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The development of the tissue adhesive biomaterials has been an 

emerging field of translational medicine as it has the robust potential to 

widely utilized in cell delivering carrier, tissue sealing, wound healing, 

and tissue hemostasis. To date, the most widely used tissue adhesives in 
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the clinical field are organized based on their materials and chemistry. 

Although there are many commercially available medical sealants and 

adhesives, many limitations have been reported such as inducing 

immune reaction and low adhesive strength specifically under wet 

conditions. To this end, a widespread need for the development of the 

ideal tissue adhesive has led to study a variety of materials and chemistry. 

Among the various strategies, tyrosine-containing biopolymers have 

attracted much attention as it exhibited the robust potential in the aspects 

of the water-resistant adhesive strength in a wet environment and great 

chemical bonds with tissue components. Along with tyrosine-containing 

biopolymers, tyrosinase-mediated crosslinking is an emerging method 

for the formation of the covalent hydrogel due to the substrate specificity, 

rapid gelation time, reaction under mild conditions. However, regardless 

of the advantages of the tyrosinase-mediated crosslinking, the wide-

spread study of how the properties of materials are affected by tyrosinase 

reactions of tyrosine moieties and in vivo applications has not been 

demonstrated.  

In this thesis, we have discussed tyrosinase-mediated biopolymer 

crosslinking in three different objectives ⅰ) development and 
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optimization of tyrosinase mediated hydrogel systems for tissue 

engineering (in chapter 3), ⅱ) development of recombinant tyrosinase 

from Streptomyces avermitilis (SA_Ty) to enhance enzyme activity and 

its application in injectable and sprayable approaches (in chapter 4), ⅲ) 

development of fast forming and tissue adhesive hydrogels with 

polyphenols that can modulate immune response and analysis of 

hydrogel functions compared to commercial products (in chapter 5). The 

comprehensive studies about recombinant tyrosinase mediated 

biopolymer crosslinking will give the inspiration to develop a novel 

biomaterial-based tissue adhesive hydrogel for a variety of purposes in 

tissue adhesive and biomacromolecule delivery.  

In the chapter one and two of this dissertation, we address the 

general introduction of the thesis and scientific backgrounds.  

In the chapter three of the thesis, we developed the mushroom 

type tyrosinase based injectable and adhesive hydrogel and represented 

an application in the aspects of cell delivering carrier for tissue 

engineering. Here we utilized enzyme-based approaches to fabricate 

tissue adhesive hydrogels for tissue engineering.   Tyramine conjugated 
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hyaluronic acid (HA_t) and gelatin are susceptible to tyrosinase (Ty)-

mediated crosslinking in vitro and in vivo.  Importantly, mechanical 

properties and degradation kinetics are modulated by the tyramine 

substitution and Ty concentrations.  Also, Ty -mediated crosslinking 

displayed tissue-adhesive properties.  Furthermore, fibrochondrocyte-

laden and Ty-crosslinked hydrogels demonstrated robust 

biocompatibility and resulted in enhancement of cartilage-specific gene 

expression and matrix synthesis. Overall, this represents a potential 

application of enzyme-mediated crosslinking hydrogels for meniscus 

tissue engineering. 

In the chapter four of the thesis, we reported on a tissue adhesive 

hydrogel based on novel recombinant tyrosinase mediated crosslinking.  

The adhesive hydrogels were fabricated by the site-directed coupling of 

tyramine-conjugated hyaluronic acid (HA_t, 1% w/v) and gelatin (3% 

w/v) (HG_gel) with novel tyrosinase derived from Streptomyces 

avermitilis (SA_Ty).  The enzyme-based crosslinking by SA_Ty was 

fast, with less than 50 seconds for complete gelation, and the SA_Ty 

based crosslinking enhanced the physical properties and adhesive 

strength of the hydrogel significantly with the native tissue samples.  
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Furthermore, by optimizing the injection conditions, we tailored the 

enzyme-based crosslinking hydrogels to be injectable and sprayable with 

a medical syringe and commercial airbrush nozzle, respectively.  An in 

vivo analysis of the adhesive hydrogel showed a negligible immune 

reaction. In this study, demonstrate that the novel enzyme-based 

crosslinking hydrogel has a robust potential in tissue engineering and 

regenerative medicine.  

In the chapter five of the thesis, we reported a tissue adhesive 

and immune modulation hydrogel inspired by the mussel chemistry and 

polyphenol. We conjugated tyramine (HA_T) and EGCG (HA_E) into 

hyaluronic acid (HA), and the hydrogel (HA_TE) was fabricated by an 

oxidative reaction using tyrosinase from Streptomyces avermitillis 

(SA_Ty). With robust oxidative nature of EGCG, the HA_TE hydrogel 

can be fast formed in a few seconds. We compared HA_TE hydrogel 

with commercial products (cyanoacrylate and fibrin glue) in the aspects 

of tissue adhesive and sealants. In the lap shear and burst pressure test, 

HA_TE exhibited the highest tissue adhesiveness regardless of wetness 

compared to commercial products. When HA_TE was applied as tissue 

adhesive into mouse wound closure, and it successfully closed wound 
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and recovered damaged tissue. Additionally, due to EGCG naturally 

possesses anti-inflammation and minimize host recognition, HA_TE 

hydrogel produced little inflammatory cytokines in vivo that are 

comparable to PBS group. This demonstrates that polyphenol based 

hydrogel might provide a robust platform in the field of both material 

science and translational medicine.  

Nature-inspired biomaterials and chemistry in this thesis will be 

useful to understand the critical cues for ideal tissue adhesive 

biomaterials in the aspects of tissue engineering and translational 

medicine. We believe that this study will directly contribute to develop 

more enzyme-mediated tissue adhesive biomaterials and provide 

inspiration to the other various research fields. 
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CHAPTER ONE: 

INTRODUCTION 

 
1.1 Overview 

The field of tissue adhesive hydrogel in surgical usage has been rapidly 

growing in last decades. Although there are a few commercial products, 

many challenges remain to develop ideal tissue adhesive. One of the 

difficulties is to maintain high adhesion strength under wet conditions. 

Additionally, integration of materials with surrounding host tissues for 

retaining biofunctionality and long-term success has not achieved yet. 

To this end, in this thesis, the overall goal is to develop hydrogel-based 

tissue adhesive that combines with nature-inspired chemistry and 

recombinant enzyme to optimize tissue sealing and regeneration for 

translational medicine.  
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1.2 Objective of the thesis 

The final of this thesis is to establish efficient approaches to developing 

tissue adhesive to achieve strong tissue adhesiveness under wet 

conditions and interact with surrounding host tissues for retaining 

biofunctionality and long-term success. Within this objective, nature-

derived biomaterials and tyrosinase from various sources are extensively 

utilized to achieve optimum conditions for tissue adhesiveness. 

Furthermore, the established adhesives are applied in the various animal 

model to approve functionality for translational medicine.  

First, to mimic nature inspired chemistry, tyrosine moieties are 

conjugated to biopolymers. For crosslinking phenolic moieties, Agaricus 

bisporus derived tyrosinase (AB_Ty) is utilized to induce enzymatic 

quinone generation, following coupling with amine, thiol, imidazole, and 

other quinone moieties to form an adhesive hydrogel. The evaluation of 

mechanical properties can demonstrate how the tissue adhesiveness and 

elastic modulus can be modulated by the dose-dependent manner of 

tyrosinase and its substrate, phenolic moieties. Furthermore, the 

chondrocytes are encapsulated in the optimum hydrogel to investigate 
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how the property of microenvironment of the hydrogel can influence 

cellular functions. 

Seconds, from the results of the first study, it was demonstrated that 

AB_Ty based hydrogel crosslinking was not efficient due to the slow 

enzymatic reaction time coupled with the need for larger unit-volume for 

efficient crosslinking. In this regards, to establish optimum tyrosinase 

that is appropriate for crosslinking phenolic moieties in biopolymers, 

tyrosinases from various sources are studies in the aspects of the 

structure and activity analysis. The generally known tyrosinase from 

Agaricus bisporus (AB_Ty) and Bacillus megaterium (BM_Ty), and 

newly developed tyrosinase from Streptomyces avermitilis (SA_Ty) are 

compared, and SA_Ty exhibits the most appropriate functions 

crosslinking phenolic moieties in biopolymers. With SA_Ty, 

biopolymers with phenolic moieties provide superior fast forming, tissue 

adhesiveness, and mechanical properties. Along with SA_Ty, various 

delivering tools such as injection and spraying are introduced to exhibit 

potential in translational medicine. 

