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ABSTRACT  

The native cartilage extracellular matrix (ECM) is enriched in sulfated glycosaminoglycans with 

important roles in the signaling and phenotype of resident chondrocytes. Recapitulating the key 

ECM components within engineered tissues through biomimicking strategies has potential to 

improve the regenerative capacity of encapsulated cells and lead to better clinical outcome. Here, 

we developed a double-modified, biomimetic and tissue adhesive hydrogel for cartilage 
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engineering. We demonstrated sequential modification of alginate with first sulfate moieties to 

mimic the high glycosaminoglycan content of native cartilage and then tyramine moieties to allow 

in situ enzymatic crosslinking with tyrosinase under physiological conditions. Tyrosinase-

crosslinked alginate sulfate tyramine (ASTA) hydrogels showed strong adhesion to native cartilage 

tissue with higher bond strength compared to alginate tyramine (AlgTA). Both ASTA and AlgTA 

hydrogels supported the viability of encapsulated bovine chondrocytes and induced a strong 

increase in the expression of chondrogenic genes such as collagen 2, aggrecan and Sox9. Aggrecan 

and Sox9 gene expression of chondrocytes in ASTA hydrogels were significantly higher than those 

in AlgTA. Chondrocytes in both ASTA and AlgTA hydrogels showed potent deposition of 

cartilage matrix components collagen 2 and aggrecan after 3 weeks of culture whereas a decreased 

collagen 1 deposition was observed in the sulfated hydrogels. ASTA and AlgTA hydrogels with 

encapsulated human chondrocytes showed in vivo stability as well as cartilage matrix deposition 

upon subcutaneous implantation into mice for 4 weeks. Our data is the first demonstration of a 

double-modified alginate with sulfation and tyramination that allows in situ enzymatic 

crosslinking, strong adhesion to native cartilage and chondrogenic re-differentiation.  

1. INTRODUCTION 

Cartilage tissue has a limited capacity for self-regeneration due to its avascular structure. Thus, 

cartilage injuries upon acute trauma or degenerative pathologies lead to severe joint pain and 

disabilities. Tissue engineering approaches have been implemented to cartilage repair with 

methods such as autologous chondrocyte implantation (ACI) (1). However, the limited number of 

autologous chondrocytes obtained from cartilage biopsies demand two-dimensional (2D) 

expansion of cells which leads to their de-differentiation and loss of phenotype (2). Native cartilage 

is a three-dimensional (3D) and highly hydrated microenvironment comprised mainly of a network 



 3 

of collagen 2 fibers and proteoglycans such as aggrecan (3). Encapsulation of chondrocytes into 

3D culturing environments such as hydrogels of biological or synthetic origin has been extensively 

shown to induce re-differentiation of chondrocytes and expression of cartilage-specific matrix 

components (4-6). Matrix-assisted autologous chondrocyte implantation (MACI) has been 

developed to implant chondrocytes embedded in a 3D microenvironment for induction of 

chondrocyte phenotype and improving regeneration of hyaline cartilage tissue (1). Implantation of 

preformed hydrogels has disadvantages such as two-step and invasive surgical procedures and 

necessity of fitting the materials into defects with irregular shapes.  Injectable, in situ forming 

hydrogels have emerged in the recent years to overcome these disadvantages and have been shown 

to effectively co-deliver cells and bioactive molecules in a minimally invasive and targeted manner 

(7-9). Enzymatic crosslinking of polymer networks for in situ hydrogel formation have gained 

attention due to their physiological and cell-compatible reaction conditions and substrate 

specificity (10). Naturally-derived enzymes such as transglutaminase and horseradish peroxidase 

(HRP) have been used to crosslink various polymers for cartilage tissue engineering (10-13). HRP 

catalyzes hydrogel formation of biopolymers modified with hydroxyphenyl-containing moieties 

such as tyramine in the presence of hydrogen peroxide (H2O2). Furthermore, hydroxyphenyl 

groups are present in the native extracellular matrices (ECM) such as tyrosine residues rendering 

peroxidase-mediated adhesion of these tyramine-modified biopolymers to tissues possible (10, 

14). Adhesion of engineered hydrogels to the defect site is crucial for their integration into the 

surrounding cartilage tissue and their stability (10). Tyrosinases belong to another family of 

naturally occurring enzymes called phenol oxidases and can catalyze the bonding of 

hydroxyphenyl groups in the presence of oxygen (10). Therefore, similar to peroxidases, 

tyrosinases have been used for conjugation of synthetic or biological polymers modified with 
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phenolic moieties such as 3,4-dihydroxyphenylalanin (DOPA) or tyramine, grafting of proteins 

onto polymer backbones and adhesive properties (15-21). Recently, tyrosinase-crosslinking have 

gained interest in tissue engineering context and been shown to allow dynamic hydrogels with 

tunability of tissue mechanics and adhesiveness (22-25).  

An important requirement for effective tissue engineering scaffolds is to provide cellular cues that 

mimic the native tissue microenvironment. Cartilage tissue is enriched in proteoglycans which are 

grafted with sulfated glycosaminoglycans (GAGs). Sulfated GAGs both contribute to the 

compressive strength of the tissue through high entrapment of water and to signaling of 

chondrocytes through mediation of growth factor interactions with their receptors (3). We have 

recently shown that biomimicking the native characteristics of cartilage tissue through sulfation of 

alginate drives mitogenicity of chondrocytes, promotes cartilage matrix production and prevents 

chondrocyte de-differentiation via induction of fibroblastic growth factor (FGF) signaling in a 

GAG-mimicking manner (26). However, ionically-crosslinked alginate sulfate hydrogels were 

mechanically not stable in vivo unless they were reinforced with a network of electrospun poly (ε-

caprolactone) (PCL) fibers (27).  

