells were detached using 0.25 wt% 
trypsin in PBS, resuspended in PBS, and used for the experiments.  

To encapsulate the chondrocytes, a stock PBS solution of 2.5 wt% CH-GA43/PA10 was 
first exposed to UV (Bio-Rad Gel Doc 2000) for half an hour. HRP and H2O2 stock 
solutions were made in PBS and sterilized by filtration through filters with a pore size of 
0.22 μm. Chondrocytes were incorporated in the hydrogels using the same procedure as for 
the gel formation in the absence of cells. Briefly, 61.5 μL of the HRP stock solution was 
added into 38.5 μL of the H2O2 stock solution to obtain solutions containing HRP and H2O2. 
Chondrocyte/CH-GA43/PA10 suspensions were prepared by mixing 200 μL of polymer 
solutions with 200 μL of medium containing chondrocytes. To 100 μL of cell/polymer 
suspensions, 25 μL HRP/H2O2 mixtures were added and the hydrogel precursor was gently 
mixed. Before gelation, the precursor was quickly transferred onto cover slides in the 
culture plate. The final concentration of CH-GA43/PA10 was 1 wt% and the cell seeding 
density in the gels was 5×106/mL. The constructs were cultured in the previously described 
medium, standard for chondrocyte expansion. The gels were incubated at 37°C and 5% CO2, 
and the medium was replaced every 2 or 3 days. 

Cytotoxicity assay. A viability study on hydrogel encapsulated chondrocytes was 
performed with a Live-dead assay and the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide) assay. At days 1, 3, 7, and 14, the hydrogel constructs were rinsed 
with PBS and stained with calcein/ethidium homodimer using the Live-dead assay Kit 
(Invitrogen), according to the manufactures’ instructions. Agarose hydrogel/cell constructs 
(0.5 wt%) with the same chondrocyte density were used as a control. Hydrogel/cell 
constructs were visualized using fluorescence microscopy (Zeiss). As a result living cells 
fluoresce green and the nuclei of dead cells red. MTT staining was performed using 1% 
(total medium volume) of MTT solution (5 mg/mL, Gibco) and an incubation time of 2 h. 
Hydrogel/cell constructs were then visualized using a light microscope. The morphology of 
the chondrocytes in the hydrogels was studied using a Philips XL 30 ESEM-FEG scanning 
electron microscopy (SEM) operating at a voltage of 10kV. After 14 days’ in vitro culturing 
the hydrogel/cell constructs were fixed with formalin by sequential dehydration and critical 
point drying. These samples were gold sputtered (Carringdon) and analyzed with SEM. 
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6.3 Results and discussion 

6.3.1 Synthesis and characterization of chitosan conjugates 

Chitosan is an insoluble material in neutral aqueous solutions. To increase its water 
solubility chitosan was modified by reacting glycolic acid GA with the primary amino 
groups of chitosan using EDAC/NHS activation (Figure 6.1). The reaction was performed 
in diluted GA solutions with different molar feed ratios of GA to amino groups of chitosan 
and without adding other acidic components since chitosan readily dissolved in the acidic 
GA solution having a pH value of approximately 4. After 2 days reaction, the resulting 
chitosan derivatives (CH-GA) were purified by ultrafiltration and isolated after freeze-
drying. The 1H NMR spectrum of CH-GA showed that a new signal at δ 4.2 was present 
corresponding to the methylene protons of the glycolamide units. The degree of substitution 
(DS) of GA, defined as the number of glycolamide moieties per 100 glucopyranose rings of 
chitosan, was determined from the 1H NMR spectra by comparing the integrals of signals at 
δ 2.0 and 4.2, attributed to the protons of acetamide group (NHCOCH3) in chitosan and 
methylene protons (COCH2OH) in GA moieties, respectively. The DS of CH-GA increased 
from 10 to 43 when the [GA]/[NH2] feed ratio was increased from 0.3 to 2.5 (Table 6.1). 
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Figure 6.1. Synthesis of glycolic acid grafted chitosan (CH-GA) and subsequent conjugation of 
phloretic acid (PA) to give CH-GA/PA. 

 The pH dependent solubility of the CH-GA polymers was evaluated by titration of a 1 
mg/mL polymer solution with a NaOH solution. The pH value at which the CH-GA started 
to precipitate was used as an indication of the water solubility of the chitosan derivatives. 
Native chitosan with a degree of deacetylation of 85% dissolves in water (1mg/mL) up to a 
maximum pH of 6.4. The limited solubility at higher pH values is due to the formation of 
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intra macromolecular and inter chain hydrogen bonds between the amino and hydroxyl 
groups [31]. By converting the free amine groups to glycolamide groups the intermolecular 
H-bonds will be disrupted, which improves the water solubility of the chitosan derivatives. 
It was found that the solubility of the CH-GAs at a concentration of 1 mg/mL increased 
with an increase in the degree of substitution of GA to the chitosan backbone. The CH-
GA19 was soluble up to pH 7 while CH-GA43 was still soluble up to a maximum pH value 
of 10 (Table 6.1).  

Based on these results, chitosan derivatives CH-GA43 were selected for further 
modification. Phloretic acid (PA) was then coupled by activation of its carboxylic acid 
group using EDAC/NHS and subsequent reaction with the remaining amine groups of CH-
GA43. The extent of coupling of PA moieties was followed by 1H NMR using the new 
peaks at δ 6.8 and 7.2 of the aromatic protons of the phenol groups. Accordingly, the degree 
of substitution of PA was determined by comparing the integral ratios of the phenol and N-
acetyl proton signals. A degree of substitution of 10 was obtained when the molar feeding 
ratio of carboxylic acid groups of PA to chitosan amino groups was 0.5. At a concentration 
of 1 mg/mL the CH-GA43/PA10 was soluble up to a pH value of 10 and could be easily 
dissolved in water or PBS at a polymer concentration of 30 mg/mL. 

Table 6.1. Preparation of chitosan-based conjugates a 

Sample code [GA]/[NH2] 
feed ratio 

DS b (GA 
or PA) Yield Maximum pH for 

solubilization c 
CH-GA10 0.3 10 95% 7 
CH-GA19 1.0 19 82% 8 
CH-GA43 2.5 43 68% 10 

CH-GA43/PA10 0.5 10 76% 10 

a:  Polymer concentration was 10 mg/mL H2O, molar ratio of EDAC/NHS/COOH=1.5/1.2/1 
b:  DS (degree of substitution) was determined from 1H NMR. 
c:  Polymer concentration was 1 mg/mL 

6.3.2 Hydrogel formation and gelation time  

Fast in-situ gelation is required in order to maintain the cells and bioactive molecules at 
the injection site. We previously showed that the enzymatic crosslinking of dextran-
tyramine conjugates using HRP and H2O2 provided a fast and efficient way to obtain an in-
situ forming hydrogel under physiological conditions [28]. Moreover, the gelation time of 
dextran-tyramine conjugates could be adjusted by changing the ratios of HRP and H2O2 to 
phenol groups, and the polymer concentration. Using a 1 wt% CH-GA43/PA10 solution in 
PBS, 0.5 mg HRP per mmol phenol groups and a H2O2/phenol molar ratio of 0.5, a 
hydrogel was formed in approximately 4 min as determined by the vial tilting method. 
Increasing the polymer concentration from 1 to 3 wt%, and maintaining the other reaction 
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conditions the same, revealed a large decrease in gelation time from 4 min to 10 s (Figure 
6.2).  
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Figure 6.2. Gelation times of CH-GA43/PA10 hydrogels as a function of polymer concentration. 
Reaction conditions: molar ratio of H2O2/phenol is 0.5; 0.5 mg HRP per mmol phenol groups; 37 °C, 
PBS. 

6.3.3 Gel content and water uptake 

The gel content of crosslinked CH-GA43/PA10 hydrogels was determined 
gravimetrically by extracting the gels with 1% (v/v) acetic acid for 3 days. Figure 6.3a 
shows that the gel content increased with increasing polymer concentrations from 1 wt% to 
3 wt% and the highest content exceeding 70% was obtained at a polymer concentration of 3 
wt%. This indicates that network formation is more efficient at higher polymer 
concentrations.  
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Figure 6.3. Gel content (a) and equilibrium water uptake (b) of extracted CH-GA43/PA10 hydrogels 
as a function of initial polymer concentration at pH 7.4 and 37°C (Student’s t-test, * p<0.05, ** 
p<0.01). 

The ability to hold sufficient amounts of water inside the network structure is an 
important parameter to characterize hydrogels. The effect of the initial polymer 
concentration on the water uptake of hydrogels is shown in Figure 6.3b. The water uptake 
of the extracted CH-GA43/PA10 hydrogels decreased from 4600 to 3600% with increasing 
initial polymer concentration from 1 to 3 wt%. These results indicate that the networks 
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formed at a higher polymer concentration have a higher crosslink density.  
It is known that chitosan amino groups have a pKa value of 6.5. As a result, the 

crosslinked chitosan gels were expected to have a pH dependent swelling behavior. The 
effect of pH on the water uptake of CH-GA43/PA10 hydrogels is presented in Figure 6.4. 
When placed in buffers with pH values ranging from 6.5 to 9, the hydrogels showed a 
comparable water uptake value. However, water uptake of the gels increased almost twice 
when the gels were swollen in acidic buffers with a pH value of 2 or 5. The protonation of 
amino groups leads to electrostatic repulsion and expansion of the polymer chains and 
consequently more water can diffuse into the network, leading to an increase in water 
uptake [32]. 
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Figure 6.4. Water uptake of extracted CH-GA43/PA10 hydrogels after swelling in buffers with 
different pH values at 37°C (Student’s t-test, ** p<0.01). 

6.3.4 Enzymatic degradation of chitosan hydrogels 

It has been reported that chitosans undergo enzymatic hydrolysis of the glycosidic bonds 
of acetylated residues present in the chitosan backbone by lysozyme [13-16]. To mimic an 
in vivo degradation profile, PBS solutions containing different concentrations of lysozyme 
were applied on top of the CH-GA43/PA10 hydrogels and incubated at 37°C. The 
lysozyme concentration ranged from 0.5 mg/mL to 2 mg/mL corresponding with the 
lysozyme concentration in the extracellular matrix of human cartilage [16]. The degradation 
of CH-GA43/PA10 hydrogels in the absence or presence of lysozyme was evaluated by 
determining the remaining gel weight as a function of time. Figure 6.5a shows that after 21 
days in PBS the weight ratio (degraded gel weight/initial gel weight х 100 %) of a 1 wt% 
CH-GA43/PA10 hydrogel slightly decreased to 90%, whereas the ratio significantly 
decreased to about 20-60% of the original gel weight in the presence of lysozyme. 
Moreover, at the same incubation time the gel weight ratios decrease with increasing 
concentrations of lysozyme from 0.5 mg/mL to 2 mg/mL. 
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Figure 6.5. Enzymatic degradation of (a) 1 wt% CH-GA43/PA10 hydrogels after incubation in PBS 
with lysozyme concentrations from 0 to 2 mg/mL for 21 days at 37°C; (b) Degradation of CH-
GA43/PA10 hydrogels in PBS containing 1 mg/mL lysozyme as a function time for different initial 
polymer concentrations at 37°C (Student’s t-test, *** p<0.001). 