Finally, biofunctional polyphenol, epigallocatechin gallate (EGCG) is 
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introduced to endow multifunction such as immune modulation and 

ultra-fast forming to the hydrogel. While most of the current strategies 

are focused on increasing adhesiveness, it is essential to develop 

multifunction hydrogel for long-term success. EGCG unit is conjugated 

to biopolymers, and the EGCG conjugates are crosslinking with SA_Ty. 

The functions of EGCG based hydrogel is widely evaluated through 

tissue adhesiveness, burst pressure, liver hemorrhage model, and 

immunogenic response compared to commercial products 

(cyanoacrylate glue and fibrin glue). This demonstrates how the 

polyphenol based hydrogel with SA_Ty can modulate tissue 

adhesiveness and immune response in an animal model and demonstrate 

ideal conditions of adhesive.  

1.3 Organization of the thesis 

 This thesis consists of six chapters; chapter one is introductions of the 

thesis, chapter two is scientific background and research progress, and 

chapter three to five are introducing each approach for optimal tissue 

adhesive, and chapter six is concluding remarks.  

In Chapter one, the overall organization of the thesis is introduced.  
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In Chapter two, scientific background of hydrogel-based tissue adhesive 

is introduced. The materials and chemistry that are the prominent 

strategies for the development of multifunction hydrogel are introduced 

to suggest rational of this thesis. 

In Chapter three, the fabrication of AB_Ty based injectable hydrogel is 

introduced to demonstrate an efficient and straightforward method of 

tyrosinase based tissue adhesive. The evaluation of mechanical 

properties can demonstrate how the tissue adhesiveness and elastic 

modulus can be modulated by the dose-dependent manner of tyrosinase 

and its substrate, phenolic moieties.  

In Chapter four, the synthesis and application of novel recombinant 

tyrosinase from Streptomyces avermitilis (SA_Ty) with superior 

reactivity compared to the existing tyrosinase as an active crosslinking 

agent is described. To extend the potential of SA_Ty based adhesive, 

various delivering tools such as injection and spraying are introduced. 

In Chapter Five, one of the polyphenol, EGCG, is introduced to enhance 

tissue adhesiveness under wet conditions and produce immune 

modulation. To evaluate the potential of EGCG conjugated biopolymers 
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with SA_Ty as a tissue adhesive, the comparison tests between EGCG 

conjugated biopolymers, and commercial products (cyanoacrylate glue 

and fibrin glue) are evaluated in the aspects of tissue adhesiveness, burst 

pressure, liver hemorrhage model, and immune modulation. These will 

demonstrate the possibility of EGCG conjugated biopolymers for 

clinical trial and translational medicine.  

Finally, Chapter six illustrates further suggested research ideas from this 

thesis and summarizes with concluding remarks of the thesis.  
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CHAPTER TWO: 

THE SCIENTIFIC 

BACKGROUND AND RESEARCH 

PROGRESS 

 

2.1 Nature-inspired chemistry for 

tissue adhesive 

From the last decades, many researchers have extensively developed the 

hydrogel-based tissue adhesives [1-6].  Hydrogels are composed of three-

dimensional (3D) porous structures in water as it has abundant of 

hydrophilic moieties (e.g., amine, carboxyl, ether, hydroxyl groups) [7-9]. 

Hydrogels are biocompatible, biodegradable, high water content, and 

ease of tuning physiochemical properties [5,9-15]. The conventional 
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concept of hydrogel was to be a carrier for biological cues in vivo such 

as growth factors, cells, and extracellular matrix [8,16,17] (Fig. 2.1). 

However, these materials can be tailored to have multifunctional 

properties. As these have repeated function groups in structure, small 

molecules that have a potential to be an adhesive can be incorporated 

into the hydrogel.  

Recently, a new class of adhesives has been widely researched 

inspired by the marine creatures, such as mussel or ascidian [18-21]. In the 

marine environments, the mussel and ascidian are stick to sea rocks 

tightly through foot protein [22,23]. The foot protein secreted by mussel 

exhibits stable adhesion properties under typical marine environments 

(Fig. 2.2). The mussel foot protein (Mfp) can be classified into six classes, 

and among the Mfps, Mfp-3 is located near the interface of Mfp and 

substrates [24]. The adhesiveness is mainly dependent on Mfp-3 contents. 

In Mfp-3, there are abundant of catechol groups called 3,4-

dihydroxyphenylalanine (DOPA) that is a product of post-translational 

modification of tyrosine [25-27]. In previous studies, it demonstrated that 

DOPA is essential for obtaining the remarkable underwater adhesion 

through a variety of interactions, including hydrogen bond, metal-
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catechol coordination, π- π interactions, cation- π interaction, and 

electrostatic interactions [28-30]. These interactions might be promising 

approaches for tissue adhesive as the underwater adhesion is consistent 

regardless of the wetness and a net surface charge. Additionally, the 

DOPA is prone to oxidize chemically or enzymatically further to form a 

reactive quinone group under physiological conditions. The reactive 

quinones promptly form covalent bonds with amines, thiols, or other 

phenolic moieties through oxidative phenol coupling, Michael addition, 

and the Maillard reaction [31-34] (Fig. 2.3). This process is considered as 

the mechanism of Mfp solidification. Nature inspired, promising 

chemistry offers excellent inspirations for development of new class of 

tissue adhesive.  
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Figure 2.1 Hydrogels and their significance in their various fields of 

applications 
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Figure 2.2 Overview of mussel-inspired adhesive. (A) Photograph of a 

mussel attached to commercial PTFE. (B and C) Schematic illustrations 

of the interfacial location of Mefp-5 and a simplified molecular 

representation of characteristic amine and catechol groups. (D) The 

amino acid sequence of Mefp-5. (E) Dopamine contains both amine and 
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catechol functional groups found in Mefp-5 and was used as a molecular 

building block for polymer coatings. (F) A schematic illustration of thin 

film deposition of polydopamine by dip-coating an object in an alkaline 

dopamine solution. (G) Thickness evolution of polydopamine coating on 

Si as measured by AFM of patterned surfaces. (H) XPS characterization 

of 25 different polydopamine-coated surfaces.  
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Figure 2.3 Overview of the different adhesive and cohesive interactions 

as found in or hypothesized for wet adhesion by sandcastle worms and 

mussels. 
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The early trial of mimicking Mfp is to extract Mfp directly from 

mussel [35]. Although this helps the understanding of mechanism related 

to the formation of Mfp, the extracting yield is too low to research 

efficiently. To this end, the new approaches that the DOPA group 

directly conjugated to biopolymers have become popular to develop the 

unique bio-adhesive [33,36-39]. The DOPA group is widely applied from 

synthetic polymers to naturally derived polymers, and the DOPA 

derivatives are characterized successfully in the aspects of mechanical 

properties, tissue adhesive, burst pressure, and hemostats in vitro and in 

vivo. From the previous studies, a biopolymer with DOPA is 

biocompatible and has strong adhesiveness under wet conditions. 

Additionally, the chemistries based on catechol and catechol quinones 

are not cytotoxic or inflammatory either in vitro and in vivo [33,36-39]. It 

demonstrates that the DOPA based adhesive and hydrogel crosslinking 

provide a promising candidate for tissue adhesive and various 

biomedical applications. 
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Figure 2.4. Examples of catechol-conjugated hydrogels. (A) Hyaluronic 

acid, (B) Chitosan, and (C) Alginate.  
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2.2 Tyrosinase-mediated 

oxidative reaction for phenolic 

crosslinking 

Recently, tissue adhesive hydrogels have been developed for biomedical 

applications due to their ease of use and minimal invasiveness [37,40,41].  