In this work, we developed a biomimetic, tissue adhesive and stable hydrogel for cartilage tissue 

engineering. We performed double modification on alginate with sulfate and tyramine moieties 

that would enable enzymatic covalent crosslinking in the presence of tyrosinase. Alginate sulfate 

tyramine (ASTA) hydrogels support chondrocyte viability and re-differentiation and demonstrate 

strong adhesion to native cartilage as well as in vivo stability upon subcutaneous implantation 

indicating a promising potential for use in cartilage repair.  

2. RESULTS AND DISCUSSION 
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2.1 Synthesis and characterization of AlgTA and ASTA hydrogels 

Sulfation of alginate was performed as previously reported for modification of hydroxyl groups in 

alginate monomers with sulfate moieties via reacting with chlorosulfonic acid (HClSO3) (Figure 

1(a)). The reaction has been shown to yield tunable sulfation of alginates by varying the HClSO3 

concentration (28). Here, we used 2% v/v HClSO3 for the sulfation reaction which led to a final 

sulfur content of 51.2 µg/mg shown by elemental analysis that corresponded to a degree of 

sulfation (DS) of 0.44 sulfate groups per monosaccharide (Figure 2(a)). A small decrease in the 

average molecular weight and molecular number average of alginate was observed with sulfation 

due to acid hydrolysis (Figure 2(b)). However, the uniformity of the chain length given by the 

dispersity index values did not differ significantly.  

 

Figure 1: Synthesis of alginate tyramine (AlgTA) and alginate sulfate tyramine (ASTA). (a) 

Scheme showing the sulfation and subsequent tyramine modification of alginate. (b) Depiction of 

hydrogel formation of AlgTA and ASTA in the presence of tyrosinase via formation of di-tyramine 

bonds and encapsulation of chondrocytes.  
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Tyramine conjugation to alginate and alginate sulfate samples was carried out via amidation of 

carboxyl groups using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholiniumchloride 

(DMTMM) as the coupling agent. DMTMM has been recently shown for successful tyramine 

modification of hyaluronan (29). We confirmed the presence of tyramines with 1H NMR 

spectroscopy by the appearance of aromatic peaks at 6.85 and 7.2 ppm in line with previous reports 

(30). A third aromatic peak was observed at 7.4 ppm (Figure 2(c)) in both AlgTA and ASTA 

samples. The same peak was reported for tyramine conjugation to hyaluronan via DMTMM due 

to formation of Tyr-O-DMT adducts from the excess of DMTMM (29). The molar degree of 

substitution (DSmol, %) was calculated with UV-vis spectroscopy. We achieved very high DSmol 

values of 33.5 ± 2.8 for AlgTA and 31.7 ± 1.8 for the ASTA sample by performing two subsequent 

rounds of tyramine modification (Figure 2(d)). On the other hand, the reduction in the molecular 

weight of alginate due to sulfation did not cause a significant change in the extent of tyramine 

modification as AlgTA and ASTA samples yielded similar DSmol values.  

AlgTA and ASTA hydrogels were formed by mixing the tyramine-modified polymers with 

tyrosinase at pH 7.4 (Figure 1(b)). Tyrosinase catalyzes the formation of activated o-quinones from 

the phenol group of tyramine in the presence of oxygen. Activated quinones can react with each 

other to form di-tyramine bonds or to amino groups via Michael type addition (10, 31). Only a few 

studies addressed tyrosinase-crosslinked networks of polymers. Hydrogels of gelatin and chitosan 

crosslinked with tyrosinase has been reported with faster gelation when compared to 

transglutaminase (15, 16). However, hydrogels only formed with an amine-containing backbone 

such as chitosan in the presence of tyrosinase. Furthermore, tyrosinase-crosslinked hydrogels were 

shown to be mechanically weaker with fast degradation compared to hydrogels formed with 

transglutaminase (16). Tyrosinase-mediated conjugation of silk fibroin and chitosan was also 
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reported yielding adhesive and non-toxic conjugates (19). Tyrosinase was shown to be efficient in 

crosslinking of proteins to polysaccharides such as conjugation of sericin onto chitosan (17). 

Hydrogels of tyramine-modified chondroitin sulfate crosslinked with tyrosinase have been shown 

to support growth of fibroblasts (32). Tyrosinase-mediated crosslinking of silk fibroin and gelatin 

was reported for differentiation of mesenchymal stem cells in bioprintable scaffolds (33). 

Recently, tyrosinase crosslinking was shown to yield dynamic hydrogels that allow tunability of 

tissue stiffness for modeling tumor tissue stiffening (24). Furthermore, tissue adhesive tyrosinase-

crosslinked hydrogels have been demonstrated for use in meniscal repair (22).  

Here, we demonstrate for the first time tyrosinase-crosslinked hydrogel networks of double-

modified alginate with sulfate and tyramine groups. AlgTA and ASTA solutions led to stable 

hydrogels under 10 min in the presence of tyrosinase (Figure 2(e)). Although there was not a 

significant difference in the degree of tyramine modification of the two polymers, AlgTA was used 

at a polymer concentration of 1% w/v whereas 2% w/v was used for ASTA to match the 

mechanical properties of the hydrogels possibly due to differences in their molecular weight. The 

compressive moduli of AlgTA (1% w/v) and ASTA (2% w/v) hydrogels were found to be 7.18 ± 

1.1 kPa and 7.58 ± 0.33 kPa respectively and no significant difference was detected between the 

samples (Figure 2(f)). The hydrogels were also tested for their swelling behavior. Ionically-

crosslinked hydrogels of alginate sulfate have been shown to exhibit greater swelling compared to 

alginate hydrogels (26). On the contrary, tyrosinase crosslinked AlgTA and ASTA hydrogels 

demonstrated similar percent mass swelling (Figure 2(g)).   
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Figure 2: Characterization of alginate tyramine (AlgTA) and alginate sulfate tyramine (ASTA). 