In order to investigate the influence of the initial polymer concentration on the 
degradation rate, PBS solutions containing 1mg/mL lysozyme were added to CH-
GA43/PA10 hydrogels prepared at different polymer concentrations, and the remaining gel 
weight in time was determined (Figure 6.5b). It is noticed that there was a slight weight 
increase in the first 2 days for CH-GA43/PA10 hydrogels prepared at concentrations of 2 
and 3 wt%, which was a result of a higher degree of swelling after partial degradation of the 
hydrogels. Moreover, hydrogels prepared at higher polymer concentrations degraded more 
slowly. For example, about 80% of gel weight remained for the 3 wt% CH-GA43/PA10 
hydrogel after 3 weeks, whereas only 40% of gel weight remained for the 1 wt% CH-
GA43/PA10 hydrogel after the same time period. In vitro experiments using poly(glycolic 
acid) scaffold showed that chondrocytes started to produce an extracellular matrix (ECM) 
after 3 days [33]. Moreover, chondrocytes cultured in agarose gels synthesized a 
mechanically functional ECM in approximately one month [34]. Based on the preliminary 
results of the degradation of CH-GA43/PA10 hydrogels, these hydrogels are expected not 
to be completely degraded within one month. 

6.3.5 Rheological analysis 

The mechanical properties of the chitosan-based hydrogels were studied by oscillatory 
rheology experiments of polymer solutions containing HRP and H2O2 in PBS at 37°C. A 
solution of CH-GA43/PA10 and a mixture of HRP and H2O2 solutions (in PBS) were 
applied to the rheometer using a double syringe equipped with a mixing chamber.  

Generally, after mixing the reactants the storage modulus increased in time due to 
enzymatic crosslinking reactions of CH-GA43/PA10, until reaching its plateau value, 
marking the end of the crosslinking process. In Figure 6.6 the storage and loss moduli of 1 
and 2 wt% chitosan hydrogels are presented. It can be seen that a higher initial polymer 
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concentration resulted in a higher storage modulus of the hydrogels. In addition, the time to 
reach the plateau value of the storage modulus was also shortened. For example, after 7 min, 
chitosan hydrogels reached a storage modulus plateau value of 1.3 kPa at 1 wt% polymer 
concentration, while hydrogels prepared from 2 wt% polymer solutions almost immediately 
reached a plateau value of 5.5 kPa after starting the measurement. No increases in the 
storage moduli in time were observed for samples of CH-GA43/PA10 without HRP and 
H2O2 and CH-GA43 with HRP and H2O2, indicating that no gelation took place (data not 
shown). Moreover, the damping factor (defined as G”/G’), calculated from Figure 6.6, was 
between 1х10-3 and 2х10-3. The low damping factor indicates that these chitosan hydrogels 
are highly elastic. 
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Figure 6.6. The storage modulus (G′) and loss modulus (G″) of Dex-TA hydrogels (10 wt% in PBS, 
DS 15, H2O2/TA=0.6 mol/mol) as a function of time. A frequency of 0.5 Hz and a strain of 0.1% at 
37°C were applied. 

6.3.6 Chondrocyte incorporation inside chitosan-based hydrogels 

In a biocompatibility study of CH-GA43/PA10 hydrogels, chondrocytes were 
incorporated inside the gels during the gel preparation and the hydrogel/cell constructs were 
cultured in medium without differentiation factors up to 2 weeks. Cell viability as a 
function of culture time was determined by using a Live-dead assay kit. The viable (stained 
green) and dead cells (stained red) were visualized by fluorescence microscopy. Figure 6.7 
shows that at all culture times, predominantly living cells (>90%) were found within the 
CH-GA43/PA10 hydrogels. These results show that the hydrogels have a good 
cytocompatibility. These findings were further confirmed with a MTT assay (Figure 6.8). 
Metabolically active cells which stained purple with the MTT reagent were observed 
throughout the hydrogel, and a uniform cell distribution was obtained. No apparent 
differences in the metabolic activity of chondrocytes in chitosan hydrogels and cells in the 
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agarose control gels were detected. These results strongly suggest that the gelation process 
does not compromise cell viability and that sufficient mass transport of nutrients and 
oxygen to the cells inside the CH-GA43/PA10 gel matrix takes places. Therefore, the 
enzymatically crosslinked chitosan hydrogels have a better biocompatibility as compared to 
other injectable hydrogel systems based on methacrylated chitosan [21]. 
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Figure 6.7. Live-dead assay showing chondrocytes incorporated in the chitosan hydrogels, after 1, 3, 
7 and 14 days in culture. Agarose hydrogels (0.5 wt%) were used as a control. Cells were stained with 
calcein-AM/Ethidium homodimer (dead cells stained red and living cells green) and visualized using 
fluoresce microscopy. Cell density: 5х106/mL, original magnification:100×. 
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Figure 6.8. MTT assay showing the encapsulated chondrocytes in the chitosan hydrogels, after 14 
days in culture. Agarose hydrogels (0.5 wt%) were used as a control. Metabolically active cells stain 
purple and constructs were visualized using light microscopy. Cell density: 5х106/mL. 
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Cells, scaffolds and signaling factors are the framework of the tissue engineering triad 
[35]. One of the major challenges for cartilage tissue engineering is enabling the cells to 
behave within an artificial scaffold as they do in native cartilage. Differentiated 
chondrocytes are characterized by a round morphology. Preserving this feature inside 
hydrogels is a prerequisite for efficient chondrogenic matrix production. As observed in 
Figure 6.9, chondrocytes inside chitosan hydrogels still maintained a round morphology, up 
to 14 days. Interestingly, inside the analyzed samples the encapsulated chondrocytes 
appeared to attach on the materials and form clusters after 3 days in culture. The 
morphology of chondrocytes was further observed by SEM. Figure 6.9c shows that 
chondrocytes retained their round shape after being cultured for 14 days. 
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Figure 6.9. Fluorescence microscopy images (a and b) and SEM image (c) showing the chondrocyte 
morphology inside 1 wt% CH-GA43/PA10 hydrogels after 3 and 14 days in culture. For the Live-
dead assay, cells were stained with calcein-AM/Ethidium homodimer (dead cells stain red and living 
cells green). Cell density: 5х106/mL, original magnification of (a) and (b):100×. 

6.4 Conclusions 

Water-soluble chitosan derivatives (CH-GA/PA) were conveniently synthesized by a 
two-step synthesis procedure by the sequential conjugation of glycolic acid (GA) and 
phloretic acid (PA) to native chitosan using EDAC/NHS. Gelation of the CH-GA43/PA10 
was performed using HRP and H2O2. Gelation times can be varied from 4 min to 10 sec by 
increasing the polymer concentration from 1 to 3 wt%. The gel content, water uptake, 
enzymatic degradation rate and mechanical properties could be adjusted by varying the 
initial polymer concentration. Storage moduli of the gels in the range of 1 to 5.5 kPa could 
be obtained. Primary chondrocyte culturing experiments showed that CH-GA43/PA10 
hydrogels have a good biocompatibility. These studies have demonstrated that the water-
soluble chitosan derivative CH-GA43/PA10 has a high potential as an injectable 
biomaterial for cartilage tissue engineering. 
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Chapter 7 

 
Chondrogenesis in Injectable Enzymatically Crosslinked 
Heparin/Dextran Hydrogels ∗ 
 

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

7.1 Introduction 

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

Several chemical crosslinking methods, such as photopolymerization [6-8], Schiff-base 
formation [9], and Michael-type addition reactions [10, 11], have been employed to obtain 
injectable hydrogels that gel in situ. For example, Söntjens et al. reported on 
photocrosslinked methacrylated polyester-poly(ethylene glycol) hydrogels which can 
support the growth of chondrocytes in vitro, and their production of extracellular matrix 
components such as glycosaminoglycan and collagen type II [8]. In another study, Tan et al. 

                                                      
∗ This chapter is in preparation: Rong Jin, Liliana S. Moreira Teixeira, Pieter J. Dijkstra, 
Clemens A. van Blitterswijk, Marcel Karperien and Jan Feijen, Biomacromolecules. 
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reported on hydrogels prepared via Schiff base formation between water-soluble chitosan 
and oxidized hyaluronic acid and showed that chondrocytes were surviving in these 
hydrogels and retained their round morphology [9]. Recently, an efficient method, i.e. 
horseradish peroxidase (HRP)-mediated chemical crosslinking, has been developed to 
produce injectable hydrogels [12-19]. Using this approach, Lee et al. reported on 
hyaluronic acid-based injectable hydrogels for protein release [16, 17] and Sakai et al. 
prepared gelatin-based injectable hydrogels  in vitro and indicated their potential 
application in tissue engineering in vivo [19]. We previously showed that fast in situ 
forming injectable hydrogels can be obtained via enzymatic crosslinking of dextran-
tyramine conjugates (Dex-TA) or chitosan-phloretic acid conjugates in the presence of HRP 
and hydrogen peroxide [13, 14]. These hydrogels had good mechanical properties and low 
cytotoxicity [12, 14]. Importantly, chondrocytes incorporated in the gels remained viable, 
were capable of maintaining their phenotype and produced cartilaginous tissue [14, 20].  

Heparin is a linear glycosaminoglycan composed of repeating units of 1,4-linked uronic 
acids (mainly D-glucuronic, L-iduronic or L-2-sulfated iduronic) and glucosamine residues 
(mainly D-N-acetyl glucosamine, D-di-N-6-sulfate glucosamine) [21]. It plays an important 
role in the interaction with bioactive proteins which are associated with cell adhesion, 
proliferation and differentiation [22, 23]. Over the past decades, heparin-containing 
hydrogels have been widely studied for biomedical applications such as controlled release 
of growth factors and tissue regeneration [24-28]. For example, heparin-containing 
hydrogels, prepared via a Michael addition reaction, were used for controlled release of 
growth factors. It was shown that incorporation of small amounts of heparin substantially 
influenced the release of basic fibroblast growth factors [26]. In recent studies, heparin has 
been shown to stimulate angiogenesis, adipogenesis and osteogenesis [25, 29, 30]. For 
example, photocrosslinked heparin-PEG hydrogels were shown to be capable of supporting 
the survival of human mesenchymal stem cells and inducing their osteogenic differentiation 
[25]. However, limited studies were reported on the use of heparin-containing hydrogels for 
chondrogenesis in cartilage tissue engineering [10, 31].  

In this chapter, we describe biofunctional injectable hydrogels based on dextran and 
heparin for cartilage tissue engineering. We hypothesized that the presence of heparin in the 
hydrogels may promote chondrocyte proliferation and differentiation as well as enhanced 
cartilage regeneration. Here we describe the preparation of injectable hydrogels from a 
mixture of a heparin-tyramine conjugate (Hep-TA) and a dextran-tyramine conjugate (Dex-
TA) at different weight ratios. The properties of the hydrogels such as gelation time, 
swelling and mechanical properties were investigated. Moreover, bovine chondrocytes were 
incorporated in these hydrogels to evaluate their cytocompatibility, chondrocyte 
proliferation and matrix production. 
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7.2 Materials and methods 

Materials. Heparin sodium (from porcine intestinal mucosa, molecular weight ranges 
from 3 to 30 kg/mol) was purchased from Celsus, Inc. N-ethyl-N′-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDAC) was purchased from Fluka. Tyramine (TA), hydrogen 
peroxide (H2O2), 4-morpholino ethanesulfonic acid (MES) and N-hydroxysuccinimide 
(NHS) were obtained from Aldrich-Sigma. Horseradish peroxidase (HRP, type VI, ~300 
purpurogallin unit/mg solid) was purchased from Aldrich and used without further 
purification. All other solvents were used as received. Dextran-tyramine (denoted as Dex-
TA) conjugates with a degree of substitution, defined as the number of tyramine units per 
100 anhydroglucose rings in dextran, of 15 were prepared as previously reported [12]. 