The criteria to ensure strong adhesion on the biological tissue surfaces is 

to create maximum covalent bonds or non-covalent bond interactions in 

a wet environment [42,43].  However, the surface of biological tissue has a 

net negative charge in physiological conditions, and hydrogels based on 

extracellular matrix material, such as hyaluronic acids, has a net negative 

charge that would elicit repulsive interactions between the tissue surface 

and ECM hydrogel [44].  In recent years, biomimetic strategies based on 

mussel-inspired chemistry has been employed on tissue-adhesive 

hydrogels [18-21].  The mussel-inspired crosslinking system has been 

shown to display tissue adhesive properties regardless of a net surface 

charge.  This occurs via oxidation of dopamine or L-DOPA conjugated 
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macromolecules to adhesive quinonic groups [19].  The crosslinking 

reactions of based on oxidation phenolic groups can be facilitated by a 

variety of strategies, including chemical oxidation via sodium periodate 

(NaIO4) [45] or enzymatic activation via horseradish peroxidase (HRP) 

[46].  However, these approaches have limitations for practical 

applications due to the cytotoxicity and pH dependency of chemical 

reagents, as well as the fact that only phenol coupling is available for 

crosslinking. 
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Figure 2.5. Structure features of tyrosinase. (A) Overall tertiary structure 

of the copper-bound tyrosinase. (B) Detailed representation of the 

coordination sphere of the binuclear copper center and position of the 

tyrosine substrate.  
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In recent trends, the enzyme-mediated phenolic crosslinking, 

especially tyrosinase, has been received attention considerably due to the 

mildness of reaction [47-50] (Fig. 2.5). Tyrosinase that is family of 

phenoloxidase and monophenol monooxygenase is a copper-containing 

enzyme that mediates the oxidation of phenolic moieties such as tyrosine 

and catechol [51]. In the eukaryotic system, activated tyrosinase is 

involved in protein crosslinking as it allows hydroxylation of 

monophenol compounds to o-diphenols [52] (Fig. 2.6).  Furthermore, 

tyrosinase can also oxidize o-diphenols to reactive o-quinones in a wet 

environment that subsequently can couple with amine, thiol, imidazole 

and other quinone groups (Fig. 2.7). Tyrosinase mediated reactions have 

several advantages; ⅰ) naturally derived enzymes that are common to 

occur in the human body, ⅱ) reactions under physiological conditions 

such as neutral pH, aqueous environments, and moderate temperatures, 

ⅲ) prevent unwanted reactions due to substrate specificity. In previous 

studies, tyrosinase from Agaricus bisporus was introduced to crosslink 

biopolymers with phenolic moieties [5,47-49]. It was demonstrated that 

tyrosinase could induce fast gelation and increase mechanical properties 

of the hydrogel in a dose-dependent manner, and the tyrosinase-mediated 
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hydrogel is suitable for glue and wound dressing. This approach showed 

robust potential for tissue adhesive due to its unique reaction mechanism, 

adhesiveness, and non-toxicity.  

Figure 2.6. Catalytic cycles of tyrosinase 

 

 

 



２１ 

 

 

 

 

 

Figure 2.7.  Mechanism of adhesive and cohesive interaction through 

tyrosinase reaction.  
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2.3 Polyphenol-mediated bio-

functionalities for tissue 

engineering 

Nature inspired chemistry, and small molecules have led to the 

development in the field of the material science and biomedical 

engineering as it exhibited unique physicochemical properties. Recently, 

polyphenols extracted from green tea have been widely investigated, due 

to their intrinsic properties such as anti-inflammation and radical 

scavenging. Additionally, it has been widely researched as therapeutic 

agents for inhibition of inflammation, cancer, and reduction in risks for 

cardiovascular diseases [53,54] (Fig. 2.8). The specific mechanism of 

polyphenol effects has not been proved yet, but it is widely demonstrated 

that the polyphenol has attributed to scavenging a variety of radical 

species directly (e.g., radical nitric oxide, hydroxide, and oxygen).  

Among the various kinds of polyphenols, green tea flavonoid, 

especially epigallocatechin-gallate (EGCG), is favored in tissue 
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engineering field due to its beneficial bioactivities and easy accessibility 

in large quantity [53-55]. In EGCG, it has four types of phenolic moieties, 

and especially, B and D ring are crucial to exhibit therapeutic effects 

such as radical scavenging and enzyme inhibition [56]. Interestingly, the 

B and D ring is composed of a 1,2,3-trihydroxyphenyl group that is 

similar to mussel and ascidian adhesiveness, which live adhering to rocks 

or docks in seawater [56,57]. In previous studies, the EGCG-conjugated 

biopolymers have been demonstrated that EGCG can act as crosslinker 

of biopolymers through oxidative reaction similar to mussel-inspired 

chemistry. Additionally, it exhibited the radical scavenging and anti-

inflammatory effects. It would be expected that by conjugating EGCG 

into the polymer, biopolymers will naturally have EGCG’ intrinsic 

bioactivities and tissue adhesiveness by oxidative reactions.   
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Figure. 2.8. Pleiotropic health beneficial effects of dietary plant 

polyphenols. Researchers have explored that these molecules are very 

good antioxidants and may neutralize the destructive reactivity of 

undesired reactive oxygen/nitrogen species produced as byproduct 

during metabolic processes in the body. Epidemiological studies have 
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revealed that polyphenols provide a significant protection against 

development of several chronic diseases such as cardiovascular diseases 

(CVDs), cancer, diabetes, infections, aging, asthma etc 

CHAPTER THREE: 

TYROSINASE-MEDIATED 

TISSUE ADHESIVE HYDROGELS 

FOR CELL DELIVERY 

APPLICATION 

 

3.1 Introduction 

A wide variety of biomimetic and tissue-specific biomaterials have been 

utilized and stimulated native microenvironment that can provide 

appropriate biological and chemical cues for tissue regeneration [9,58-60]. 
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One of the promising approaches is to inject extracellular matrix (ECM) 

containing hydrogel to the defected tissue region [9,61,62].  Such a hydrogel 

should contain complex and bioactive ECM components that are 

mimicking the native tissue for tissue remodeling and regeneration [63,64]. 

However, one of the main disadvantages of ECM-based hydrogel 

approaches is the difficulty of crosslinking different ECM in cell-

friendly conditions.  Recently, the TYR-based oxidative reaction has 

been widely investigated in the field of biomaterials sciences and tissue 

engineering [33,65-67]. This enzyme-based reaction is compatible with 

physiological conditions. Additionally, TYR oxidizes phenolic groups, 

which promptly forms covalent bonds with other chemical moieties such 

as other phenolic groups, amine, thiol, and imidazole, in mild condition.  

All these reactive groups are abundant in native proteins [68,69]. In this 

regard, we attempted to fabricate TYR -based cross-linkable hydrogel by 

modifying HA with TA.  In tissue engineering, ECM such as HA has 

shown robust potential to regenerate defected tissues as HA is one of the 

critical ECM components that can resist the mechanical load due to its 

high water absorbability [62,70-73].  Also, HA significantly contributes cell 

proliferation, migration and tissue regeneration[74-77]. These features 



２７ 

 

make HA and its derivatives valuable materials for biological and 

medical applications in tissue repair[78-80].  

 In this study, we fabricated injectable hydrogel composed of TA-

HA and gelatin in the presence of TYR (Fig 3.1). To covalently crosslink 

HA into the hydrogel, HA was conjugated to HA via EDC/NHS 

chemistry, and mushroom type TYR was used as crosslinking agents[81]. 

TYR oxidized TA to generate quinone groups. These reactive quinones 

promptly formed covalent bonds with other phenolic moieties through 

non-enzymatic reactions. We incorporated gelatin to TA-HA to provide 

collageneous microenvironments with cell adhesive moieties for 

encapsulated cells. Furthermore, gelatin has abundant amine, thiol and 

imidazole groups which can form covalent bonds with reactive quinones 

via Michael type addition or Schiff base reaction [82].  Compared to 

gelatin alone, introducing TA-HA into gelatin in the presence of TYR 

resulted in faster hydrogel formation with enhanced mechanical 

properties. Furthermore, when rabbit meniscus fibrochondrocytes were 

encapsulated in gelatin/TA-HA hydrogel, cartilaginous biochemical 

contents were increased with enhanced expression of cartilaginous genes 

compared to the gelatin hydrogel.  In this study, we demonstrate that 
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TYR-based injectable hydrogel composed of gelatin and TA-HA has 

robust potential to deliver cells in a minimally invasive manner with the 

added benefit of ECM stimulated biological responses. 

3.2 Materials and methods 

3.2.1 Synthesis of tyramine-conjugated HA 

1.0 % (w/v) HA solution was prepared by dissolving 1.0 g of sodium 

hyaluronate (Lifecore Biomedical) in 100 mL of 0.1 M 2-(N-morpholino) 

ethanesulfonic acid (MES) buffered saline (Thermo Fisher Scientific). 

Under constant stirring, N-hydroxysulfosuccinimide (sulfo-NHS; Sigma 

Aldrich) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC; 

Sigma Aldrich) were added to the HA solution. After 5 min, tyramine 

(TA, Sigma Aldrich) with a molar ratio of TA to COOH in HA as 1:1 

was added to the solution.  The molar ratio of EDC to TA was also 

adjusted to 1 : 1.  The mixture was stirred for another 24 h to complete 

the reaction. The TA-conjugated HA (TA-HA) was purified by dialysis 

against distilled water for 3 days, filtered, and lyophilized for storage. 
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3.2.2 Preparation of the hydrogels 

Mushroom tyrosinase (TYR, Sigma Aldrich) was stored as a stock 

solution of 10 kU/ml.  Hydrogel pre-solution was prepared by dissolving 

gelatin (5% w/v) in PBS or by mixing gelatin solution (10 % w/v) with 

various TA-HA solution (10% w/v , 6 % w/v, and 2% w/v of TA-HA) in 

1:1 ratio.  TYR was added to the hydrogel solution in a final 

concentration of 1000U/ml or 2500U/ml. Following hydrogels were 

fabricated for analysis.  Gelatin hydrogel crosslinked with 2500U/ml 

TYR (GT2500), gelatin/TA-HA (5%) hydrogel crosslinked with 

1000U/ml TYR (GTH1500), and gelatin/TA-HA (5%) hydrogel 

crosslinked with 2500U/ml TYR (GTH2500). The gelation time was 

determined using the vial tilting method. For the experiments, hydrogels 

with different degree of substitution (DS) of HA and different 

concentrations of HA and tyrosinase were prepared. 