(a) Sulfur content in the alginate and alginate sulfate samples determined by elemental analysis 

with HR-ICP-MS and degree of sulfation (DS) expressed as the number of sulfate groups per 

monomer. (b) Molecular weight average (MW), molecular number average (MN) and the dispersity 

index (MW/MN) values of alginate and alginate sulfate samples determined by SEC-MALLS. A 

refractive index (dn/dc) of 0.15 was used for all the samples. (c) 1H NMR spectra (D2O) of AlgTA 

and ASTA polymers, appearance of aromatic peaks of tyramine was indicated with the black 

boxes. (d) Degree of tyramine modification in the AlgTA and ASTA samples (DSmol, %, molar 

ratio of conjugated tyramine residues to the total number of carboxyl groups in alginate) 

determined by UV-vis spectroscopy. (e) Macroscopic appearance of AlgTA (top) and ASTA 

(bottom) hydrogels crosslinked with tyrosinase. (f) Compressive modulus of AlgTA and ASTA 
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hydrogels shown as mean± s.d. for n=3. (g) Percent mass swelling of AlgTA and ASTA hydrogels 

after 48 hours. Data is expressed as mean± s.d. for n=5, N.S.: nonsignificant.  

2.2 Adhesive properties of AlgTA and ASTA hydrogels to cartilage tissue 

Adhesion of engineered scaffolds to cartilage tissue is important for tissue integration in the defect 

site and long-term stability. With this aim, tissue adhesives such as fibrin glue have been frequently 

used in surgical cartilage repair (34, 35). Engineered tissue adhesives for cartilage have been also 

developed from biomaterials such as chondroitin sulfate and shown to efficiently mediate 

integration of polymeric scaffolds to cartilage defects (36) and induce in vivo regeneration (37). 

Tyramine-modified dextran and hyaluronan hydrogels crosslinked with HRP and H2O2 were 

demonstrated to have cartilage adhesive properties superior than fibrin glue (10, 14). Although 

tyrosinase was shown to exert water-resistant adhesive properties to biopolymers such as chitosan 

via oxidation of DOPA moieties, adhesion to native cartilage has not yet been addressed (21).  

Alginate is an inert biopolymer that lacks cell adhesion moieties as well as tissue adhesiveness 

(38). However, modification of alginate such as networks of oxidized alginate and gelatin formed 

in the presence of borax via Schiff’s reaction was shown to exert adhesiveness and integration to 

cartilage tissue (39). Here, we investigated the adhesive properties of in situ crosslinked AlgTA 

and ASTA hydrogels with tyrosinase to native cartilage tissue. We hypothesized that tyrosinase 

would mediate conjugation of tyramines of the biopolymer backbone to the tyrosine residues in 

the collagen network of cartilage. Our set-up comprised of a push-out test where hydrogels were 

directly casted in cartilage rings and pushed by a metal rod (Figure 3(a)). Cartilage rings were 

initially treated with chondroitinase (1 U/mL) which has previously been shown to yield better 

exposure of collagens (13). AlgTA and ASTA demonstrated strong adhesion to cartilage rings 
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with in situ tyrosinase crosslinking. After the push-out test, we observed that the bulk of the gel 

was broken whereas the hydrogel-cartilage interface was still intact (Figure 3(b)). This was the 

case for both AlgTA and ASTA as we did not observe any visual differences between the samples 

in the push-out test. Then, we compared the bond strength achieved with tyrosinase crosslinking 

to the bond strength obtained from calcium crosslinking of the same biopolymers. Tyrosinase 

crosslinking led to a potent increase in bond strength of both AlgTA and ASTA hydrogels 

compared to calcium crosslinking. However, the bond strength achieved with ASTA hydrogels 

was up to 10 ± 4 kPa and found to be higher than AlgTA (Figure 3(c)). The difference in the 

adhesion strength of the two hydrogels could possibly be explained by the differences in the 

polymer content in the hydrogels. Furthermore, ASTA has slightly lower molecular weight 

compared to AlgTA (Figure 2(b)). Lower molecular weight polymer chains could exert higher 

mobility and lead to more contact points at the interaction site between the polymer and surface. 

Molecular weight has been shown to have an effect on the adhesive strength of mussel-mimetic 

DOPA-modified polymers in the presence of IO4 as the crosslinker (40).  
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Figure 3: Adhesion of alginate tyramine (AlgTA) and alginate sulfate tyramine (ASTA) to 

cartilage tissue. (a) Scheme showing the set-up of the push-out test. A push-out rod with a diameter 

of 3 mm was used to push AlgTA or ASTA hydrogels casted in a cartilage ring (outer diameter: 8 

mm, inner diameter: 4 mm). (b) Macroscopic images of an ASTA hydrogel casted in a cartilage 

ring before (top) and after (bottom) the push-out test. (c) Bond strength of AlgTA and ASTA 

hydrogels crosslinked with tyrosinase (1 kU/ml) or CaCl2 (100 mM). Data is expressed as mean ± 

s.d. for n=3; *: p<0.05 when compared to ASTA crosslinked with calcium, N.S.: nonsignificant.  