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

Hydrogel formation and gelation time. Hydrogel samples (~0.25 mL) of Hep-TA or 
Hep-TA/Dex-TA mixtures at polymer concentrations of 10 or 20 wt% were prepared in 
vials at 37 °C. In a typical procedure, to a PBS solution of Hep-TA (200 μL, 25 wt%), a 
freshly prepared PBS solution of H2O2 (25 μL of 0.3% stock solution) and HRP (25 μL of 
150 unit/mL stock solution) were added and the mixture was gently vortexed.. The time to 
form a gel (denoted as gelation time) was determined using the vial tilting method. No flow 
within 1 min upon inverting the vial was regarded as the gel state. The experiment was 
preformed in triplicate. 

Hydrogel characterization. The heparin content of the Dex-TA/Hep-TA hydrogels was 
determined by a colorimetric method based on the binding of toluidine blue, with some 
modifications [32, 33]. Briefly, the hydrogels prepared at Dex-TA/Hep-TA weight ratio of 
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75/25, 50/50 and 25/75 were extracted in water and then freeze-dried. Samples (~1 mg, n=3) 
of dried gels were incubated overnight at room temperature in 2 ml of a 0.75 mg/ml 
toluidine blue solution. Subsequently, the solutions were diluted 10 times with H2O and 
filtrated through 0.22 μm filter. The absorbance of the filtrates was measured at 630 nm. A 
standard curve was prepared by mixing 1 ml of heparin solutions with known 
concentrations and 1 ml of 0.15 mg/ml toluidine blue solution in water at room temperature. 
After filtration through a 0.22 μm filter, the absorbance of the solutions was measured at 
630 nm. The heparin content in the hydrogels was calculated based on the heparin amount 
obtained from the toluidine blue assay and the dry gel weight after extraction. 

For swelling tests, hydrogel samples (~0.25 mL) were prepared as described above. 
Subsequently, 2 mL of PBS was applied on top of the hydrogels and then the samples were 
incubated at 37 °C for 72 h to reach the swelling equilibrium. The buffer solution was then 
removed from the samples. The hydrogels were weighed (Ws) and then freeze-dried (Wd). 
The experiments were performed in triplicate and the degree of swelling of the hydrogels 
was expressed as (Ws-Wd)/Wd.  

Rheological experiments were carried out with a MCR 301 rheometer (Anton Paar) using 
parallel plates (25 mm diameter, 0°) configuration at 37°C in the oscillatory mode. A stock 
solution of Hep-TA/Dex-TA (600 μL, 25 wt% in PBS) at different weight ratios (100/0, 
75/25, 50/50, 25/75 and 0/100) was mixed with 150 μL of an HRP/H2O2 mixture (75μL of 
150 unit/mL HRP and 75μL of 0.3% H2O2) using a double syringe (2.5 mL, 4:1 volume 
ratio) equipped with a mixing chamber (Mixpac). After the samples were applied to the 
rheometer, the upper plate was immediately lowered to a measuring gap size of 0.5 mm, 
and the measurement was started. To prevent evaporation of water, a layer of oil was 
introduced around the polymer sample. A frequency of 0.5 Hz and a strain of 0.1% were 
applied in the analysis to maintain the linear viscoelastic regime. The measurement was 
continued up to the time the storage moduli recorded reached a plateau value. A frequency 
sweep and a strain sweep were also performed on the hydrogels from 0.1 to 10 Hz at a 
strain of 0.1%, and from 0.1 to 10% at a frequency of 0.5 Hz, respectively. 

Chondrocyte isolation and incorporation. Bovine chondrocytes were isolated as 
previously reported [14] and cultured in chondrocyte expansion medium (DMEM with 10% 
heat inactivated fetal bovine serum, 1% Penincilin/Streptomicin (Gibco), 0.5 mg/mL 
fungizone (Gibco), 0.01 M MEM nonessential amino acids (Gibco), 10 mM HEPES and 
0.04 mM L-proline) at 37 °C in a humidified atmosphere (95% air/5% CO2). Hydrogels 
containing chondrocytes were prepared under sterile conditions by mixing a polymer/cell 
suspension with HRP/H2O2. Polymer solutions of Hep-TA/Dex-TA at different weight 
ratios (100/0, 75/25, 50/50, 25/75 or 0/100) were made in medium and HRP and H2O2 stock 
solutions were made in PBS. All the components were sterilized by filtration through filters 
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with a pore size of 0.22 μm. Chondrocytes (P1) were dispersed in the precursors of the 
hydrogels. The hydrogels were then formed using the same procedure as in the absence of 
cells. The final polymer concentration was 20 wt% and the cell seeding density in the gels 
was 5×106 cells/mL. After gelation, the hydrogels (50 μL of each) were transferred to a 
culture plate and 2 mL of chondrocyte differentiation medium (DMEM with 0.1μM 
dexamethasone (Sigma), 100 μg/mL sodium pyruvate (Sigma), 0.2 mM ascorbic acid, 50 
mg/mL insulin-transferrin-selenite (ITS+1, Sigma), 100 U/ml penicillin, 100 μg/ml 
streptomycin, 10 ng/mL transforming growth factor β3 (TGF-β3, R&D System) was added. 
The samples were incubated at 37°C in a humidified atmosphere containing 5% CO2. The 
medium was replaced every 3 or 4 days. 

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

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

RNA extraction and reverse transcriptase–polymerase chain reaction (RT-PCR). 
After culturing the hydrogel/cell constructs in differentiation medium for 21 days, the 
samples were collected and washed with PBS. After converting the gels into pieces by 
pipetting, Trizol reagent (Invitrogen, Carlsbad, CA) was added to lysate the cells.  Total 
RNA was isolated using the Nucleospin RNA II kit (Bioke) according to manufacturer’s 
instructions. The RNA yields were determined based on the A260. Subsequently, the RNA 
(250 ng) was transcribed into single strand cDNA using the iScript Kit (BioRad) according 
to the manufacturer’s recommendations. One microliter of each normalized cDNA sample 
was analyzed using the “SYBR Green PCR Core Kit” (Applied Biosystems) and a real-time 
PCR Cycler (BioRad). The expression of collagen type II and aggrecan (Table 7.1) was 
analyzed and normalized to the expression of the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The efficiency of the single PCR reactions was 
determined and incorporated into the calculation. 
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Table 7.1. Polymerase Chain Reaction Primers 

Primer Direction Sequence Annealing 
Temp (ºC) 

Forward 5'  GACCAGAAGCTGTGCGAGGA 3'  
60 Bovine 

aggrecan Reverse 5' GCCAGATCATCACCACACAG 3'  

Forward 5' ATCAACGGTGGCTTCCACT 3'  
60 

Bovine 
collagen, 
type IIa1 Reverse 5' TTCGTGCAGCCATCCTTCAG 3'  

Forward 5' GCGGCTACGACTTGAGCTTC 3'  
60 

Bovine 
collagen, 
type Ia1 Reverse 5' CACGGTCACGGACCACATTG 3'  

Forward 5' GCCATCACTGCCACCCAGAA 3'  
60 Bovine 

GAPDH Reverse 5' GCGGCAGGTCAGATCCACAA 3'  

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

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

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

7.3 Results and discussion 

7.3.1 Hydrogel formation and gelation time  

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

 
Figure 7.1. (a) Synthesis of heparin-tyramine conjugates (Hep-TA). (b) Hydrogel formation from 
dextran-tyramine (Dex-TA, black) and heparin-tyramine conjugates (Hep-TA, grey) via HRP-
mediated crosslinking in the presence of H2O2. 
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Figure 7.2. (a) Gelation times of Hep-TA hydrogels (10 and 20 wt%) as a function of HRP 
concentration. The molar ratio of H2O2/TA was kept at 0.2. (b) Gelation times of Hep-TA/Dex-TA 
hydrogels (20 wt%) as a function of Hep-TA/Dex-TA ratio (w/w). The concentrations of HRP and 
H2O2 were kept at 0.05 mg/mL and 0.01 M, respectively. (n=3, ** p<0.01) 
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Because a short gelation time is a prerequisite for injectable gel/cell constructs, the 
gelation times of the Hep-TA hydrogels, as monitored at 37 ºC by the vial tilting method, 
were first optimized (Figure 7.2a). It was found that, by increasing the HRP concentration 
from 0.05 to 0.2 mg/mL, the gelation time decreased from about 340 s to 30 s (p<0.05). 
Moreover, shorter gelation times (less than 60 s) were observed for the 20 wt% hydrogels 
than for 10 wt% hydrogels, which can be explained by the presence of more crosslinkable 
moieties in the 20 wt% hydrogels.  

On the basis of these data, hydrogels from a mixture of Hep-TA (DS 15) and Dex-TA 
(DS 15) were prepared at a polymer concentration of 20 wt% (Figure 7.1b). The gelation 
times as a function of Dex-TA/Hep-TA weight ratio are presented in Figure 7.2b. Generally, 
these gels had shorter gelation times than the hydrogels based on Hep-TA. When the Dex-
TA/Hep-TA ratio decreased from 75/25 to 25/75, the gelation times slightly increased from 
30 to 50 s. The increase in the gelation time of heparin-containing hydrogels compared to 
Dex-TA hydrogels may be explained by the unfavorable interactions with the active site of 
the enzyme caused by the acid groups in heparin chains (e.g. – NHSO3

¯, – OSO3
¯ and – 

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

7.3.2 Hydrogel characterization  

The incorporation of heparin in Dex-TA hydrogels was confirmed by a toluidine blue 
assay. The values of heparin content were close to the theoretical values at which the gels 
were prepared (Figure 7.3b). This indicated that Hep-TA conjugates were successfully co-
crosslinked with Dex-TA conjugates to form a hydrogel. 
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Figure 7.3. Heparin content (wt% in dry gel mass) of extracted 20 wt% Dex-TA/Hep-TA hydrogels. 

The degrees of swelling of 20 wt% hydrogels at different Dex-TA/Hep-TA weight ratios 
are shown in Figure 7.4. The Hep-TA hydrogels had a higher degree of swelling than the 
Dex-TA hydrogel (16.7 vs. 4.9). Increasing the heparin content in Hep-TA in Dex-TA/Hep-
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TA hydrogels also showed an increase in the swelling values of the hydrogel (p<0.05). This 
high degree of swelling can be either due to the low crosslinking density or due to the 
electrostatic repulsive force between negatively-charged carboxylic acid and sulfate groups 
in the heparin at the physiological pH of 7.4. 
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Figure 7.4. The degree of swelling of Dex-TA/Hep-TA hydrogels. (n=3, * p<0.05; **p<0.01 vs. 
0/100 gel) 

Rheological measurements were performed to study the influence of the heparin content 
on the mechanical properties of the hydrogels. The hydrogel prepared from Hep-TA at a 
concentration of 20 wt% showed a low storage modulus of 3.6 kPa. The storage moduli of 
the Dex-TA/Hep-TA hydrogels increased from 3.6 to 48 kPa with decreasing ratio in the 
gels (Figure 7.5). This shows that heparin containing gels with an appropriate modulus can 
be obtained by selecting the proper ratio of Dex-TA and Hep-TA to form the gels.  
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Figure 7.5. Storage moduli of Dex-TA/Hep-TA hydrogels. The concentrations of HRP and 
H2O2 were 0.05 mg/mL and 0.01 M, respectively (n=1). 