 

3.2.3 UV–visible and FT-IR spectrometry 

TYR reaction during hydrogel crosslinking was monitored by UV-Vis 
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absorbance (Eppendorf, BioSpectrometer) and Fourier-transform 

infrared (FT-IR) absorbance spectrometry (Bruker, Tensor27). UV–

visible spectra of the hydrogels were monitored in the wavelength range 

from 250 to 550 nm. FT-IR spectra were scanned at the range of 650 to 

4000 cm-1.  

 

3.2.4 Equilibrium swelling ratio 

Crosslinked hydrogels were swollen for 24 hours and wet weights were 

measured. Hydrogels were then lyophilized for 48 hours and dry weights 

were measured.  Equilibrium swelling ratio of enzyme-based hydrogels 

was calculated by using the following equation: 

Swelling ratio (Q) = weight of equilibrium swollen state/weight of the 

dried state 

 

3.2.5 Measurement of mechanical properties 

The hydrogel samples were prepared in cylindrical shapes with 8 mm 
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diameter and 3 mm height. The shear elastic properties of the hydrogels 

were measured by rotational rheometer (TA Instrument, ARES). For 

strain sweep tests, the strain was varied from 0.01 to 10 % (at 10 Hz). 

For frequency sweep tests, the frequency was varied from 0.1 to 100 Hz 

(at 0.2% strain). For time sweep tests, the samples were measured for 1 

h.  The compressive properties of the hydrogels were measured by the 

mechanical testing system (Instron, 5960). The compressive strain was 

loaded on the hydrogel samples at the rate of 0.5 mm/min until the 

hydrogel failed. The compressive moduli of hydrogels were calculated 

from the linear region of the stress-strain curve.  The tissue adhesive 

property of the hydrogels was evaluated by tack test against porcine 

cartilage tissue. Each hydrogel (radius : 3 mm, thickness: 1 mm) was 

maintained between cartilages and pulled in opposite direction at 2 

mm/min.  For statistical analysis, all the measurements were performed 

in triplicate.   
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3.2.6 Hydrogel morphology 

To observe internal structure of hydrogel, each specimen was prepared 

as above mentioned, and lyophilized. Then, lyophilized samples were 

mounted on an SEM mount with carbon tapes. The samples were coated 

with platinum/palladium using sputter for 110 seconds and 20 mA in a 

vacuum. The image was observed via JSM-7610F Scanning Electron 

Microscope (JEOL USA, Inc) at 10 μA and10 kV. 

3.2.7 Release kinetics of HA 

To determine the release kinetics of HA from the hydrogel, amount of 

released HA was measured by the carbazole assay. Briefly, Hydrogels 

were incubated in 1 U / ml of hyaluronidase in PBS, and the supernatant 

was collected at 6 hours, 1, 2, 3 days of incubation. The solution (250 μl) 

was cooled down in ice and mixed with sodium tetraborate decahydrate 

solution (0.9 % w/v in water and concentrated sulfuric acid) in ice. Then, 

the mixtures were heated at 100 °C for 10 min and rapidly transferred to 

ice. The carbazole solution (0.1 % w/v in ethanol) was added to mixtures 

and heated 100 °C for 15 min. Finally, the mixture was cooled down 
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rapidly and measured absorbance at 525 nm. The standard curve was 

constructed using known concentrations of D-glucuronic acid. For 

statistical analysis, all the measurements were performed in triplicate.   

 

3.2.8 Cell isolation and culture 

Rabbit meniscus fibrochondrocytes isolated from New Zealand white 

rabbit were cultured and used in this study.  In brief, the inner rim of the 

meniscus was dissected and minced, then treated with 0.2 % collagenase 

in DMEM/F12 supplemented with 10 % FBS, 100 U/ml Pen strep for 16 

h.  The resulting cells were filtered through 70-μm cell strainers. Isolated 

cells were then maintained with DMEM/F12, 10 % FBS, 100 U/ml Pen 

strep, 50 μg/ml Vitamin C, and 100 μM NEAA and incubated at 37 °C 

in 5 % CO2.  For cell encapsulation, cells were encapsulated in gelatin 

hydrogel crosslinked with 2500U/ml TYR (GT2500), gelatin/TA-HA 

(5%) hydrogel crosslinked with 1000U/ml TYR (GTH1500), or 

gelatin/TA-HA (5%) hydrogel crosslinked with 2500U/ml TYR 

(GTH2500).  In addition, cells were also encapsulated in GT2500 

hydrogel incorporated with unmodified HA in semi-IPN (GT2500/HA) 
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for biological response comparison.  

 

3.2.9 Cytotoxicity test 

Live/dead cell viability/cytotoxicity kit was used following the 

manufacturer’s protocol. Briefly, 0.5 µl of Calcein AM and 2 µl of 

ethidium homodimer-1 (Ethd-1) was added to 1 ml of PBS. The mixtures 

were then treated to samples for 30 min following washing using PBS 

for 5 mins. The images were taken by a Zeiss LSM 720 confocal 

microscope. 

 

3.2.10 Cell proliferation assay 

To assess cell proliferation, Click-iT EdU Flow Cytometry Assay Kits 

(Invitrogen) were used according to manufacturer’s instruction. In brief, 

cells were encapsulated in the hydrogels and incubated with 0.1% 5-

methyl-2’-deoxyuridine (EdU) for 3 hours. Click-iT reaction cocktail 

was added on to the dish for 30min and washed with distilled water. To 
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label total cell nucleus and actin, 4',6-diamidino-2-phenylindole (DAPI) 

and rhodamine-phalloidin was added after EdU staining, respectively. 

 

3.2.11 Biochemical analysis 

To assess synthesized ECM, fibrochondrocytes (4 x 105 cells / sample) 

were encapsulated in GT2500 and GTH2500. Samples were collected at 

3 weeks and analyzed by PicoGreen, dimethylmethylene blue (DMMB), 

and hydroxyproline assay. Briefly, all samples were digested with 1 ml 

of papain solution (Worthington Biomedical) for 16 hrs at 60 °C. DNA 

contents were measured by Quanti-iTTM PicoGreen® dsDNA Assay Kit 

(InvitrogenTM) following manufacturer’s instructions. GAGs contents 

were quantified with a mixture of 1 µl of the sample, 150 µl of DMMB 

solution and 99 µl of distilled water, and measured UV absorbance at 

525 nm. To detect collagen contents, samples were mixed with 1 ml of 6 

N HCl and incubated at 115 °C for 18 hrs. Then, the hydrolyzed solution 

was added into 0.5 ml of chloramine-T solution and developed with p-

dimethylaminobenzaldehyde (pDAB) solution. The final product was 

measured UV absorbance.  
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3.2.12 Real-time PCR analysis 

Total RNA was extracted using Trizol solution. cDNA was then 

synthesized by reverse transcription of mRNA using M-MLV cDNA 

synthesis kit (Invitrogen) following manufacturer’s instructions. cDNA 

was amplified using SYBR Green PCR Mastermix to detect cartilage 

related gene (Collage I, F : CTG ACT GGA AGA GCG GAG AGTAC, 

R: CCA TGT CGC AGA CCT TGA, Collagen II, F: TTC ATG AAG 

ATG ACC GAC GAR: GAC ACG GAG TAG CAC CAT CG, Aggrecan, 

F: CCT TGG AGG TCG TGG TGA AAG G, R: AGG TGA ACT TCT 

CTG GCG ACG T). All samples were normalized by housekeeping gene 

(GAPDH, F: TCA CCATCT TCC AGG AGC GA, R: CAC AAT GCC 

GAA GTG GTC GT).  

 

3.2.13 Histological evaluation 

All collected samples were fixed with 4 % paraformaldehyde for 

overnight.  Samples were then dehydrated with a serial concentration of 
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50%, 75%, 90%, 95%, 100% ethanol, and embedded in paraffin. Samples 

were sectioned in 10 µm of thickness and stained with hematoxylin and 

eosin (H&E), safranin-O (Saf-O), or alcian blue.  