2.3 In vitro analysis of AlgTA and ASTA hydrogels for chondrocyte growth and re-

differentiation 

Next, we investigated chondrocyte growth and chondrogenic re-differentiation in AlgTA and 

ASTA hydrogels. We encapsulated primary chondrocytes in AlgTA and ASTA hydrogels and 

cultured them in chondrogenic medium containing TGF-β3 to induce re-expression of 

chondrogenic markers. Chondrocyte viability was assessed with live/dead staining after 21 days 
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of culture. Chondrocytes demonstrated overall good viability in both AlgTA and ASTA hydrogels 

(Figure 4(a)). Quantification of viability showed that there were no statistically significant 

differences between AlgTA and ASTA hydrogels (Figure 4(b)).  

 

Figure 4: Chondrocyte viability in alginate tyramine (AlgTA) and alginate sulfate tyramine 

(ASTA) hydrogels. (a) Live/dead images showing live cells stained with calcein AM (green) and 

dead cells stained with propidium iodide (red) in AlgTA and ASTA hydrogels crosslinked with 

tyrosinase (1kU/mL) and cultured in chondrogenic medium for 21 days. Scale bar: 100 µm. (b) 

Quantification of cell viability in hydrogels expressed as mean ± s.d. for n=3, N.S.: nonsignificant.  

Then, we performed gene expression analysis of chondrocytes cultured in AlgTA and ASTA 

hydrogels and induced with TGF-β3-containing chondrogenic medium for 21 days. We explored 

the expression of cartilage-specific markers collagen2, aggrecan and Sox9 in both hydrogels and 

compared to the gene expression of chondrocytes grown on 2D tissue culture plastic. Chondrocytes 

demonstrated a strong upregulation of collagen 2 in both AlgTA and ASTA hydrogels which was 

significantly higher than chondrocytes cultured on 2D (Figure 5(a)). Collagen 2 expression was 

higher in chondrocytes encapsulated in AlgTA hydrogels compared to ASTA. Aggrecan 
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expression was also induced in chondrocytes encapsulated in hydrogels with a significantly higher 

expression compared to 2D culturing. Interestingly, chondrocytes in ASTA hydrogels exhibited a 

significantly higher expression of aggrecan than chondrocytes in AlgTA. Similarly, Sox9 

expression was potently upregulated when chondrocytes were encapsulated in AlgTA and ASTA 

hydrogels compared to 2D. Sox9 expression in ASTA hydrogels was also found to be significantly 

higher than in AlgTA (Figure 5(a)). We investigated the expression of de-differentiation marker 

collagen 1 and catabolic markers ADAMTS5 and MMP13. We have previously shown that 

sulfation in the microenvironment exerted chondroprotective effects on chondrocytes through 

mediation FGF signaling in a heparin-mimetic manner (26). We reported that encapsulation of 

freshly-isolated chondrocytes in ionically-crosslinked alginate sulfate hydrogels led to a 

suppression of collagen 1, ADAMTS5 and MMP13 expression compared to hydrogels of 

unmodified alginate (26). Here, we did not detect a change in the expression of collagen 1 in 

chondrocytes encapsulated in AlgTA and ASTA hydrogels when compared to chondrocytes 

cultured on 2D or to each other (Figure 5(b)). On the other hand, chondrocytes showed a strong 

downregulation of ADAMTS5 in both hydrogels. Expression of MMP13 did not change in 

response to encapsulation in AlgTA hydrogels compared to 2D whereas a significant upregulation 

was observed in ASTA hydrogels compared to both AlgTA and 2D. Such upregulation of MMP13 

contradicts our previous results where sulfated alginate hydrogels inhibited MMP13 in freshly-

isolated chondrocytes via FGF signaling (26). The differences in these results could be affected by 

several factors including the different crosslinking of hydrogels, using of passaged chondrocytes 

and different culturing medium. In this study, we used serum-free chondrogenic medium 

supplemented with TGF-β3 to induce re-differentiation of passaged chondrocytes. TGF-β 

signaling has been shown to be a potent inducer of MMP13 expression mediated by activation of 
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downstream effectors such as Smad3 (41) and p38 mitogen-activated protein kinase (MAPK) (42). 

Therefore, as opposed to chondroprotective effects of FGFs in serum-containing medium, 

induction of TGF-β signaling might have led to induction of MMP13 expression. Sulfated alginate 

has been shown to be a heparin-mimetic and exert high affinity to several heparin-binding growth 

factors including TGF-β family (28, 43). Therefore, such enhancement of TGF-β signaling might 

have accounted for the aforementioned effects on MMP13 expression observed in chondrocytes.  

 

Figure 5: Chondrogenic re-differentiation in alginate tyramine (AlgTA) and alginate sulfate 

tyramine (ASTA) hydrogels. (a) mRNA expression of chondrogenic markers collagen 2, aggrecan 

and Sox9 in chondrocytes encapsulated in AlgTA and ASTA hydrogels crosslinked with 

tyrosinase (1kU/mL) and cultured for 21 days in chondrogenic medium. (b) mRNA expression of 

de-differentiation and catabolic markers collagen 1, ADAMTS5 and MMP13 in chondrocytes. 

Data was normalized to chondrocytes cultured on tissue culture plastic (2D) in growth medium 

and expressed as mean± s.d. for n=3. **: p<0.01, ***: p<0.001, ****: p<0.0001 when compared 

to 2D, #: p<0.05, ##: p<0.01, ###: p<0.001 when compared to AlgTA, N.S.: nonsignificant. 
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We next assessed production of cartilage matrix components collagen 2 and aggrecan in 

chondrocytes encapsulated in AlgTA and ASTA hydrogels. Both AlgTA and ASTA hydrogels 

supported potent deposition of collagen 2 after 21 days (Figure 6(a), Figure S1). This collagen 2 

deposition was dependent on inducing the chondrocytes with chondrogenic media containing 

TGF-β3 as collagen 2 deposition was found to be minimal when chondrocytes were cultured in 

basal medium without any TGF-β3 (Figure S2). In line with gene expression data, chondrocytes 

encapsulated in ASTA hydrogels demonstrated enhanced deposition of aggrecan compared to 