The frequency and strain sweeps of 20 wt% Dex-TA/Hep-TA hydrogels are presented in 
Figure 7.6. From the frequency sweep experiments it is found that the hydrogels are elastic 
and the storage modulus is not dependent on the frequency (Figure 7.6a). The strain sweep 
tests show that the storage moduli of the hydrogels with a high Dex-TA/Hep-TA weight 
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ratio (50/50 or 100/0) were strain independent within a strain range of 0.1-1% (Figure 7.6b). 
As the strain increased to 2% or even higher values, the storage moduli decreased, 
indicating a breakdown of the network. However, the moduli of the hydrogels with a Dex-
TA/Hep-TA weight ratio of 25/75 and 0/100 appeared independent of the strain up to 10%, 
suggesting that these hydrogels are quite robust. Moreover, the G’ decreased more rapidly 
with increasing strain at a higher Dex-TA content. 
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Figure 7.6. (a) Frequency sweep and (b) strain sweep of Dex-TA/Hep-TA hydrogels. 
 

7.3.3 Cell viability and proliferation 

Dex-TA and Dex-TA/Hep-TA hydrogels at Dex-TA/Hep-TA weight ratios of 100/0, 
72/25, 50/50 and 25/75 were chosen for the biological studies. This selection was made 
because these gels have a shorter gelation time and a higher storage modulus compared to 
Hep-TA hydrogels. The biocompatibility of 20 wt% hydrogels was analyzed by a Live-
dead assay after culturing for 3, 7 and 14 days, in which live cells fluoresce green and dead 
cells fluoresce red. At day 3, about 10-15% dead cells were present in the Dex-TA 
hydrogels, while over 95% chondrocytes remained viable in the Dex-TA/Hep-TA and Hep-
TA hydrogels (Figure 7.7). The relatively low cell viability observed for the Dex-TA 
hydrogel may be attributed to the high crosslinking density of the hydrogels [37], and/or a 
limited nutrients supply resulting from the low degree of swelling in medium (Figure 7.8).  

A CyQuant DNA assay was used to determine the viability and proliferation of 
chondrocytes inside the Dex-TA/Hep-TA hydrogels up to 21 days (Figure 7.9). In general, 
the DNA content increased in time for the hydrogels at different Dex-TA/Hep-TA ratios 
from 100/0 to 25/75, indicative of cell proliferation. The chondrocytes in the hydrogels 
containing both Dex-TA and Hep-TA conjugates proliferated better than in Dex-TA 
hydrogels at all time intervals. This can be ascribed to both the enhancement of nutrient 
exchange in these highly swollen hydrogels and the potential biological role of heparin on 



 Chondrogenesis in Injectable Enzymatically Crosslinked Heparin/Dextran Hydrogels 
  

 123 

the chondrocytes. The 50/50 Dex-TA/Hep-TA hydrogel revealed the best proliferation of 
chondrocytes compared to the others (25/75 and 75/25), which suggested that there exists 
an optimal Dex-TA/Hep-TA ratio for cell proliferation. 
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Figure 7.7. Live-dead assay showing the chondrocytes incorporated in Dex-TA/Hep-TA hydrogels 
after 3, 7 and 14 days in culture. Cell density is 5×106 cells/mL gel. Scale bar: 200 μm. 
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Figure 7.8. The degree of swelling of 20 wt% Dex-TA/Hep-TA hydrogels containing chondrocytes 
after incubating for 3 days in vitro. Cell seeding density: 5×106 cells/mL. (n=3, * p<0.05).  



Chapter 7 
 

 124 

Dex-TA/Hep-TA ratio (w/w)

0

2

4

6

Day 1 Day 7 Day 14 Day 21

D
N

A
 (μ

g)

100/0 75/25
50/50 25/75

*

**
*

*

 
Figure 7.9. DNA content of 20 wt% Dex-TA/Hep-TA hydrogels containing chondrocytes after in 
vitro culturing for 1, 7, 14 and 21 days. Cell seeding density: 5×106 cells/mL. (* p<0.05, ** p<0.01). 
 

7.3.4 Matrix production 

The abilities of chondrocytes to maintain a chondrocytic phenotype and to form 
cartilaginous tissue in vitro were evaluated after culturing in differentiation medium up to 
21 days. Gene expression of collagen type I & II and aggrecan were analyzed using RT-
PCR. It is shown that the gene expression levels were dependent on the composition of the 
hydrogels (Figure 7.10). The chondrocytes in Dex-TA/Hep-TA hydrogels maintained 
significantly higher levels of aggrecan and type II collagen gene expressions compared to 
those in Dex-TA hydrogels (p<0.01). In contrast, Dex-TA hydrogels expressed collagen 
transcripts mainly of type I instead of type II, suggesting a loss of chondrocyte phenotype. 
Additionally, the heparin present in the hydrogels was found to up-regulate aggrecan and 
collagen type II mRNA levels in a content-dependent manner. For example, it was observed 
that aggrecan gene expression was maximized when the Dex-TA/Hep-TA weight ratio was 
50/50 while collagen type II gene expression was highest for hydrogels with Dex-TA/Hep-
TA weight ratio of 50/50 and 25/75.  

Toluidine blue was used to stain deposited proteoglycans by chondrocytes in Dex-
TA/Hep-TA hydrogels cultured for 21 days (Figure 7.11). Proteoglycans staining 
purple/blue were observed in Dex-TA hydrogels. Unfortunately, in Dex-TA/Hep-TA 
hydrogels, due to the presence of heparin, which is stained positive using toluidine blue, the 
gels showed intense background staining. Thus, immunofluorescence staining of 
chondroitin sulfate and collagen type II was used to detect the accumulation of newly 
formed cartilaginous matrix. The results confirmed the production of cartilaginous matrix 
in Dex-TA/Hep-TA hydrogels (Figure 7.12 and 7.13). The 50/50 and 25/75 Dex-TA/Hep-
TA hydrogels showed a more intense staining of chondroitin sulfate and collagen type II 
than the 100/0 and 75/25 gels. In addition, chondroitin sulfate in 100/0 and 75/25 hydrogels 
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was only present in the pericellular region, while in 50/50 and 25/75 hydrogels, the 
chondroitin sulfate was evenly distributed over the pericellular and extracellular region. 
Since the 50/50 and 25/75 Dex-TA/Hep-TA hydrogels showed a degree of swelling of 16, 
statistically higher than 100/0 and 75/25 gels (9 and 13, respectively) (Figure 7.8), 50/50 
and 25/75 hydrogels may induce more facilitated proteoglycan diffusion into the 
extracellular regions, thereby resulting in a more even distribution. This observation is 
similar to that observed for PEG-based hydrogels. These materials  induced facilitated  
proteoglycan diffusion into the extracellular regions of the scaffolds at a degree of swelling 
higher than 9.3 [38].  
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Figure 7.10. Real-time PCR of cartilage specific markers (aggrecan and collagen type I & II) by 
incorporated chondrocytes in 20 wt% Dex-TA/Hep-TA hydrogels after 21 days in culture. The 
expressions of collagen type I & II and aggrecan were normalized to the expression of the 
housekeeping gene GAPDH. (** p<0.01 vs. 100/0 gel; # p<0.05 vs. 50/50 gel; § p<0.01 vs. 50/50 gel; 
$ p<0.01 vs. 75/25 gel; † p<0.05 vs. 75/25 gel). 

 

 
Figure 7.11. Toluidine blue staining of the hydrogels with Dex-TA/Hep-TA weight ratios of 100/0 
(A), 75/25 (B), 50/50 (C) and 25/75 (D) after culturing for 21 days. Scale bar: 100 μm. 
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Figure 7.12. Chondroitin sulfate immunofluorescent staining of the Dex-TA/Hep-TA hydrogels 
containing chondrocytes after in vitro culturing for 21 days. Different Dex-TA/Hep-TA ratios: 100/0 
(E and F), 75/25 (G and H), 50/50 (I and J) and 25/75 (K and L). The section of bovine cartilage 
without or with incubation with primary antibodies was used as a negative (A and B) and positive (C 
and D) control, respectively. 

 

 

Figure 7.13. Collagen type II immunofluorescent staining of the Dex-TA/Hep-TA hydrogels 
containing chondrocytes after in vitro culturing for 21 days. Different Dex-TA/Hep-TA ratios: 100/0 
(C), 75/25 (D), 50/50 (E) and 25/75 (F). The section of pellet human chondrocytes at 21 days without 
or with incubation with primary antibodies was used as a negative (A) and positive (B) control, 
respectively. 

The total collagen content was determined by a hydroxyproline assay, in which 
hydroxyproline makes up 12.5 wt% of collagen [35]. The total collagen accumulation 
increased in time and reached the highest value at day 21 at all gel compositions (Figure 
7.14a). Hydrogels comprising both Dex-TA and Hep-TA showed significantly higher 
collagen production compared to Dex-TA hydrogels (p<0.05). Moreover, the highest 
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collagen production was obtained from the 50/50 and 25/75 Dex-TA/Hep-TA hydrogel. 
This is consistent with the results for collagen type II staining and the RT-PCR findings for 
collagen type II gene expression. When normalized to the DNA content, the total collagen 
content was statistically similar in all five systems at each time point (Figure 7.14b). 
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Figure 7.14. (a) Total collagen and (b) total collagen normalized to the DNA content in Dex-
TA/Hep-TA hydrogels containing chondrocytes after in vitro culturing for 1, 7, 14 and 21 days. Cell 
seeding density: 5×106 cells/mL. (* p<0.05, ** p<0.01). 

 
The improvement of chondrocyte performance in the Dex-TA/Hep-TA hydrogels with 

respect to Dex-TA hydrogels may be due to several reasons. First, heparin can interact with 
ECM components such as fibronectin and collagen via either electrostatic or specific 
interactions. Through these interactions, heparin can modulate cell signaling, cell–matrix 
interactions and matrix assembly [30, 39, 40]. Second, the incorporation of negatively 
charged heparin moieties into Dex-TA hydrogels contributes to the increase in hydrogel 
swelling and the decrease of the storage modulus. This may result in a gel network with 
appropriate crosslinking density which allows good transportation of nutrients to the 
chondrocytes. Third, heparin can bind growth factors supplemented in medium or secreted 
by chondrocytes such as TGF-β3. TGF-β3  is a protein that regulates many aspects of 
cellular activity, including cell proliferation, differentiation, and ECM deposition in the 
process of cartilage regeneration [41, 42]. Thus, the hydrogel system serves as a reservoir 
for these crucial proteins, creating a biomimetic microenvironment favorable for 
chondrogenesis. 