 

3.2.14 Statistical Analysis 

All samples were prepared in triplicate. All data were presented as the 

mean and standard deviation (SD). Student’s t-test was used as 

determination of statistical significance between groups, * p < 0.05, ** 

p < 0.01, *** p <0.005.  



３８ 

 

 

Figure 3.1 Schematic image of tyrosinase-mediated hyaluronic 

acid/gelatin composite hydrogels for cell delivery. 
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3.3 Results and Discussion 

3.3.1 Synthesis and characterization of enzyme-

crosslinkable hydrogels 

To incorporate phenolic groups into HA, we conjugated 

tyramine into HA backbone (TA-HA) via EDC/NHS chemistry.  

Specifically, 1 % of HA (w/v) was dissolved in ddH2O, followed by 

adding EDC, NHS, and tyramine in the equimolar ratio for 1 day at room 

temperature. 1H-NMR spectra of TA-HA represented peaks at 6.7, 7.0, 

7.2, and 7.3 ppm, corresponding to hydroxyl groups in tyramine, which 

indicated the TA was successfully conjugated into HA. We also 

confirmed TA substitution efficiency.  Carboxylic groups in HA was 

substituted with TA with of 46.0% substitution efficiency (Fig. 3.2 A).  

Fundamentally, TYR hydroxylates TA into catechol by adding a 

hydroxyl group on the ortho-position of TA, which induces to produce 

catechol. The catechol then turned to quinone by oxidation, followed by 

phenol coupling through non-enzymatic reactions (Fig. 3.2 B). The 

degree of oxidations was evaluated by oxidation was progressed, 
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absorbance at 280 nm indicating quinone and catechol groups increased 

(Fig. 3.2 C) as previous work [83]. When designing in situ crosslinking 

system, one of the essential criteria is fast forming of the hydrogel within 

a few minutes for staying firmly in the designated area [84]. Interestingly, 

over 80 % of quinone and catechol, oxidative products, were produced 

within 1 min, and it was demonstrated that TYR-based crosslinking 

system was suitable for fabricating hydrogel in a prompt manner. The 

degree of tyrosine oxidation was also evaluated by colorimetric analysis 

(Fig. 3.2 C). In general, materials that contain tyrosine groups are turned 

to brownish color when phenol coupling reaction occurs [68]. Similarly, 

tyrosine-incorporated materials represent reddish when phenol groups 

are coupled with amine or thiol groups. Additionally, in FTIR analysis, 

hydroxyl groups (wavenumber: 3290 cm-1) were generated after 15 min 

of reaction (Fig. 3.2 D) [85]. To endow hydrogel with in situ crosslinking, 

we optimized hydrogel conditions with a concentration of TYR and its 

substrate (Fig. 3.2 E). In the case of 5% gelatin alone (G 5%), TYR 

induced gelation was prolonged.  In fact, it has taken around 280 min for 

complete gelation with 1000 U/ml TYR.  Even though 2500 U/ml of 

TYR resulted in faster gelation time, 50 min gelation time for this 
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composition was not sufficient to encapsulate cells and use this 

composition for injectable and in situ crosslinkable system.  Interestingly, 

when TA-HA was added to the gelatin solution, TA-HA concentration-

dependent faster gelation kinetic was evident.  Furthermore, with a high 

concentration of TYR (2500 U/ml), complete hydrogel formation under 

10 min was observed.  This indicates that the addition of TA-HA in 

gelatin solution in the presence of TYR resulted in additional reactive 

TYR moieties for faster gelation time. On the basis of crosslinking 

kinetics and gelation time, we further investigated the mechanical 

properties of hydrogel that contains 5% gelatin and 5% TA-HA and 

crosslinked with TYR for biophysical characterization and compared to 

that of gelatin alone. 
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Figure 3.2 (A) NMR analysis of TA-HA and HA. (B) The chemical 

scheme of tyrosinase-mediated crosslinking reaction. (C) UV-Visible 

spectra and hydrogel by crosslinking time and (D) FT-IR spectra were 

measured before and after crosslinking. (E) The measurement of gelation 

time according to tyrosinase and hydrogel concentration (n = 3, mean ± 

s.d. ).  
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3.3.2 Mechanical and physical properties of 

hydrogels 

 To characterize mechanical properties of the fabricated hydrogels, 

we analyzed compressive modulus and shear modulus by Universal 

Testing System (UTM) and rheometer.  Hydrogels were completely 

crosslinked with appropriate TYR concentration and components.  

Interestingly, the compressive moduli of gelatin/TA-HA (GTH) 

hydrogels were not altered by the TYR concentration.  Compress 

modulus of GTH hydrogels crosslinked with 2500 U/ml TYR (GTH2500) 

or 1000 U/ml TYR (GTH1000) averaged around 17 kPA.  These 

compressive modulus values, however, were higher than that of gelatin 

alone hydrogel crosslinked with 2500 U/ml TYR (GT2500) (Fig. 3.3 A).  

Furthermore, hydrogels were placed under the rheometer for shear 

moduli values.  The rheological analysis of the GTH2500 hydrogel 

showed higher shear modulus than GTH1000 hydrogel and GT2500 

hydrogel. This tendency was observed in both strain sweep and 

frequency sweep mode (Fig. 3.3 B). These observations indicate that the 

crosslinking network density of the GTH hydrogels depends on the TYR 
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concentration. The enhanced gel strength of GTH2500 can be directly 

linked to the increase of cross-linkable moieties provided by TA-HA. 

The adhesion abilities of the hydrogels were also examined by adhering 

the hydrogel to tissue samples. In terms of adhesive strength, GTH2500 

hydrogel represented the highest adhesion force and resistance to tensile 

force by firmly adhering to porcine cartilage tissue (Fig. 3.3 C, D).  

GTH2500 hydrogel had much higher adhesion energy and elongation 

rate than GTH1000 hydrogel, which indicating that tyrosinase activates 

oxidative reaction between cartilage tissue and tyramine groups in GTH 

hydrogels in a concentration-dependent manner, and GTH hydrogels 

would efficiently interact with surrounding tissues when implanted.  We 

further evaluated the swelling ratio (Q) of hydrogels (Fig. 3.3 E). 

Completely crosslinked hydrogels were incubated for 24 hours for 

equilibrium swelling weight.  Afterward, hydrogels were lyophilized for 

48 hours.  Swelling ratio Q for the GT2500 hydrogel was 39.80 ± 0.96.   

Q value of GTH1000 hydrogels was 18.15 ± 0.05, and Q value of 

GTH2500 hydrogels was 13.45 ± 0.38.  respectively.  These swelling 

rations showed the reciprocal tendency of the compressive modulus. 

Furthermore, this analysis demonstrates that the additional crosslinking 
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moieties provided by TA-HA is the sole reason for increased adhesion 

strength, increased compressive modulus, and reduced swelling ratio 

compared to the gelatin alone.  Increasing the TYR concentration 

showed increased adhesive when compared between GTH1000 and 

GTH2500, while this TYR concentration did not significantly alter the 

compressive moduli and swelling ratio values.  Concentration-dependent 

TYR action on cartilaginous tissues (i.e., conversion of tissue tyrosine to 

adhesive moieties) may have contributed to the increased adhesion 

between hydrogel and cartilage tissue when higher TRY was utilized.  

Likewise, since the TA-HA concentration was same for GTH1000 and 

GTH2500, complete gelation via TYR did not alter overall mechanical 

and swelling properties of hydrogels.  We further investigated the 

microstructure of the hydrogel via SEM microscope.  SEM images show 

that GT2500 and GTH2500 hydrogels displayed similar microstructure 

(Fig. 3.3 F (a) GT2500 and (b) GTH2500). Next, we further investigated 

the stability of the hydrogels via placing the hydrogel in enzymatic 

degradation condition (hyaluronidase, 1 U / ml) for up to 72 hours.  

Amount of HA released of the hydrogel were assayed by carbazole assay.  

TYR crosslinked hydrogel GTH1000 and GTH2500 retained HA 
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compositions up to 2 and 3 days, respectively.  HA release profiles of 

GTH hydrogels were far stable when compared the HA release profile 

from GT2500 (GT2500/HA).  For this group, we have introduced 

unmodified HA into the GT2500 hydrogel in semi-IPN network form.  