AlgTA. We recently reported that aggrecan deposition of chondrocytes increased in a dose-

responsive manner to the degree of sulfation in the microenvironment whereas collagen 1 

deposition showed a decrease (26). Consistently, we observed less deposition of collagen 1 in 

chondrocytes encapsulated in ASTA hydrogels than AlgTA (Figure 6(a)). We also assessed the 

mechanical properties of hydrogels after culturing with chondrocytes for 21 days. Both hydrogels 

showed an increase when compared to the compressive moduli of the acellular gels indicating the 

effect of in vitro matrix formation. AlgTA hydrogels had a slightly higher compressive modulus 

than ASTA hydrogels; however, there was not a significant difference (Figure 6(b)).  
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Figure 6: Cartilage matrix formation in alginate tyramine (AlgTA) and alginate sulfate tyramine 

(ASTA) hydrogels. (a) Immunohistochemistry images for collagen 2 (green), proteoglycan (green) 

and collagen 1 (red) in chondrocytes encapsulated in AlgTA and ASTA hydrogels crosslinked 

with tyrosinase (1kU/mL) and cultured for 21 days in chondrogenic medium. DAPI was used as a 

counter-stain. Zoomed images on the right of whole gels were magnified 4 times (4x). Scale bar: 

500 µm. (b) Compressive modulus of AlgTA and ASTA hydrogels after 21 days of culturing in 

chondrogenic medium expressed as mean± s.d. for n=3. N.S.: nonsignificant.  

2.4 In vivo stability of AlgTA and ASTA hydrogels and cartilage matrix formation  

AlgTA and ASTA hydrogels were implanted in subcutaneous pockets of nude mice in order to test 

their in vivo stability. We recently reported that ionically-crosslinked alginate sulfate hydrogels 
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were not stable in vivo and dissolved soon after subcutaneous implantation (27). For more clinical 

relevance, we encapsulated human chondrocytes in AlgTA and ASTA hydrogels and cultured 

them in chondrogenic medium for 21 days. Then, the hydrogels were implanted subcutaneously 

into nude mice, kept for 4 weeks and removed for histological analysis and immunostainings. Both 

ASTA and AlgTA hydrogels were fully intact after removal from the mice. Hematoxylin & Eosin 

(H&E) staining performed on the hydrogels revealed that both hydrogels were surrounded by a 

thin fibrous capsule in the mice (Figure 7). Such formation of fibrous tissue has been frequently 

observed upon implantation of various biomaterials (44). Macroscopic signs of material toxicity 

in the mice such as necrosis of nearby tissue, edema or hyperemia was not observed. Furthermore, 

alcian blue and collagen 2 staining demonstrated deposition of cartilage-specific matrix by the 

human chondrocytes in the gels in vivo (Figure 7, Figure S2). Compared to in vitro control cultures 

in chondrogenic medium, human chondrocytes in the implanted hydrogels showed enhanced 

formation of collagen 2 matrix (Figure S3). Therefore, tyrosinase-mediated covalent crosslinking 

showed a promising method for achieving in vivo stability of alginate and alginate sulfate 

hydrogels while promoting cartilage matrix production in human chondrocytes.  
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Figure 7: In vivo stability of alginate tyramine (AlgTA) and alginate sulfate tyramine (ASTA) 

hydrogels and cartilage matrix deposition by encapsulated human chondrocytes. Hematoxylin and 

eosin (H&E), alcian blue and collagen 2 staining of AlgTA and ASTA hydrogels crosslinked with 

tyrosinase (1kU/mL), cultured in vitro for 21 days  followed by subcutaneous implantation in nude 

mice for 4 weeks. Scale bar: 500 µm.  

3. CONCLUSIONS 

Here, we show that double-modification of alginate with sulfate and tyramine groups enable in 

situ enzymatic crosslinking with tyrosinase. ASTA hydrogels provide a biomimetic and 

biocompatible microenvironment that support growth and re-differentiation of encapsulated 

bovine and human chondrocytes. Moreover, ASTA hydrogels exhibit strong adhesion to cartilage 

tissue through tyrosinase-mediated conjugation to tyrosine residues in the ECM collagens. 

Covalent crosslinking with tyrosinase also confer in vivo stability to alginate sulfate hydrogels 

upon subcutaneous implantation in mice and support deposition of cartilage matrix components. 
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Thus, ASTA hydrogels offer an injectable, biomimetic, adhesive and stable system and 

demonstrate a promising potential for use in cartilage regeneration.  

4. MATERIALS AND METHODS 

Sulfation of alginates: Sulfation was performed as previously reported (28). Alginate (Pronova UP 

MVG, Novamatrix) (1 g) was suspended in 40 mL formamide (Sigma) and chlorosulfonic acid 

(HClSO3) (99%, Sigma) was added to a final concentration of 2% v/v in a dropwise manner on the 

alginate. Sulfation reaction was carried out at 60 ˚C with stirring for 2.5 hours. Then, cold acetone 

was added onto the reaction mixture and the sulfated alginate was precipitated with centrifugation 

at 5000 rpm for 7 minutes. The precipitate was dissolved in deionized water and pH was 

continuously adjusted to neutral with 5 M NaOH as the sulfated alginate dissolved. The polymer 

was then dialyzed (12’000 Da MWCO) against 75 mM NaCl and 50 mM NaCl for 1 day each and 

then deionized water for 2 days followed by freeze-drying.  