7.4 Conclusions 

We have shown that injectable hydrogels containing a naturally occurring 
glycosaminoglycan, heparin, can be prepared via enzymatic crosslinking of Dex-TA and 
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Hep-TA conjugates. The results showed that incorporation of heparin into the hydrogels 
greatly improved the hydrogel swelling properties, which is favorable for good nutrient 
transportation for cell culture. On the other hand, the combination of Dex-TA and Hep-TA 
afforded hydrogels with faster gelation and a higher storage modulus compared to Hep-TA 
hydrogels. Bovine chondrocytes were incorporated in these gels during gelation. The results 
showed that the hydrogel with a Dex-TA/Hep-TA weight ratio of 50/50 induced the best 
chondrocyte viability and proliferation, and an enhanced matrix production as compared to 
the hydrogels from Dex-TA conjugates. These results indicate that Dex-TA/Hep-TA 
hydrogels have a high potential as matrices for cartilage tissue engineering. 
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Chapter 8 

 
Enzymatically-Crosslinked Injectable Hydrogels Based 
on Biomimetic Dextran-Hyaluronic Acid Conjugates for 
Cartilage Tissue Engineering ∗ 
 

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

8.1 Introduction 

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

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

Various natural and synthetic polymers, as well as combinations thereof have been used 
for the preparation of injectable hydrogels [27-29]. Among these materials, polysaccharides, 
such as hyaluronic acid, dextran, and chitosan, have received wide-spread interest 
particularly for applications in cartilage tissue engineering [30]. This is based on the 
presence of large quantities of glycosaminoglycans (GAGs), such as hyaluronic acid, 
heparan sulfate, and chondroitin sulfate, in the extracellular matrix (ECM) of native 
cartilage. It has been demonstrated that polysaccharide-based hydrogels are biocompatible 
and capable of maintaining the phenotype of chondrocytes incorporated. Gel/cell constructs 
show accumulation of a newly-formed ECM matrix over time in vitro and/or in vivo [25, 31, 
32]. Additionally, polysaccharides have abundant functional groups such as hydroxyl 
groups, amino groups and/or carboxylic acid groups, amenable to various types of chemical 
modifications. This offers the opportunity to introduce crosslinkable or bioactive moieties 
into polysaccharide precursors of hydrogels. In this way, biofunctional scaffolds can be 
created to modulate cell adhesion, migration, proliferation and differentiation as well as 
direct new tissue formation [33, 34]. 

In our current research, we present a first step towards a strategy to prepare biomimetic 
polysaccharide-based injectable hydrogels for cartilage tissue engineering. Novel 
polysaccharide hybrids were designed, in which tyramine-conjugated dextrans were grafted 
onto hyaluronic acid (HA). These polysaccharide hybrids resemble the macromolecular 
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structure of proteoglycans (Figure 8.1) present in the ECM of native cartilage. The tyramine 
residues enable subsequent enzymatic crosslinking of the hybrid molecules in the presence 
of HRP and H2O2. HA was chosen because it is an important component of the ECM in 
cartilage tissue. HA interacts with chondrocytes through surface receptors like CD44, 
enabling modulation of cell activity [35-37]. In previous research, tyramine-conjugated 
dextrans showed a fast gelation and good mechanical properties using HRP-mediated 
crosslinking [20]. In this study, a hybrid of HA and dextran-tyramine (Dex-TA) conjugates 
would afford a biomimetic hydrogel. We hypothesized that the incorporation of HA would 
improve the performance of Dex-TA gels in cartilage tissue engineering. These biomimetic 
hydrogels may provide a supportive environment for chondrocyte proliferation and 
differentiation as well as matrix deposition. In this chapter, we describe the synthesis and 
characterization of polysaccharide hybrids from hyaluronic acid and dextran-tyramine 
conjugates. The hydrogels were investigated in terms of their gelation times, storage moduli 
and enzymatic degradation properties. Besides, bovine articular chondrocytes were 
encapsulated inside the hydrogels in vitro to determine cell survival and to assess matrix 
production. 

(a)  Polysaccharide hybrid (b)  Proteoglycan structure 
Hyaluronic acid

DextranTyramine residues  

Hyaluronic acid

Core proteinGlycosaminoglycan  

Figure 8.1. Chemical structure of (a) polysaccharide hybrids based on hyaluronic acid and dextran-
tyramine conjugates and (b) structure of a proteoglycan. 

8.2 Materials and methods 

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

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

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

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

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

The molecular weight and polydispersity of Dex-TA-NH2, HA and HA-g-Dex-TA 
copolymers were determined by gel-permeation chromatography (GPC) relative to dextran 
standards (Fluka). GPC measurements were performed using a PL-GPC 120 Integrated 
GPC/SEC System (Polymer Labs) and two thermostated (30 °C) PL-aquagel-OH columns 
(8 μm, 300х7.5 mm, Polymer Labs). Sodium acetate buffer (NaAc, 300 mM, pH 4.5) 
containing 30% (v/v) methanol was used as eluent at a flow rate of 0.5 mL/min. 

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

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

In degradation experiments, 2 mL of PBS containing 100 U/mL hyaluronidase was 
placed on top of 0.25 mL of the prepared hydrogels and the samples were then incubated at 
37 °C. At regular time intervals, the buffer solution was removed from the samples and the 
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hydrogels were weighed. The remaining gel (%) was calculated from the original gel 
weight after preparation (Wi) and remaining gel weight after exposure to the enzyme 
containing buffer (Wt), expressed as Wt/Wiх100%. The buffer was replaced every 2-3 days 
and the experiments were performed in triplicate. 

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

Chondrocyte isolation and incorporation. Bovine chondrocytes were isolated as 
previously reported [23] and cultured in chondrocyte expansion medium (DMEM with 10% 
heat inactivated fetal bovine serum, 1% penicillin/streptomycin (Gibco), 0.5 mg/mL 
fungizone (Gibco), 0.01 M MEM nonessential amino acids (Gibco), 10 mM HEPES and 
0.04 mM L-proline) at 37 °C in a humidified atmosphere (95% air/5% CO2).  

Hydrogels containing chondrocytes were prepared under sterile conditions by mixing a 
HA-g-Dex-TA /cell suspension with HRP/H2O2. Solutions of HA-g-Dex-TA were made 
using medium and HRP and H2O2 stock solutions were made using PBS. All the 
components were sterilized by filtration through filters with a pore size of 0.22 μm. 
Chondrocytes (P1) were incorporated in the hydrogels using the same procedure as that in 
the absence of cells. The cell/gel constructs were prepared in vials. The final concentration 
of HA-g-Dex-TA was 10 wt% and the cell seeding density in the gels was 5×106/mL. After 
gelation, 1 mL of chondrocyte differentiation medium (DMEM with 0.1μM dexamethasone 
(Sigma), 100 μg/mL sodium pyruvate (Sigma), 0.2 mM ascorbic acid, 50 mg/mL insulin-
transferrin-selenite (ITS+1, Sigma), 100 U/ml penicillin, 100 μg/ml streptomycin, 10 
ng/mL transforming growth factor β3 (TGF-β3, Invitrogen)) was added on top of the 
hydrogels and the constructs were incubated at 37°C in a humidified atmosphere containing 
5% CO2. The medium was replaced every 3 or 4 days. 

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

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

Hydrogel degradation in the presence of chondrocytes. The gel/cell constructs (0.1 
mL) were prepared in vials as described above and weighed (Wci). About 1 mL of 
chondrocyte differentiation medium was added on top of the gel and the constructs were 
incubated at 37 °C in a humidified atmosphere containing 5% CO2. The medium was 
replaced every 3-4 days and the cell/gel constructs were weighed at regular time intervals 
(Wct). The swelling ratio of constructs was calculated from Wct/Wci. Afterwards, the 
constructs were washed extensively with water to remove the salts from the medium and 
then freeze-dried (Wcdt). The degradation profiles of the hydrogels with chondrocytes were 
based on the dry gel mass which was normalized to the original wet gel weight (Wci), 
expressed as Wcdt/Wci×100%. Dex-TA DS 15 hydrogels with chondrocytes were used as a 
control under the same conditions. 

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

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

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

Hyaluronic acid (HA) was grafted with a preformed dextran-tyramine (Dex-TA) 
conjugate via a four-step reaction, as shown in Figure 8.2.  
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Figure 8.2. Synthesis of hyaluronic acid grafted with dextran-tyramine conjugates (HA-g-Dex-TA). 
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Figure 8.3. 1H-NMR spectra of dextran, Dex-TA, Dex-TA-NH-Boc and Dex-TA-NH2; (b) hyaluronic 
acid (HA) and HA grafted with dextran-tyramine conjugates (HA-g-Dex-TA) in D2O. 

 
First, according to a previously described method, dextran (Mr= 6,000 g/mol) was 

functionalized with tyramine moieties to give the Dex-TA conjugate [20]. The degree of 
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substitution (DS), defined as the number of conjugated tyramine moieties per 100 
anhydroglucose rings in dextran, was determined using 1H NMR by comparing the integrals 
of signals at δ 5.0 (anomeric protons, Figure 8.3a, peak 1) and δ 6.9-7.2 (aromatic protons, 
Figure 8.3a, peak 2). Different Dex-TA conjugates with DS values of 5, 10, 15 and 20 were 
prepared by changing the feed molar ratio of p-nitrophenyl chloroformate to hydroxyl 
groups in dextran from 0.05 to 0.25. The conjugates were subsequently modified at their 
reducing terminal glucose residue with an excess of N-Boc-1,4-diaminobutane, followed by 
reductive amination using sodium cyanoborohydride for 3 days. After the deprotection of 
the Boc group using trifluoroacetic acid, conjugates with a terminal free primary amine 
group (denoted as Dex-TA-NH2) were obtained. Complete deprotection of the Boc group 
was confirmed by 1H NMR showing the disappearance of the t-butyl signal at δ 1.4 (Figure 
8.3a, peak 3). The degree of end group conversion was over 90% as determined from 1H 
NMR by comparing the integrals of signals at δ 5.0 (anomeric protons, Figure 8.3a, peak 1) 
and δ 1.5-1.6 (methylene protons, Figure 8.3a, peak 3’). Finally, a coupling reaction 
between the primary amine groups of these Dex-TA-NH2 conjugates and the carboxylic 
acid groups of HA using an EDAC/NHS activation reaction at a feed molar ratio of HA to 
NH2 of 1:6 yielded the HA-g-Dex-TA graft copolymers. The molecular weights of these 
polymers were determined by gel-permeation chromatography (GPC).  
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Figure 8.4. GPC chromatograms of Dex-TA-NH2 DS 10, HA and the copolymer HA-g-Dex-TA DS 
10. Eluent: NaAc buffer (300 Mm, pH 4.5, containing 30% (v/v) methanol).  