Simple diffusion of HA from GT2500 combined with hyaluronidase 

induced degradation of unmodified HA may have significantly reduced 

the hydrogel stability (Fig. 3.3 G).  Furthermore, this shows that the 

overall mechanical stability of HA (i.e., HA retention within hydrogel) 

can be enhanced with covalent incorporation via TA-HA compared to 

simple mixing of unmodified HA. 
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Figure 3.3 Mechanical characterization of hydrogels. (A) Compressive 

modulus of hydrogel. Tyrosinase-mediated crossliking significantly 

enhanced compressive property. (B) Strain and frequency sweep of 

hydrogel. (C,D) Adhesive behaviour of hydrogel. Tensile stress and 

strain of cartilage/hydrogel/cartilage model was measured to observe the 

adhesiveness of tyrosinase-mediated hydrogel. (E) Swelling ratio of 

hydrogel. (F) SEM image of GT2500 (a) and GTH2500 (b). (G) HA 
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release profile of the hydrogel. Released amount of HA was measured 

under 1 U/ml of hyaluronidase condition. (n = 3, mean ±s.d., n.s > 0.05, 

* p < 0.05, ** p < 0.01, *** p <0.005 ) 
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3.3.3 In vitro cell viability and metabolic activity 

Next, we evaluated biological response of cells in a hydrogel with 

the stable incorporation of HA via enzyme-based crosslinking. Cells of 

GT2500 and GTH2500 hydrogels on the cellular behavior of rabbit 

meniscus fibrochondrocytes.  By encapsulating the cells, cell viability 

and metabolic activity were investigated.  To encapsulate rabbit 

meniscus fibrochondrocytes in the hydrogel, the cell pellet was 

suspended in GTH2500 solution (1 million cells / construct) and the cell 

contained hydrogel was further crosslinked for 1 hour in 37 °C.  

Meniscus fibrochondrocytes were evenly distributed in the hydrogel, and 

the cells in both groups showed high cell viability after 1 day based on 

live/dead fluorescent images and maintained spherical morphology, 

which is favorable for maintaining the fibrochondrocytes phenotype (Fig. 

3.4 A). We confirmed the cell metabolic activity via Alamar blue assay. 

The encapsulated cells represented proliferative behavior in both groups, 

but the cells in GTH2500 hydrogel showed less proliferative rate 

compared to GTH2500 group up to 10 days without significant 

difference (Fig. 3.4 B).  In addition, we confirmed the cells in the S-phase 
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through EdU staining after 7 days, and a quantitative number of EdU-

positive cells from the images was about 40% in both groups (Fig. 3.4 C, 

D). These results support that TYR-mediated cross-linkable hydrogels 

are biocompatible.  Furthermore, these hydrogels adequately support the 

encapsulated cell with no cellular toxicity and adequately supported the 

cell proliferation.   
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Figure 3.4 Cytotoxicity of the hydrogels and cell proliferation. (A) Cell 

viability of hydrogel. Live/Dead assay images; Live cells (green); dead 

cells (red). No dead cells were observed (scale bar = 100 μm). (B-D) Cell 

proliferation in hydrogels. (B) Alamar blue assay also showed that 

tyrosinase-mediated crosslinking of hydrogel had no harmful effects on 

meniscus fibrochondrocytes. (C,D) Tyrosinase-mediated hydrogels 

showed comparable amount of EdU positive cells. (n = 3, mean ±s.d., 

n.s > 0.05,) 
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3.3.4 Meniscus relative ECM Synthesis and 

Gene Expression 

We further evaluated the engineered menisci tissues in terms of 

biochemical contents. Meniscus chondrocytes were encapsulated in both 

GT2500 and GTH2500 hydrogels, and the hydrogels were maintained in 

chondrocyte growth medium for up to 3 weeks.  Biochemical content, 

such as glycosaminoglycan (GAG) and collagen, content within 

engineered tissues were evaluated and normalized to total cell number 

(i.e., total DNA content within hydrogel).   In meniscus tissue, an 

abundant number of GAGs and collagens were synthesized and 

maintained by fibrochondrocytes in order to resist externally enforced 

mechanical road during walking or standing.  In this regard, quantitative 

analysis of synthesized GAGs and collagen by cells represent the overall 

quality of the engineered menisci tissues. After 7 days of culture, we did 

not observe any significant differences when the fibrochondrocytes were 

encapsulated in GT2500 or GTH2500 hydrogels.  However, at 3 weeks, 

fibrochondrocytes encapsulated in GTH2500 hydrogels resulted in 

higher GAG accumulation compared to the GT2500 hydrogels (Fig. 3.5 
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A).  Furthermore, we also quantified the collagen content within 

hydrogels by hydroxyproline assay. There was time-dependent collagen 

accumulation in all hydrogel samples. Similar to GAG contents, collagen 

contents between GT2500 hydrogels and GTH2500 were similar at day 

7.  However, overall accumulation of collagen was higher in GTH2500 

hydrogels after 3 weeks of culture (Fig. 3.5 B).  When we monitored the 

cellular metabolic activity, there weren’t not significant differences 

between the chondrocytes encapsulated in GT2500 hydrogels or 

GTH2500 hydrogels.  However, the addition of hyaluronic acid in 

hydrogel resulted in the overall higher amount of GAGs and collagen 

content in GTH2500 hydrogels.  Higher biochemical contents may be 

attributed by the additional crosslinking network provided by TYR-HA, 

as it may have provided a favorable environment to enhance the 

accumulation of synthesized ECM proteins by ionic interactions and 

high-water contents of hyaluronic acid [86,87].  However, real-time PCR 

analysis of chondrocyte gene expressions revealed that the higher 

biochemical contents in GTH2500 hydrogels were due to the gene-level 

activation (Fig. 3.5 C).  The expressions of cartilage-related genes such 

as type I collagen, type II collagen, and aggrecans, were highly 



５４ 

 

upregulated in GTH2500 groups compared to the GT2500 groups. (Fig. 

3.5 C).   

Previous studies have shown that the exogenous addition of 

unmodified HA through semi-IPN can promote chondrogenic 

differentiation of stem cells [88] In order to elucidate whether the 

crosslinked form of HA (i.e., TYR-HA) has additional benefit compared 

to the unmodified HA, we also fabricated GT2500/HA hydrogel by 

simply adding 5 % (w/v) of unmodified hyaluronic acid into the GT2500 

hydrogel.  Real-time PCR analysis demonstrated that GTH2500 group 

resulted in notably higher type II collagen gene expression compared to 

the GT2500/HA group.  This confirms that the incorporation TYR-HA 

rather than unmodified HA may provide favorable chondrocyte 

microenvironment.  Indeed, HA in GTH2500 groups showed kinetics of 

controlled release, while GT2500/HA showed burst release of hyaluronic 

acid (Fig. 3.3 G).  We hypothesize that when TYR-HA was applied to 

form hydrogel (i.,e GTH2500), a crosslinked form of HA was able to 

retain within hydrogels much longer than unmodified HA in 

GT2500/HA group. In this regard, higher retention of HA in GTH2500 
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may have provided a favorable chondrogenic environment for 

encapsulated cells that allowed type II collagen gene activation.  

 

 

 

 

Figure 3.5 Analysis of chondrogenesis. (A,B) GAG and collagen 

synthesis in the hydrogels. (C) Relative gene expression of 

fibrochondrocytes 3 weeks after encapsulated in the hydrogels. (n = 3, 

mean ±s.d., n.s > 0.05, * p < 0.05, ** p < 0.01, *** p <0.005 ) 
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3.3.5 In vitro Histological Evaluation 

In order to confirm the quality of engineered meniscus tissue, we 

further performed the histological analysis.  Fibrochondrocyte 

encapsulated GT2500 and GTH2500 hydrogels were collected at 3 weeks 

and histological evaluation.   Fibrochondrocytes were homogeneously 

distributed in both GT2500 and GTH2500 hydrogels (Fig. 3.6).  The 

diameter of pericellular matrix visualized with H & E staining was more 

significant in the GT2500 group compared to the GTH2500.  