Characterization of sulfated alginates: Elemental analysis was performed with high-resolution 

inductively coupled mass spectrometry (HR-ICP-MS) on alginate dissolved in 0.1 M HNO3 in 

order to determine the sulfur content. Degree of sulfation (DS) (number of sulfate groups per 

alginate monomer) was estimated from the following formula assuming one sodium counterion 

for each negatively charged group and one water molecule per monosaccharide: Monosaccharide 

mass= C6O6H5 + (DS+1)Na+ + (DS) SO3
- + H2O. Size exclusion chromatography with a multiangle 

laser light (SEC-MALLS) detection system was used to determine the molecular weight of alginate 

and alginate sulfate samples. A refractive index (dn/dc) of 0.15 was used for all the polymers.  

Tyramine modification of alginates: Tyramine modification was performed similarly to the 

previously described method for the amidation of carboxyl groups to amines via the coupling agent 

4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholiniumchloride (DMTMM) (29). 500 mg 
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alginate or alginate sulfate was dissolved in ultrapure water to a concentration of 1% w/v. 

Tyramine hydrochloride (T2879, Sigma) and DMTMM (74104, Sigma) were added dropwise to 

the solution in molar equity to the carboxyl groups in alginate samples with stirring. The reaction 

was carried out for 72h at 37 ˚C and pH was adjusted to 6.5 at the end. The solution was dialyzed 

against 50 mM NaCl and then ultrapure water for 2 days each and freeze-dried. Then, a second 

round of tyramine modification was performed as previously reported to increase degree of 

modification (45). Similarly, the modified polymers were dissolved in water (1% w/v). Tyramine 

hydrochloride and DMTMM were added in molar equity to the carboxyl groups in the samples 

and the reaction was carried out for 24h at 37 ˚C. After the second round of modification, the 

samples were dialyzed again, freeze-dried and stored at 4 ˚C until use. 

Characterization of tyramine-modified alginates: Tyramination of alginate and alginate sulfate 

(dissolved in deuterium oxide at a concentration of 1% w/v) was characterized with 1H NMR 

spectroscopy for the appearance of aromatic peaks at 6.85 and 7.2 ppm. Molar degree of 

substitution (DSmol, %, molar ratio of conjugated tyramine residues to the total number of 

carboxyl groups in alginate) was assessed with UV-vis spectroscopy. A calibration curve was 

obtained by measuring the absorbance of solutions of tyramine hydrochloride at increasing 

concentrations in ultrapure water (0.1 mg/ml- 2 mg/ml) at 275 nm with a plate reader (Synergy H1 

Hybrid, Biotek)(30). Then, the absorbance of alginate tyramine (AlgTA) and alginate sulfate 

tyramine (ASTA) samples (1% w/v in ultrapure water) at 275 nm was measured and molar degree 

of substitution (DSmol) was calculated from the calibration curve.  

Preparation of hydrogels for mechanical characterization and swelling: For hydrogel formation, 

polymer solutions of AlgTA and ASTA in PBS were mixed with tyrosinase (Sigma, 20kU/mL) 

and 25 μl was pipetted into a polydimethylsiloxane (PDMS) mold with an inner diameter of 4 mm 
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and an outer diameter of 6 mm. A final polymer concentration of 1% w/v was used for AlgTA and 

2% w/v was used for ASTA hydrogels to match the compressive moduli of the two hydrogels. The 

samples were incubated for 10 minutes in a humidified chamber at 37 ˚C for gelation. 

Compression testing of hydrogels: Compressive modulus (E) of the hydrogels was determined 

with a texture analyzer (Stable Micro Sytems) with a 10 mm measuring head and 500 g load cell. 

Compression of the samples was performed to a 10% strain at a rate of 0.01 mm/s and the 

compressive modulus was calculated as the slope of the stress-strain curve in the linear viscoelastic 

range and expressed as mean ± s.d. for n=3.  

Swelling of hydrogels: Hydrogels were prepared and weighed for the initial weight (Mi) and 

incubated in PBS for 48h to reach equilibrium swelling. PBS was completely removed from the 

gels and the gels were weighed again after swelling (MS). Then the gels were freeze-dried and their 

dry weights (MD) were obtained. Swelling ratio was expressed as percent change in dry mass (%) 

(MS-MD/MD) and as mean ± s.d. for n=5.  

Push-out test: Bovine articular cartilage pieces with 1-2 mm thickness were removed with a 

scalpel. Cartilage rings with an outer diameter of 8 mm and an inner diameter of 4 mm were 

punched out from the cartilage and washed in PBS. Then, the inner parts of the rings were digested 

with 1 U/mL chondroitinase ABC (Sigma) for 15 minutes at 37 ˚C and washed several times with 

PBS. Enzymatically crosslinked hydrogels were directly casted in the cartilage rings by mixing 

the ASTA and AlgTA polymer solutions and tyrosinase (final concentration of 1 kU/ml) and 

incubated for 30 minutes. For calcium-crosslinked hydrogels, polymer solutions were pipetted in 

the cartilage ring, which was covered with 100 mM CaCl2 solution and allowed to gel for 30 

minutes. Push-out tests were performed using a 3 mm cylindrical plate to push the sample at a 
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speed of 0.5 mm/s. Bond strength was expressed as the maximum force measured divided by the 

integration area in the inner part of the gel and as mean ± s.d. for n=3.  

Bovine chondrocyte isolation: Articular cartilage was removed from the condyles of cow (1-2 

years old) knees with a sterile blade, minced into small pieces and washed with DMEM (Glutamax, 

high glucose, 4.5 g/L glucose) (Life Technologies) supplemented with 1% penicillin-streptomycin 

(P/S) (Gibco). Cartilage pieces were digested with 0.1% collagenase (Sigma) in DMEM 

supplemented with 5% fetal bovine serum (FBS) (Life Technologies) for 5h at 37 ˚C with gentle 

agitation. Digested cartilage was sieved with a 100 µm and then a 40 µm cell strainer and 

centrifuged at 500 g for 10 min. The chondrocyte pellet was then washed twice with growth 

medium (DMEM containing 10%  FBS and 50 µg/mL L-Ascorbic acid -2-phosphate (Sigma)). 