 
Typical elution profiles of Dex-TA-NH2 DS 10, HA and HA-g-Dex-TA DS 10 are 

presented in Figure 8.4. The HA-g-Dex-TA DS 10 polymer was eluted earlier than HA and 
Dex-TA-NH2 DS 10 in a unimodal GPC-trace. This indicated that the HA-g-Dex-TA 
polymer was successfully synthesized. The average number molecular weights of these 
polymers ranged from 38.4 to 40.0 kg/mol with a relatively low polydispersity index (PDI 
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1.3-1.7) (Table 8.1). The chemical structure of the HA-g-Dex-TA polymers was confirmed 
by 1H NMR. In Figure 8.3b, it is shown that besides signals attributable to the anomeric and 
methyl protons of HA (peaks 4 and 5), new peaks at 5.0 (peak 1) and 6.9-7.2 (peaks 2) were 
present in the spectra. These peaks were attributable to the anomeric and aromatic protons 
from coupled Dex-TA. The number of grafted Dex-TA conjugates per HA molecule was 
approximately 4, as determined with 1H NMR by comparing the integrals of signals at δ 2.0 
(methyl protons of acetamide groups in HA) and δ 5.0 (dextran anomeric protons) (Table 
8.1). It was found that the average number molecular weights of the HA-g-Dex-TA 
polymers calculated using 1H NMR were in agreement with those determined by GPC 
measurements.  

Table 8.1. Composition, molecular weight and polydispersity of HA-g-Dex-TA 
copolymers a 

Polymer 
(code) 

Mn,GPC 
(kg/mol) PDI Mn, NMR 

(kg/mol) 

Number of grafted 
Dex-TA per HA 

chain (n) 

Number 
of TA per 
HA chain 

Dextran 3.3 1.7 -- -- -- 

Hyaluronic 
acid (HA) 25.4 1.8 -- -- -- 

HA-g-Dex-TA 
DS 5 39.2 1.6 40.4 4.3 4.3 

HA-g-Dex-TA 
DS 10 38.4 1.3 38.2 4.0 8.0 

HA-g-Dex-TA 
DS 15 39.2 1.6 38.3 4.2 12.8 

HA-g-Dex-TA 
DS 20 40.0 1.7 40.9 4.5 18.8 

   a. Coupling reactions between HA and Dex-TA-NH2 were performed in MES with a feed 
molar ratio of HA to NH2 of 1:6. 

 

8.3.2 Hydrogel formation and gelation time  

Hydrogels of HA-g-Dex-TA were conveniently prepared in PBS by the horseradish 
peroxidase (HRP)-mediated coupling reaction of phenol moieties. According to earlier 
research, 0.25 mg HRP per mmol phenol moieties and a molar ratio of H2O2/TA of 0.2 
were applied in this study due to the good cytocompatibility of the resulting gels [39]. The 
gelation time was determined by the vial tilting method. 
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The enzymatic crosslinking of HA-g-Dex-TA led to fast gelation, i.e. the gelation times 
were within 2 min for all combinations tested (Figure 8.5). The longest gelation times were 
found for the HA-g-Dex-TA copolymers with a low DS, due to the decreased number of 
tyramine units per chain. Effects on gelation time were even more pronounced with 
decreasing polymer concentration. The fastest gelation, within 10 s, occurred using HA-g-
Dex-TA DS 20 hydrogels at a polymer concentration of 10 wt%. Thus, an attractive feature 
of these HA-g-Dex-TA hydrogel systems is that the gelation occurred in a reasonably short 
time (10 s to 2 min) under mild conditions. Furthermore, gelation times of the HA-g-Dex-
TA hydrogels can be easily tuned by adjusting the DS of tyramine units and polymer 
concentration, which makes the systems highly suitable as injectable scaffolds for various 
applications. 
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Figure 8.5. Gelation times of hydrogels based on HA-g-Dex-TA as a function of DS and 
concentration. (n=3, ** p<0.01) 
 

8.3.3 Hydrogel characterization  

The degree of swelling of the HA-g-Dex-TA hydrogels in PBS was determined after 72 h 
(Figure 8.6). In general, all HA-g-Dex-TA hydrogels showed degrees of swelling ranging 
from 15 to 41. These values were in the same range of photocrosslinked HA-based 
hydrogels [40, 41]. Additionally, the values were lower at higher DS values of tyramine 
units and higher polymer concentration (p<0.05). This can be explained by the increased 
crosslinking density of the hydrogels. Compared to previously reported Dex-TA hydrogels, 
HA-g-Dex-TA hydrogels showed improved swelling behavior [20], which can be explained 
by an increase in water uptake resulting from the electrostatic repulsion of negatively-
charged HA chains at pH 7.4. 

The storage moduli (G’) of the HA-g-Dex-TA hydrogels after gelation were determined 
at 37 °C by rheology. As shown in Figure 8.7, hydrogels prepared at a concentration of 10 
wt% showed a 2 to 3 fold higher storage modulus compared to 5 wt% hydrogels. 
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Furthermore, by increasing the DS from 5 to 20, the corresponding G’ values significantly 
increased. This is most likely due to the increased crosslinking density in DS 10 gels versus 
DS 5 gels. In general, the moduli of HA-g-Dex-TA hydrogels ranged from 370 to 18000 Pa. 
This is comparable to values previously reported  for dextran-tyramine hydrogels [20]. 
They are, however, much higher than values reported for other enzymatically-crosslinked 
hydrogels such as hyaluronic acid-tyramine  DS 6 hydrogels (10-4000 Pa) [19]. 
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Figure 8.6. Degree of swelling of HA-g-Dex-TA hydrogels as a function of DS (n=3). 
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Figure 8.7. Storage modulus of HA-g-Dex-TA hydrogels as a function of DS (n=1). 

8.3.4 Enzymatic degradation  

HA is biodegradable via enzymatic hydrolysis using hyaluronidase (HAse) [42]. To 
determine the enzymatic degradation profiles of the HA-g-Dex-TA hydrogels, 2 mL of PBS 
containing 100 U/mL HAse was applied on top of 0.25 mL of the hydrogels. The hydrogels 
were kept at 37 °C and their weights were monitored at regular time intervals. The 
remaining gel (%) was expressed as the remaining gel weight after exposure to enzyme 
buffer (Wt) divided by the original gel weight after preparation (Wi). In buffer without the 
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enzyme present, the gels swelled and the weight increased during the first 3 days, which 
remained stable up to 21 days (data not shown). In the presence of hyaluronidase, the gel 
weight first increased because of water uptake during the degradation process, and then 
decreased when the increase in the swelling is overtaken by the gel weight loss due to the 
dissolution and release of small fragments. The degradation time was defined as the time 
required to completely dissolve at least one of 3 samples tested. It was found that the 
degradation of HA-g-Dex-TA hydrogels depended on the DS and polymer concentration 
(Figure 8.8). The HA-g-Dex-TA DS 5 hydrogels prepared at polymer concentrations of 5 
and 10 wt% were completely degraded after 4 and 6 days, respectively, while the 5 wt% 
HA-g-Dex-TA DS 10 hydrogels showed a longer degradation time of 15 days. The 
hydrogels of HA-g-Dex-TA at a high DS of 15 and 20 were more stable with more than 30 
wt% of gel remaining after 21 days of degradation. Even after 2 months, these gels were 
not completely degraded (data not shown). Compared to previously reported hyaluronic 
acid-tyramine (HA-TA) hydrogels which were completely degraded within 1 day in the 
presence of  25 U/mL of HAse in PBS [19], our gels were much more stable even in the 
presence of a 4-fold higher concentration of HAse (100U/mL). The increased stability can 
be attributed to the presence of dextran. The improved degradation characteristics 
compared to HA-TA gels makes HA-g-Dex-TA hydrogels more suitable for cartilage tissue 
engineering.  
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Figure 8.8. Enzymatic degradation of HA-g-Dex-TA hydrogels at DS 5, 10 (a) and DS 15, 20 (b) 
exposed to PBS containing 100 U/ml HAse at 37 °C (n=3). 

 

8.3.5 Cytotoxicity 

In cell experiments, 10 wt% HA-g-Dex-TA DS 15 and 20 hydrogels, which showed the 
best stability, were selected for the preparation of gel/cell constructs for in vitro studies. 
The cytocompatibility of HA-g-Dex-TA DS 15 and 20 hydrogels was investigated by the 
incorporation of bovine chondrocytes in HA-g-Dex-TA hydrogels at a polymer 
concentration of 10 wt%. Cell survival of the chondrocytes was analyzed by a Live-dead 
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assay (Figure 8.9), in which living cells fluoresce green and dead cells fluoresce red. In 
both HA-g-Dex-TA DS 15 and DS 20 hydrogels, over 95% of chondrocytes stained green, 
indicating cytocompatible enzymatic crosslinking conditions. 

 
Figure 8.9. (a) Live-dead assay showing chondrocytes incorporated in HA-g-Dex-TA DS 15 (A and 
C) and DS 20 (B and D) hydrogels after 7 (A and B) and 14 (C and D) days in culture. Scale bar: 500 
μm. 

8.3.6 Chondrocyte morphology 

The cell/scaffold constructs were investigated by SEM (Figure 8.10). The chondrocytes 
encapsulated inside HA-g-Dex-TA DS15 and 20 hydrogels retained a round shape at 21 
days in culture, which was also observed in Dex-TA DS 15 hydrogels [39]. High 
magnification of SEM images showed that the chondrocytes deposited an extracellular 
matrix. 

 
Figure 8.10. SEM images of chondrocytes incorporated in the (a) HA-g-Dex-TA DS 15 and (b) HA-
g-Dex-TA DS 20 hydrogels at day 21. High magnification SEM images of the boxed regions of 
Figure 9a and 9b are shown in Figure 9c and 9d, respectively.  
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8.3.7 Swelling and degradation of hydrogels in the presence of cells 

To study the swelling and degradation behavior of the HA-g-Dex-TA hydrogels in the 
presence of chondrocytes, the constructs were incubated in a chondrocyte expansion 
medium and weighed at regular intervals. The swelling ratio of a Dex-TA DS 15 hydrogel 
remained almost constant during the total culturing time up to 21 days. In contrast, the 
swelling ratios of the HA-g-Dex-TA hydrogels increased from day 1 to day 7 and decreased 
slightly after day 14 (Figure 8.11a). The swelling behavior suggests a loss in crosslinking 
density with time as a result of degradation [19]. This is supported by the pronounced 
decrease in the swelling ratio for HA-g-Dex-TA DS 15 hydrogels at day 14 and day 21 
compared to day 1. The degradation of HA-g-Dex-TA hydrogels was further studied by 
determining the dry gel mass, which is normalized to the initial wet gel weight after 
preparation (Figure 8.11b). Dex-TA DS 15 hydrogels had a dry gel mass of 8% at day 1, 
which remained stable up to 21 days. In contrast, the values for HA-g-Dex-TA DS 15 and 
20 hydrogels decreased from 8% at day 1 to 3% and 6% at day 21, respectively (p<0.05). 
The significant differences (p<0.05) in the swelling and degradation behavior in time 
between the Dex-TA and the HA-g-Dex-TA hydrogels are most likely explained by the 
presence of HAse produced by incorporated chondrocytes [43]. 
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Figure 8.11. (a) Swelling and (b) degradation of Dex-TA and HA-g-Dex-TA hydrogels in the 
presence of chondrocytes as a function of culturing time. Figure 11a: * p<0.05, ** p<0.01, vs. Dex-
TA DS 15; $ p<0.05, vs. Day 1; † p<0.01, vs. Day 7). Figure 11b: the dry mass of the construct is 
normalized to the original wet gel weight after preparation. (* p<0.05, ** p<0.01) 
 

8.3.8 Cell proliferation and matrix production 

Our earlier studies have shown that chondrocytes incorporated in Dex-TA hydrogels 
proliferated and maintained their phenotype without dedifferentiating to fibroblast-like cells 
[39]. Chondrocyte proliferation in HA-g-Dex-TA DS 15 and DS 20 hydrogels was assessed 
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by a CyQuant DNA assay by measuring the DNA content of the hydrogels during the 
culturing period up to 21 days. The phenotype of chondrocytes incorporated was 
characterized in terms of their matrix production. The ECM matrix produced was analyzed 
by a dimethylmethylene blue assay and a hydroxyproline assay for glycosaminoglycans 
(GAGs) and collagen, respectively, and the values were normalized to the dry gel weight of 
each sample.  