Accumulation of cell secreted proteoglycan was evident in both hydrogel 

by Safranin-O staining.   Furthermore, incorporation of newly synthesized 

proteoglycan around the pericellular region was clearly evident in 

GTH2500 compared to the GT2500 group when we performed Alcian 

blue staining.  The current study demonstrated the TYR -mediated 

crosslinking of gelatin-based hydrogel.  Furthermore, we confirmed that 

the incorporation of TYR-HA could induce gene expression and matrix 

production of chondrocytes.   
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Figure 3.6 Histological evaluation of GT2500 and GTH2500. All 

samples were collected at 3 weeks.  
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3.4 Summary 

In this study, we fabricated tissue adhesive hydrogel based on HA 

and gelatin crosslinking by mushroom type tyrosinase.  With tyramine 

conjugated HA and gelatin, it was easily oxidized to form quinone by 

tyrosinase and coupled with neighboring quinone to form a hydrogel 

within 10 minutes.  Additionally, generated quinone could bond with 

amine and thiol groups in gelatin to make hydrogel firmly. It showed that 

when increasing quantity of enzyme and its substrate (TYR-HA and 

gelatin), the hydrogel solution turned to gel in short times. As catechol 

group oxidized form of tyramine has adhesive properties to a variety of 

substrate and quinone group could form covalent bonds with an amine, 

thiol, and imidazole groups in native tissue, GTH2500 showed tissue 

adhesive properties and the adhesive strength was increased by adding 

more tyrosinase. Although there was no significant difference in cell 

proliferation ability between GT2500 and GTH2500, fibrochondrocytes 

in GTH2500 appeared enhanced chondrogenic response in the 

biochemical assay and gene expression level. It was demonstrated that 

fast forming and tissue adhesive hydrogel based on tyrosinase 
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crosslinking has robust potential in the field of cartilage engineering and 

regeneration. 
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CHAPTER FOUR: 

TISSUE ADHESIVE, RAPID 

FORMING, AND SPRAYABLE 

ECM HYDROGEL VIA 

RECOMBINANT TYROSINASE 

CROSSLINKING 

 

4.1 Introduction 

Hydrogels are attractive biomaterials in regenerative biomedical 

applications due to their high-water content, biocompatibility and 

mechanical properties [7-9].  Recently, tissue adhesive hydrogels with a 

shear thinning ability have been developed for biomedical applications 
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due to their ease of use and minimal invasiveness [37,40,41].  The criteria 

to ensure strong adhesion on the biological tissue surfaces is to create 

maximum covalent bonds or non-covalent bond interactions in a wet 

environment [42,43].  However, the surface of biological tissue has a net 

negative charge in physiological conditions, and hydrogels based on 

extracellular matrix material, such as hyaluronic acids, has a net negative 

charge that would elicit repulsive interactions between the tissue surface 

and ECM hydrogel [44].  In recent years, biomimetic strategies based on 

mussel-inspired chemistry has been employed on tissue-adhesive 

hydrogels [18-21].  The mussel-inspired crosslinking system has been 

shown to display tissue adhesive properties regardless of a net surface 

charge. This occurs via oxidation of dopamine or L-DOPA conjugated 

macromolecules to adhesive quinonic groups [19].  The crosslinking 

reactions of based on oxidation phenolic groups can be facilitated by a 

variety of strategies, including chemical oxidation via sodium periodate 

(NaIO4) [45] or enzymatic activation via horseradish peroxidase (HRP) 

[46].  However, these approaches have limitations for practical 

applications due to the cytotoxicity and pH dependency of chemical 

reagents, as well as the fact that only phenol coupling is available for 
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crosslinking.  

In previous studies, we have reported the use of tyrosinase 

isolated from Agaricus bisporus (AB_Ty) for enzyme-catalyzed 

crosslinking hydrogel for meniscus tissue engineering [21].  Tyrosinase 

enzyme is a polyphenol oxidase that plays a leading role in the formation 

of a mussel adhesive protein [89,90], and it can also oxidize phenols.  First, 

tyrosinase hydroxylates phenols into catechol by adding a hydroxyl 

group on the ortho-position of phenols, and this leads to the subsequent 

oxidation of catechol to produce quinones under physiological 

conditions [31,32]. The reactive quinones promptly form covalent bonds 

with amines, thiols, or other phenolic moieties through non-enzymatic 

reactions, including oxidative phenol coupling, Michael addition, and the 

Maillard reaction [34,47].  However, applications of AB_Ty as an 

injectable or sprayable crosslinking agent is limited due to the slow 

enzymatic reaction time coupled with the need for larger unit-volume for 

efficient crosslinking.   

In this study, we report the synthesis and application of novel 

recombinant tyrosinase from Streptomyces avermitilis (SA_Ty) with 
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superior reactivity compared to the existing tyrosinase as an effect 

crosslinking agent.  The reactivity of SA_Ty was rapid enough for its 

application as a crosslinking agent for tissue adhesive, injectable, and 

sprayable hydrogels.  The reactivity of SA_Ty was further compared to 

a tyrosinase from Agaricus bisporus (AB_Ty) and Bacillus megaterium 

(BM_Ty).  Furthermore, hydrogels formed by tyrosinase-mediated 

crosslinking systems were evaluated for physical properties and adhesive 

strength.  
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4.2 Materials and Methods 

 

4.2.1 Materials 

Hyaluronic acid (40 - 64 kDa) was purchased from Lifecore Biomedical, 

LLC (Chaska, MN). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC·HCl), N-hydroxysuccinimide (NHS), tyramine 

hydrochloride and gelatin (from porcine skin, type A, 300 Bloom) were 

all purchased from Sigma-Aldrich (Yongin, Korea). Tyrosinase 

extracted by mushroom was used as purchased from Sigma-Aldrich 

(Yongin, Korea, Catalog Number: T3824-25KU). The recombinant 

tyrosinases from Bacillus megaterium and Streptomyces avermitilis were 

heterologously expressed in Escherichia coli. All solutions were 

sterilized with mixed cellulose ester membrane which cut-off size is 0.22 

μm (Daihan Scientific, Korea). A commercial airbrush kit (Bluebird, 

ABS-130) with 0.2 mm nozzle diameter was used for spraying hydrogel. 

 

4.2.2 Expression and purification of 
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recombinant tyrosinases 

The plasmids were constructed in the previous study [91]. Briefly, 

genomic DNA was extracted from Bacillus megaterium and 

Streptomyces avermitlis, and each gene of tyrosinase was amplified by 

PCR. The primer list is in Table S1. A helper protein, KP198295.1, was 

inserted in MCS1 of pETDuet (Novagen, USA), and the gene of S. 

avermitilis tyrosinase (SA_Ty), gi:499291317, was inserted in MCS2. 

His-tag was introduced at the C-terminal of SA_Ty. Genes for B. 

megaterium tyrosinase (BM_Ty) was also amplified and inserted into the 

multiple cloning sites of pET28a. The recombinant plasmids were 

transformed into E. coli BL21 (DE3) by heat shock. The strain was 

spread on a plate of Luria-Bertani (LB) agar with antibiotic selection 

markers (25 μg∙ml-1 of ampicillin for pETDuet or 50 μg∙ml-1 of 

kanamycin for pET28a). A colony on the plate was inoculated into three 

mL of LB broth with proper antibiotics, and the cells were cultured in an 

incubator at 37 °C and 200 rpm overnight. After 0.5 mL of cell culture 

was transferred into a 250 mL flask with 50 mL of fresh LB, the cultured 

cells were incubated at 37 °C and 200 rpm until the optical density at 600 
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nm (OD600nm) of the culture media reached approximately 0.6, 0.2 mM 

IPTG and one mM CuSO4 were added. The induced cell culture was 

placed in an incubator at 18 °C at 200 rpm for 20 hrs. Cell pellets were 

collected by centrifugation and washed with five mL of 50 mM tris-HCl 

buffer at pH 8 twice. The cell was lysated by ultra-sonication. After 

centrifugation at 16000 rpm for 30 min, 5 mL of the soluble fraction of 

crude cell soup was collected. The expressed enzymes were purified by 

the general His-tag purification. The final concentration of BM_Ty and 

SA_Ty was 12.01 µM and 10.09 µM. The concentration of purified 

enzymes was calculated by the general Bradford assay.  
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Primer Sequence (5` → 3’) 

SA_Ty_melC1_F GAA CCATGG AGTTAACCCGGCGT 

SA_Ty_melC1_R GAC AAGCTT TTAATTAAACGG 

SA_Ty_melC2_F GAA CCATGG ATGACCGTACGCAA 

SA_Ty_melC2_R GAC AAGCTT GACGGTGTAGAACG 

BM_Ty_F 

BM_Ty_R 

GAT GAATTC ATGAGTAACAAGTA 

GCA GTCGAC TGAGGAACGTTTTGA 

 

Table 4.1 Primer list 
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4.2.3 Purification of mushroom tyrosinase 

The lyophilized mushroom tyrosinase from Agaricus bisporus (AB_Ty) 

was purchased from Sigma-Aldrich (T3824-25KU). The 9.3 mg of the 

lyophilized powder was dissolved in 5 mL of 50 mM sodium phosphate 

buffer at pH 7. Solid ammonium sulfate, 1.08 g, was added and 

continuously stirred in an ice-cold bath for 1 hour. The precipitate was 

removed by centrifuging at 16000 rpm for 30 min. Additionally, 0.42g 

of ammonium sulfate was added and stirred in an ice-cold bath for 1 hour. 