Isolated chondrocytes were seeded at a density of 3000 cells/cm2 and passaged at 80-90% 

confluency until passage 1 before encapsulation in hydrogels.  

Human chondrocyte isolation: Non-arthritic articular cartilage samples were obtained from 

surgical knee operations (ethics approval number KEK-ZH 2013-0097). The cartilage samples 

were minced with a sterile blade into 1-3 mm3 pieces and washed with DMEM (high glucose) 

supplemented with 10 µg/mL gentamycin. The cartilage pieces were digested with 0.1% 

collagenase (Sigma) in DMEM supplemented with 10% fetal bovine serum (FBS) (Invitrogen) 

overnight at 30 ˚C with gentle shaking and sieved through a 100 µm and then a 40 µm cell strainer. 

The chondrocytes were centrifuged at 500 g for 10 min and washed twice with growth medium. 

The chondrocytes were seeded at a density of 3000 cells/cm2 and expanded to passage 2 before 

encapsulation into hydrogels. 
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Encapsulation of chondrocytes in hydrogels and culturing: AlgTA and ASTA were dissolved in 

phenol-free DMEM (high glucose) and sterile filtered (0.2 µm pore size). The polymer solutions 

(final concentration of 2% w/v for ASTA and 1% w/v for AlgTA) then were mixed with the 

chondrocyte suspension (final cell density of 107 cells/mL) and tyrosinase (final concentration of 

1 kU/mL). 25 µl were pipetted on PDMS molds and incubated for 30 minutes in a humidified 

chamber at 37 ˚C for gelation. Chondrocytes encapsulated in hydrogels were cultured in 

chondrogenic medium containing phenol-free DMEM (high glucose) supplemented with 10 

ng/mL transforming growth factor β3 (TGF-β3, Peprotech), 100 nM dexamethasone, 50 μg/mL L-

ascorbate-2-phosphate, 40 μg/mL L-proline, 1% P/S, and 1% ITS+ Premix (Corning). The 

hydrogels were cultured at 5% CO2 and 37 ˚C for 3 weeks and medium was changed 3 times a 

week.  

Assessment of chondrocyte viability: Cell viability was assessed with calcein AM and propidium 

iodide (PI) staining. The hydrogels were incubated in culture medium with 2 μM calcein AM 30 

μg/mL PI for 1 hour at 37 ˚C followed by washing with growth medium twice for 15 minutes and 

imaging with fluorescence microscopy (Zeiss Axio Observer). For the quantification of viability, 

200 µm z-stacks from the gels were projected with maximum intensity followed by determination 

of the number of live and dead cells with ImageJ.  

Real-time PCR: Hydrogels were collected after 3 weeks of culturing and frozen in liquid nitrogen. 

The hydrogels were then homogenized with an electrical tissue pestle in Trizol® (Life 

Technologies) and centrifuged at 12’000 g for 10 min at 4 ˚C. The supernatant was removed and 

phase-separated with chloroform. The aqueous phase was taken carefully after centrifugation at 

12’000 g for 15 min at 4 ˚C. RNA isolation was then performed using the NucleoSpin miRNA kit 

(Macherey-Nagel AG) according to the manufacturer’s instructions. For the 2D samples, cell lysis 
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buffer (Macherey-Nagel AG) was directly pipetted on the cells and the lysate was removed with a 

scraper. RNA isolation was similarly performed with the NucleoSpin miRNA kit. RNA 

concentration of the samples was quantified with a plate reader (Tek3 plate, Synergy, BioTek, 

Inc.). RNA was reverse transcribed using SuperScript III reverse transcriptase (Life Technologies) 

and cDNA was amplified by quantitative real-time PCR (StepOnePlus, Applied Biosystems). 

Ribosomal protein L13 (RPL13a) was used as an internal reference gene and fold change was 

quantified with the ΔΔCt method. The following primers for bovine (Microsynth AG) were used 

in this study: RPL13a (forward (F) 5’- GCCAAGATCCACTATCGGAAA-3’; reverse (R) 5’- 

AGGACCTCTGTGAATTTGCC-3’), COL2A1 (Col2) (F, 5’-GGCCAGCGTCCCCAAGAA-3’; 

R, 5’-AGCAGGCGCAGGAAGGTCAT-3’), ACAN (aggrecan) (F, 5’-

GGGAGGAGACGACTGCAATC-3’; R, 5’-CCCATTCCGTCTTGTTTTCTG-3’), COL1A2 

(Col1) (F, 5’-CGAGGGCAACAGCAGATTCACTTA-3’; R, 5’-

GCAGGCGAGATGGCTTGTTTG-3’), SOX9 (F, 5’-ACGCGGCCC CAGGAGAAC-3’; R, 5’-

CGGATGCACACGGGGAACTT-3’), MMP13 (F, 5’-AAACATCCCAAAACGCCAGACAA-

3’; R, 5’-AGGATGCAGCCG CCAGAAGA-3’), ADAMTS5 (F, 5’-

GATGGTCACGGTAACTGTTTGCT-3’; R, 5’-GCCGGGACACACCGAGTAC-3’).  