In the CyQuant DNA assay, the DNA content was expressed as the DNA amount 
normalized to the dry gel weight. Results were compared to hydrogels prepared from a 
dextran-tyramine conjugate Dex-TA DS 15 (Mn, Dex=14.5 kg/mol) which served as a 
reference [20, 25]. In general, in all these hydrogels the DNA content increased with 
increasing culturing time. Interestingly, at day 21, the DNA content in the HA-g-Dex-TA 
DS 15 hydrogel was higher than that in the Dex-TA DS15 hydrogel (Figure 8.12a). These 
results demonstrated the benefit of the presence of HA in Dex-TA hydrogels. 
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Figure 8.12. (a) DNA content normalized to dry gel weight of Dex-TA DS 15, HA-g-Dex-TA DS 15 
and 20 hydrogels containing chondrocytes after in vitro culturing for 1, 7, 14 and 21 days. (* p<0.05 
at day 7; ** p<0.01 vs. HA-g-Dex-TA DS 15 at day 14 and 21) (b) GAG and (c) total collagen 
accumulation (values were normalized to the dry gel weight per sample) in Dex-TA and HA-g-Dex-
TA hydrogels containing chondrocytes after in vitro culturing for 1, 7, 14 and 21 days. (** p<0.01 vs. 
Dex-TA DS 15 at each time point) (d) GAG and total collagen content normalized to DNA content in 
Dex-TA and HA-g-Dex-TA hydrogels containing chondrocytes after in vitro culturing for 21 days. (* 
p<0.05 vs. Dex-TA DS 15). 
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In the control group of GAG assay, hydrogels prepared from Dex-TA DS15, the GAG 
content increased from day 1 to day 7, and then remained unchanged throughout the 
experimental period (Figure 8.12b). Similar trends were also observed for the HA-g-Dex-
TA hydrogels. The HA-g-Dex-TA DS 15 hydrogels showed a statistically higher average 
GAG content per mg of dry gel weight than the Dex-TA DS 15 hydrogels at day 14 and 21 
(4.8 vs 2.3 and 4.9 vs 1.7, respectively). The average GAG content in HA-g-Dex-TA DS 20 
hydrogels was found to be 2.7 and 2.6 μg per mg of dry gel weight at day 14 and 21, 
respectively, which was close to that of Dex-TA DS 15 hydrogels. These results suggest 
that the DS of the Dex-TA conjugate in the HA-g-Dex-TA had a significant effect on the 
GAG production, indicating that appropriate design of the gel chemistry might lead to an 
optimal performance in ECM production. 

The total collagen content, determined using a hydroxyproline assay, was normalized to 
the dry gel weight (Figure 8.12c). The results showed that the total collagen accumulation 
increased in time and reached the highest value at day 21 for all groups. Interestingly, the 
average value of total collagen content was higher in HA-g-Dex-TA DS 15 and DS 20 
hydrogels than in Dex-TA DS 15 hydrogels, irrespective of the culturing time. After 7 and 
21 days in culture, significant higher collagen deposition was found in HA-g-Dex-TA DS 
15 than in Dex-TA DS 15 hydrogels. 

For comparative studies, the GAG and total collagen content were normalized to the 
DNA content, as shown in Figure 8.12d. In general, enhanced matrix deposition was 
observed for HA-g-Dex-TA compared to Dex-TA hydrogels. At day 21, the GAG/DNA 
ratio was 1.6 fold higher in the HA-g-Dex-TA DS 15 hydrogels than Dex-TA hydrogels. 
Further, significantly higher collagen/DNA ratios were observed for HA-g-Dex-TA DS 20 
hydrogels than for Dex-TA DS 15 hydrogels. Previous studies have shown that GAGs play 
an important role in regulating the expression of the chondrocyte phenotype and support 
matrix formation [44, 45]. Therefore, the application of hyaluronic acid, one of the 
components of a native cartilaginous matrix, could be a reason for enhanced matrix 
production [46-48].  

Taken together, HA-g-Dex-TA hybrids were designed which resemble the 
macrostructure of proteoglycans as can be found in native cartilage. Biomimetic hydrogels 
based on these materials showed a better stability than HA-TA hydrogels and an improved 
chondrocyte performance than Dex-TA hydrogels. Thus they hold great promise as 
injectable scaffolds for cartilage tissue engineering. Importantly, the concept for the design 
of proteoglycan analogs can be easily extended to other polysaccharides such as heparan 
sulfate and chondroitin sulfate or proteins such as collagen. 
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8.4 Conclusions 

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

 

Tissue engineering is a promising method for the regeneration of cartilage defects. This 
approach generally involves the use of a three-dimensional scaffold which can act as a 
temporary artificial extracellular matrix (ECM) for healthy cartilage cells, chondrocytes. 
Hydrogels represent a class of ECM-mimicking scaffolds that are able to retain cells inside 
and support their growth, thereby inducing the production of such a matrix. So far many 
hydrogel systems based on natural or synthetic materials have been developed for cartilage 
regeneration. Among these systems, injectable hydrogels have received much attention 
since they can be used in a minimally invasive surgical procedure in clinical trials. 

This thesis focuses on polysaccharide-based injectable hydrogels for cartilage 
regeneration. The in-situ formation of hydrogels was established via either Michael 
addition reaction or enzymatic crosslinking of conjugated polysaccharides. The 
applicability of these hydrogels for tissue engineering was studied by determining the 
physical and biological characteristics of these hydrogels such as gelation time, swelling 
and degradation, and mechanical properties. In addition, bovine chondrocytes were 
incorporated inside the gels and their viability and ability to produce cartilaginous matrix 
were evaluated in vitro.  

In Chapter 1 a general background with regard to the work in this thesis is presented. 
The current literature on injectable hydrogels for cartilage tissue engineering is reviewed in 
Chapter 2. In this chapter criteria important in the design of injectable hydrogels are 
outlined. Also, suitable crosslinking mechanisms to obtain injectable hydrogels are 
reviewed in detail. Finally, an overview is given on the state of the art injectable hydrogels 
for cartilage regeneration. In Chapter 3 biodegradable injectable hydrogels based on  the 
Michael addition reaction of thiolated hyaluronic acid (HA-SH) and poly(ethylene glycol)-
vinyl sulfone (PEG-VS) were described. Their gelation times ranged from 14 min to less 
than 1 min, depending on the molecular weight of the HA-SH and PEG-VS, degree of 
substitution (DS) of the HA-SH and the total polymer concentration. Hydrogels were 
shown to be biodegradable in the presence of hyaluronidase. In vitro culturing of 
chondrocytes demonstrated a good biocompatibility of these HA-SH/PEG-VS hydrogels 
and a cartilaginous matrix rich in proteoglycans and collagen type II was observed to 
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accumulate inside the gels in time. The low mechanical properties of these hydrogels as 
shown by the storage moduli of 0.17-1.6 kPa, however, is a disadvantage in a load bearing 
applications. Hydrogels with improved mechanical properties can be obtained from 
conjugated dextrans using an enzymatic crosslinking method, as described in Chapter 4. 
The enzymatic crosslinking method, using horseradish peroxidase (HRP) and hydrogen 
peroxide (H2O2), appeared to be highly effective in gel formation of phenol-containing 
tyramine conjugated polysaccharides. In this study, dextran-tyramine conjugates, i.e. 
dextran-tyramine linked by a urethane bond (denoted as Dex-TA) or by an ester-containing 
diglycolic group (denoted as Dex-DG-TA), with different degrees of substitution (DS) were 
prepared. It was found that hydrogels were rapidly formed under physiological conditions 
with gelation time ranging from 9 min to 5 sec, depending on the DS and concentration. 
The storage modulus (G′), which varied from 3 to 41 kPa, increased with increasing 
polymer concentration, increasing HRP/TA ratio and decreasing H2O2/TA ratio. This study 
demonstrated that the HRP-mediated enzymatic crosslinking is an efficient method to 
obtain fast in-situ forming hydrogels with good mechanical properties, and that these 
hydrogels are promising for use as injectable systems for biomedical applications. In 
Chapter 5 a more detailed study directed towards a potential application of these gels in 
cartilage tissue engineering is described. The gelation conditions were optimized by 
changing the molecular weight of the dextran, DS of tyramine groups and H2O2/TA ratio. 
Hydrogels prepared from Dex-TA at a HRP/TA ratio of 0.25 mg/mmol and a H2O2/TA 
molar ratio of 0.2 afforded hydrogels rapidly formed within 1 min, important for an 
injectable system. Rheology measurements showed improved mechanical properties (G’ up 
to 60 kPa) for Dex-TA hydrogels with a higher molecular weight of the precursor and a 
higher DS. Based on these results, Dex14k-TA DS 10 and 15, Dex31k-TA DS 10 
conjugates were chosen for  incorporation of chondrocytes during gel formation. The live-
dead assay and the MTT assay revealed a good viability of the cells in the gel. Moreover, 
scanning electronic microscopy (SEM) showed that the chondrocytes were capable of 
maintaining their round shape. Histology and immunofluorescent staining demonstrated the 
production of glycosaminoglycans (GAGs) and collagen type II after culturing for 14 and 
21 days. Biochemical analysis showed that GAG accumulation increased with time inside 
these hydrogels. Besides, the GAG/DNA ratio for Dex-TA hydrogels was higher than that 
for agarose (positive control) at day 28. These results indicated that the Dex-TA hydrogels 
are highly promising 3D scaffolds for cartilage tissue engineering applications. To extend 
the applicability of the enzymatic crosslinking approach, as a methodology for injectable 
hydrogels for cartilage tissue engineering, research was also focused on another 
polysaccharide, chitosan (Chapter 6). The advantage of chitosan over dextran is that 
chitosan can be more readily enzymatically degraded in vivo by lysozyme, a protein present 
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in the ECM of human cartilage. Besides, chitosan has a chemical structure similar as 
glycosaminoglycans (GAG) present in the ECM, which suggests that chitosan, as a GAG 
analog, may display some biofunctions suitable in the regeneration process of cartilage 
tissue. From this point of view, chitosan conjugates grafted with glycolic acid, to improve 
water solubility, and phloretic acid, for enzymatic crosslinking, were synthesized by 
activation of carboxylic acid groups of the appropriate molecules to react with the amine 
groups of chitosan. The modified chitosan polymers displayed high water solubility and 
short gelation times (e.g. 10 s at a polymer concentration of 3 wt%) when enzymatically 
crosslinked using HRP and H2O2. Notably, it was found that these hydrogels can be readily 
degraded by lysozyme in vitro. Chondrocytes cultured inside chitosan-based hydrogels for 
2 weeks were viable and retained their round cell shape.  