Immunohistochemisty: Hydrogels were fixed with 4% formaldehyde (Sigma) with 0.1% Triton-X 

(Sigma) in PBS for 1h at 4 ˚C and washed again with PBS. Hydrogels were embedded in optimum 

cutting temperature compound (OCT, VWR) overnight, snap-frozen and cut into 5 µm sections 

with a cryotome (CryoStar NX70, ThermoScientific). The sections were washed with PBS to 

remove the OCT. For collagen 2 staining, epitope retrieval was performed by incubating the 

sections in 2 mg/mL hyaluronidase (Sigma) in PBS for 30 min at 37 ˚C. For the proteoglycan 

staining, the sections were incubated with 10 mM dithiothreitol (DTT) (Sigma) in 50 mM Tris-
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HCl and 200 mM NaCl (pH 7.4) for 2h at 37 ˚C and then alkylated with 40 mM iodoacetamide in 

PBS for 1h at 37 ˚C. Then, the sections were digested with chondroitinase ABC (0.2 U/mL) 

(Sigma) for 20 min at 37 ˚C. The sections were then blocked with 5% BSA for 1h at RT followed 

by incubation with primary antibody in 1% BSA overnight at 4 ˚C. After primary antibody 

incubation, the sections were washed three times in PBS, incubated with the secondary antibody 

in 1% BSA (IgG goat antimouse AlexaFluor 594, Invitrogen) for 1h at RT, washed again and 

incubated with phalloidin-rhodamine and DAPI in PBS for 15 min at RT. Then, the sections were 

covered with a coverslip with aqueous mounting media (Vector Laboratories) and imaged with 

fluorescence microscopy. The primary antibodies used were anti-collagen 2 (Rockland, 600-401-

104-0.5), anti-proteoglycan hyaluronic acid-binding region (12/21/1-C-6, DSHB), anti-collagen 1 

(Abcam, ab6308).   

Subcutaneous implantation of hydrogels: AlgTA (1% w/v) and ASTA (2% w/v) hydrogels were 

prepared with 1kU/mL tyrosinase with human chondrocytes at a density of 107 cells/mL. The 

hydrogels were pre-cultured in chondrogenic medium for 3 weeks and implanted in the 

subcutaneous pocket of NU/NU nude mice (2-3 month-old female mice, Charles River). Animal 

experimentation was performed in accordance with the ethical guidelines (Licence number: 

ZH189/2014). The mice were initially anesthetized with 4.5% isofluorane and during the surgery 

2% isoflurane was applied via a nose mask. Two incisions were made in each mouse, the hydrogels 

were placed subcutaneously and closed with surgical staples. After 4 weeks, the animals were 

euthanized via CO2 asphyxiation and the hydrogels were removed.  

Histological stainings: Hydrogels were fixed with 4% formaldehyde (Sigma) with 0.1% Triton-X 

(Sigma) in PBS for 1h at 4 ˚C and washed again with PBS. Hydrogels were embedded in OCT 

overnight, snap-frozen and cut into 5 µm sections with a cryotome (CryoStar NX70, 
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ThermoScientific). The sections were washed with PBS to remove the OCT. For the Hematoxylin 

& eosin (H&E) staining, the sections were incubated with Harris Hematoxylin solution (Thermo 

Scientific) for 2 min, washed with H2O for 5 min, incubated in clarifier reagent (Thermo Scientific) 

for 2 min and washed with H2O for 1 min. The sections were then exposed to bluing agent (Thermo 

scientific), washed with H2O for 5 min, rinsed in 95% alcohol and counterstained briefly in 0.25% 

(v/v) eosin Y (Sigma) solution in 70% ethanol. After washing extensively with H2O, the sections 

were dehydrated with 95% and 100% ethanol respectively and were mounted with hardening 

medium. For the alcian blue staining, the sections were washed with double-distilled H2O (ddH2O)  

and incubated with 3% acetic acid (Sigma) for 10 min. Then, the samples were incubated with 

alcian blue solution (Sigma, 1% in 3% acetic acid) for 20 min, washed with ddH2O and mounted 

with hardening medium. Mounted samples were imaged with an automated slide scanner 

(Panoramic 250 Flash II, 3Dhistech).  

Colorimetric collagen 2 immunostaining: Epitope retrieval was performed by incubating the 

sections in 2 mg/mL hyaluronidase (Sigma) in TBS with 1% BSA for 30 min at 37 ̊ C. The sections 

were washed twice in TBS with 0.025% Triton X-100 for 5 min. The sections were then blocked 

with 5% BSA for 1h at RT followed by incubation with primary antibody (anti collagen 2, 

Rockland, 600-401-104-0.5) in TBS with 1% BSA overnight at 4 ˚C. Next, the sections were 

rinced twice in TBS with 0.025% Triton-X for 5 min and the endogenous peroxidase activity was 

blocked by treating the samples with 0.3% H2O2 for 30 min at RT. After washing three times in 

TBS for 5 min, the sections were incubated with the secondary antibody (goat anti-rabbit IgG-

HRP, Abcam ab6721) in TBS with 1% BSA for 1 hour at RT. The samples were rinsed with TBS 

three times for 5 min. Then, the colorimetric reaction was performed using the DAB Substrate kit 

(ab64238) and the DAB enhancer (Abcam, ab64238) according to the manufacturer’s instructions. 
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The sections were rinsed with H2O for 5 minutes, dehydrated in sequential ethanol bathes (50%, 

70%, 95% and 100%) for 5min and incubated with xylene twice for 3 min. The slides were then 

mounted with hardening medium and imaged with an automated slide scanner (Panoramic 250 

Flash II, 3Dhistech). 

Statistical analysis: Quantitative data was expressed as mean ± standard deviation (s.d.). Statistical 

analyses were carried out with OriginPro 9.1 by analysis of variance (ANOVA) with Tukey’s and 

Bonferonni’s post-hoc tests for multiple comparisons and p values less than 0.05 were considered 

as statistically significant.  
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