Heparin is one of the sulfated GAGs that can interact with ECM components. First steps 
in the design of a hydrogel comprising such an anionically charged polysaccharide were 
taken by combining Dex-TA and newly prepared heparin-tyramine conjugates (Hep-TA) 
into a multifunctional hydrogel (Chapter 7). We hypothesized that the negatively charged 
heparin molecules may improve the hydrogel swelling and chondrocyte function, thus 
leading to a better transport of nutrients and enhanced matrix production. By adjusting the 
Dex-TA/Hep-TA ratio from 100/0 to 0/100, the swelling and mechanical properties of the 
hydrogels can be controlled. Importantly, hydrogels with a Dex-TA/Hep-TA ratio of 50/50 
and 25/75 showed enhanced cell proliferation and matrix production compared to other 
systems described in the previous chapters. In Chapter 8 a biomimetic hydrogel system 
based on dextran-hyaluronic acid conjugates for cartilage regeneration is described.  This 
study highlights that polysaccharide conjugates of hyaluronic acid (HA) grafted with 
dextran-tyramine conjugates (denoted as HA-g-Dex-TA) have a macromolecular structure 
like the proteoglycans present in the ECM, thereby mimicking native cartilage tissue, which 
can be potentially favorable for enhanced cartilage regeneration. The HA-g-Dex-TA 
hydrogels were rapidly formed within 2 min via enzymatic crosslinking. Importantly, 
bovine chondrocytes incorporated inside the HA-g-Dex-TA hydrogels remained viable. 
Moreover, enhanced chondrocyte proliferation and matrix production were observed in the 
HA-g-Dex-TA hydrogels compared to the Dex-TA hydrogels. 
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Samenvatting 

 
Tissue engineering is een veelbelovende methode voor de regeneratie van kraakbeen 

defecten. Voor deze benadering is een driedimensionaal dragermateriaal nodig, dat dient als 
tijdelijke en artificiële extracellulaire matrix (ECM) voor gezonde kraakbeencellen, 
chondrocyten. Hydrogelen zijn ECM simulerende dragermaterialen, die de cellen 
vasthouden, hun groei stimuleren en zo de productie van een natuurlijke ECM induceren. 
Tot nu toe zijn er meerdere hydrogel systemen ontwikkeld voor kraakbeen regeneratie, 
gebaseerd op natuurlijke of synthetische materialen. Injecteerbare systemen zijn daarbij 
bijzonder interessant, daar zij toepasbaar zijn via minimaal invasieve ingrepen. 

Dit proefschrift richt zich op polysacharide gebaseerde injecteerbare hydrogelen voor 
kraakbeen regeneratie. De in situ gelering van deze gelen werd gerealiseerd door middel 
van een Michael additie reactie of een enzymatische reactie van gefunctionaliseerde 
polysachariden. De toepasbaarheid van deze hydrogelen als tissue engineering matrices is 
bestudeerd door fysische (geleringstijd, zwelling, degradatie en mechanische 
eigenschappen) en biologische eigenschappen te bepalen. In vitro werden de 
levensvatbaarheid van runderchondrocyten en hun vermogen om een kraakbeenachtige 
matrix te vormen getest. 

In Hoofdstuk 1 is de algemene achtergrond en doel van het onderzoek kort weergegeven. 
Een literatuuroverzicht van injecteerbare hydrogelen voor kraakbeen regeneratie wordt 
beschreven in Hoofdstuk 2. In dit hoofdstuk gaan we in op belangrijke criteria voor het 
ontwerp van injecteerbare hydrogelen. Ook worden bruikbare chemische en fysische 
verknopingsmechanismen in detail besproken. In Hoofdstuk 3 worden biodegradeerbare 
injecteerbare hydrogelen beschreven, die gebaseerd zijn op een Michael reactie tussen thiol 
gefunctionaliseerd hyaluronzuur (HA-SH) en vinylsulfon gefunctionaliseerd  poly(ethyleen 
glycol) (PEG-VS). Geleringstijden voor deze gelen variëren van 14 seconden tot minder 
dan een minuut, afhankelijk van het molecuul gewicht van HA-SH of PEG-VS, 
substitutiegraad van HA-SH en de totale polymeer concentratie. De hydrogelen waren 
degradeerbaar in aanwezigheid van hyaluronidase. In vitro kweken van chondrocyten lieten 
een goede biocompatibiliteit zien voor deze HA-SH/PEG-VS hydrogelen en accumulatie 
van een kraakbeenachtige matrix, rijk aan proteoglycanen en collageen type II, is 
waargenomen in de gel. De matige mechanische eigenschappen van deze gelen, 
geïllustreerd door opslagmoduli van 0,17 – 1,6 kPa, zijn echter nadelig in gewichtsdragende 
toepassingen. Hydrogelen met betere mechanische eigenschappen zijn te maken uit 
gefunctionaliseerde dextranen door middel van een enzymatische verknoping, zoals 
beschreven in Hoofdstuk 4. De enzymatische verknopingsmethode, die gebruik maakt van 
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mierikswortelperoxidase (HRP) en waterstofperoxide (H2O2), bleek zeer efficiënt in de 
gelvorming van tyramine gefunctionaliseerde polysachariden. In deze studie zijn tyramine 
gefunctionaliseerde dextranen gemaakt, d.w.z. tyramine gekoppeld aan dextraan d.m.v. een 
carbamaat (Dex-TA) of d.m.v. een ester bevattende diglycolische groep (Dex-DG-TA), met 
verschillende substitutiegraden. De hydrogelen werden zeer snel gevormd onder 
fysiologische condities met geleringstijden variërend tussen 9 minuten en 5 seconden, 
afhankelijk van de substitutiegraad en concentratie. De opslagmodulus, variërend van 3 tot 
41 kPa, stijgt met toenemende polymeerconcentratie of HRP/TA ratio en afnemende 
H2O2/TA ratio. Deze studie laat zien dat de HRP gereguleerde enzymatische verknoping 
een efficiënte methode is voor snel in situ vormende hydrogelen met goede mechanische 
eigenschappen en dus veelbelovend zijn als injecteerbare systemen in biologische 
toepassingen. In een vervolg studie beschreven in Hoofdstuk 5 werd de potentiële 
toepassing van deze gelen in kraakbeen tissue engineering meer gedetailleerd bestudeerd. 
Geleringscondities werden geoptimaliseerd door het molecuulgewicht van dextraan, de 
substitutiegraad van de tyramine groepen en de H2O2/TA ratio te variëren. Hydrogelen van 
Dex-TA met een HRP/TA ratio van 0,25 mg/mmol en een molaire H2O2/TA ratio van 0,2 
vormden zich binnen 1 minuut, wat belangrijk is voor injecteerbare systemen. Reologie 
experimenten lieten zien dat de mechanische eigenschappen verbeteren (G’ tot 60 kPa) 
voor de Dex-TA hydrogelen met een hoger molecuulgewicht van dextraan en een hogere 
DS. Gebaseerd op deze resultaten zijn Dex14k-TA DS 10 en 15 en Dex31k-TA DS 10 
gekozen voor het insluiten van chondrocyten tijdens de gelering. Biologische testen 
toonden de levensvatbaarheid van de cellen in de gel aan. Bovendien liet scanning 
elektronen microscopie (SEM) zien dat de chondrocyten in staat waren hun ronde vorm te 
behouden. Histologie en immunofluorescente aankleuring hebben laten zien dat er na 14 en 
21 dagen glycosaminoglycanen (GAGs) en collageen type II zijn geproduceerd. Daarnaast 
was de GAG/DNA ratio voor Dex-TA hydrogelen na 28 dagen hoger dan in agarose 
(positieve controle). Deze resultaten duiden erop dat de Dex-TA hydrogelen veelbelovende 
3D dragermaterialen zijn voor kraakbeen tissue engineering toepassingen. Om de 
toepasbaarheid van deze enzymatische verknopingsmethode voor injecteerbare hydrogelen 
breder uit te diepen, is het onderzoek ook op een tweede polysacharide gericht: chitosan 
(Hoofdstuk 6). Het voordeel van chitosan boven dextraan is dat chitosan in vivo sneller kan 
worden gedegradeerd met behulp van het enzym lysozyme, dat aanwezig is in de ECM van 
humaan kraakbeen. Daarnaast heeft chitosan een chemische structuur die sterk verwant is 
aan glycosaminoglycanen (GAGs), die aanwezig zijn in de ECM. Dit suggereert dat 
chitosan als GAG analoog over enkele biologische functies beschikt, die toepasbaar kunnen 
zijn in het regeneratieproces van kraakbeenweefsel. Met dit als uitgangspunt is chitosan 
gefunctionaliseerd met glycolzuur om de wateroplosbaarheid te verbeteren en met 3-(4-
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hydroxyfenyl)propionzuur voor de enzymatische verknoping, door de zuurgroepen te 
activeren en vervolgens met de amino groepen van chitosan te laten reageren. Dit 
gefunctionaliseerde chitosan vertoont een hoge wateroplosbaarheid en korte geleringstijden 
(bijvoorbeeld 10 seconden bij een polymeer concentratie van 3 gewichtsprocent), wanneer 
het enzymatisch verknoopt wordt met HRP en H2O2. Daarbovenop is gevonden dat deze 
hydrogelen snel degraderen in aanwezigheid van lysozyme in vitro. Chondrocyten, die twee 
weken gekweekt werden in deze chitosan hydrogelen, waren levensvatbaar en behielden 
hun ronde vorm.  

Heparine is één van de gesulfoneerde GAGs die interactie vertonen met de ECM 
componenten. De eerste stappen naar een ontwerp van een hydrogel met een dergelijk 
anionisch polysacharide zijn gezet door Dex-TA te combineren met een nieuw tyramine 
gefunctionaliseerd heparine (Hep-TA) in een multifunctioneel hydrogel (Hoofdstuk 7). We 
veronderstelden dat negatief geladen heparine moleculen de hydrogel zwelling en de 
chondrocyt functie zouden kunnen verbeteren en dus zouden kunnen leiden tot een beter 
transport van voedingsstoffen en een verbeterde matrix productie. Door de Dex-TA/Hep-
TA ratio te variëren kunnen de zwelling en de mechanische eigenschappen worden 
gecontroleerd. Een belangrijke vinding is dat hydrogelen met een Dex-TA/Hep-TA ratio 
van 50/50 en 25/75 een verbeterde cel proliferatie en matrix productie lieten zien 
vergeleken met de materialen als beschreven in de voorgaande hoofdstukken. In Hoofdstuk 
8 wordt een biomimetisch hydrogel systeem beschreven voor kraakbeen regeneratie, 
gebaseerd op dextraan-hyaluronzuur combinaties. Deze studie laat zien dat combinatie van 
hyaluronzuur met dextraan-tyramine (HA-g-Dex-TA) een macromoleculaire structuur heeft, 
zoals de proteoglycanen van de ECM. Daarmee wordt kraakbeen nagebootst, wat gunstig 
kan zijn voor een betere kraakbeen regeneratie. Deze HA-g-Dex-TA hydrogelen werden 
snel gevormd (binnen twee minuten) via enzymatische verknoping. Tenslotte werd er een 
verbeterde chondrocyt proliferatie en matrix productie waargenomen in de HA-g-Dex-TA 
hydrogelen ten opzichte van de Dex-TA hydrogelen. 
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