After centrifuging at 16000 rpm for 30 min, the precipitate was dissolved 

in 50 mM sodium phosphate buffer at pH 7. The solution was 

decolorized by calcium phosphate gel (Bio-Gel, Bio-Rad). The 

decolorized solution was fractionated by AKTA FPLC (UPC-900; P-920; 

Frac-920, GE Healthcare) with size exclusion column (Hiload 16/60 

Superdex 200) first and then with ion exchange column (Mono Q GL 

5/50) separately. The condition for the elution buffer of the first size 

exclusion chromatography was 300 mM of KCl in 10 mM sodium 

phosphate buffer at pH 7, and the flow rate was 1 mL·min-1. Total 40 

fractions, 5 mL each, were collected. The 17th to 20th fraction showed the 
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activities on L-tyrosine. Thus, the fractions were collected and injected 

into the second anion exchange chromatography. The column was eluted 

with a linear gradient of 50 mM NaCl to 300 mM NaCl. The flow rate 

was maintained at 0.5 mL·min-1
. Total 22 fractions, 2 mL each, were 

collected. The 8th to 10th fractions showed the activities on L-tyrosine. 

The total of 6 mL fraction was concentrated to approximately 500 µL by 

the centrifugal filter with a cut-off size of 10kDa (Amicon Ultra -15). 

The final concentration of the purified AB_Ty was 3.1 µM. The 

concentration of purified enzymes was calculated by the general 

Bradford assay.  

 

4.2.4 Structure analysis of tyrosinases 

The models of the active form of AB_Ty (4OUAa) and BM_ty (3NM8a) 

were obtained from RCSB protein data bank. In case of SA_Ty, we have 

compared to the known Ty from Streptomyces castaneoglobisporus [92]. 

The 3D protein structure of Streptomyces castaneoglobisporus was 

experimentally determined in previous studies [93]. SA_Ty exhibited 

85.5 % identity, 92.4 % similarity, and 0.4 % gaps with Ty from 
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Streptomyces castaneoglobisporus [92].  Based on this, the crystal 

structure of SA_Ty was predicted by the difference of amino acid 

sequences between two tyrosinase through Modeler 9.11. The prediction 

reflected their structure under physiological conditions. After prediction 

of SA_Ty structure, it was displayed by the software Chimera.The 

distance between the center of the hole of the entrance and the center of 

the two copper ions in the visualized models by Chimera 1.11.2. All 

structures of tyrosinases reflected under physiological conditions. The 

tunnel of active sites of tyrosinases was analyzed by CAVER Analyst 

1.0. 

 

4.2.5 Measurement of the specific activity of 

tyrosinase 

The initial rate of tyrosinase was determined by measuring the 

concentration of dopachrome or adducts of quinones and MBTH, at 475 

nm (εdopachrome = 3600 M-1·cm-1) or 505 nm (εadduct= 29000 M-1·cm-1) with 

UV-spectroscopy (SPECTROstar Nano, BMG LABTECH, Ortenberg, 

Germany) at 37° C. The initial concentration of substrates and the 
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purified enzymes were all fixed at the same value as following; the 

reaction mixture including proper buffer system (50 mM tris-HCl buffer 

at pH 8 for BM_Ty and SA_Ty; 50 mM sodium phosphate buffer at pH 

7 for AB_Ty), 10 µM of CuSO4, 100 nM of purified Tys, and the 

substrate (200 µM of L-tyrosine, 0.3 w/v % of gelatin or 0.2 w/v% of 

HA_t) was prepared in a total volume of 200 μL. The initial velocity of 

a tyrosinase reaction was defined as the slope of a plot of the product 

concentration and the reaction time. We also tested the activity of SA_Ty 

with 0.3M NaCl.  

 

4.2.6 Synthesis of modified HA 

The amide bonds between tyramine and carboxyl group of HA was 

produced by EDC/NHS coupling. Briefly, 1.0 g of HA sodium salt was 

dissolved in 100 mL of distilled water, and 1.437 g of EDC, 0.863g or 

NHS and 1.302 g of tyramine hydrochloride was added to the solution. 

The solution was stirred overnight at RT. After dialysis and 

lyophilization, the hyaluronic acid-tyramine conjugate (HA_t) was 

collected. The final product was analyzed by NMR and UV spectroscopy. 
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The degree of substitution was 33 % (the number of tyramine conjugated 

for every 100 disaccharide units).  

 

4.2.7 Preparation of HG_gels 

First, HA_t 1wt% was dissolved in buffer (50 mM tris-HCl buffer at pH 

8 for BM_Ty and SA_Ty; 50 mM sodium phosphate buffer at pH 7 for 

AB_Ty) at 40°C, and gelatin powder 3wt% was added to the HA_t 

solution (HG_sol). After dissolved entirely at 40°C water bath and 

sterilized by the syringe-driven filtration, 200 nM of tyrosinase (also 

sterilized by filtration) was added to the mixture to initiate the enzymatic 

crosslinking of the macromolecules. The solutions were simply vortexed 

for homogeneous mixing, and then the reaction tubes were incubated at 

37°C for 3 min. NaCl was added to reduce the viscosity of the gels when 

the hydrogel was used for spray coat (the concentration of NaCl was 

varied, and the values were specified in this manuscript where required). 

A commercial airbrush kit (Bluebird, ABS-130) with 0.2 mm nozzle 

diameter was used, and air, compressed by a standard desk built-in air 

compressor, was filtered through a sterilized PTFE membrane filter 
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(Acros 50 vent filter, Pall Corporation, U.S.) 

 

4.2.8 Rheological Evaluation of HG_gel with 

each Tyrosinase 

We applied dynamic rheological measurements to the character the 

amplitude sweep [21], frequency sweep [94], and sol-gel transition [95]. The 

rheological analysis was evaluated in Demo lab (Anton Paar Korea) 

using rheometer (MCR 302, Measuring cell: P-PTD & H-PTD 200, 

Measuring System: PP 25, Anton-Paar, Austria). All the samples were 8 

mm diameter and 2 mm thickness, and the experiments were conducted 

at 37 °C. At first, we test amplitude sweep of each gel. The data was 

measured storage modulus G‘ and loss modulus G“ with increasing shear 

strain (%) from 1 to 100. The crossover point of G‘ and G“ was indicated 

critical strain. Next, we measured frequency sweep of each gel. The 

G‘ and G“ was read as increasing frequency from 0.1 to 10 Hz. The strain 

was fixed at 1 %. To test gelation time, the HG_sol with each tyrosinase 

(500 μl) was placed between the probe (diameter: 20 mm) and rotating 

plate (diameter: 25 mm). The shear strain and frequency kept in 1 % and 
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1 Hz respectively, and measurement gap was 0.1 mm. The crossover time 

between storage modulus G’ and loss modulus G” was defined as 

gelation time. 

 

4.2.9 Measurement of the swelling ratio of 

hydrogels 

After the tyrosinase had been added in HG_sol as stated above, 200 μL 

of the solution was placed in the regularly shaped acrylate mold with 8 

mm diameter and 3 mm thickness. The structures in the mold are 

lyophilized and then immersed in distilled water at 4 °C for 24 h to reach 

equilibrium swelling. The swelling ratio was calculated as follows: (Ws-

Wd)∙Wd
-1, where Wd and Ws are the weights of dry and swollen gels at 

equilibrium, respectively. The measurements were repeated three times. 

 

4.2.10 Scanning electron microscopy (SEM) 

analysis 

Lyophilized hydrogels were mounted on an aluminum stage with carbon 
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tapes. The mounted samples were sputter-coated with 

platinum/palladium for 110 seconds in vacuum. The image was taken 

with JSM-7610F Scanning Electron Microscope (JEOL USA, Inc.) at 10 

μA at 10 kV. 

 

4.2.11 Measurement of Young’s modulus 

The mechanical properties of the hydrogel under wet conditions were 

evaluated by measuring Young’s modulus using a Universal Testing 

Machine (UTM, 100 N of the load cell, EZ-SX STD, Shimadzu, Japan). 

Briefly, the hydrogel was crosslinked overnight into customized PDMS 

mold with 8 mm radius and 2 mm length. Then, the samples were 

immersed into PBS for 24 hours to swell equilibrium. After swelling, the 

sample was placed on the holder and performed the test with 3 mm/min 

of the probe speed. We also compared mechanical properties with or 

without 0.3M NaCl. First, the specimens were prepared as mentioned 

above. Then, the samples were immersed in two different solutions 

overnight (PBS and PBS with 0.3M NaCl) and performed the test with 3 

mm/min of the probe speed. Next, we compared mechanical properties 
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with different methods (mold casting and spray). We fabricated HG_gel 

layer with multiple spraying on a prefabricated mold (8 mm radius and 

0.5 mm length) and performed the test (3mm/min of the probe speed). 

For testing uniformity of hydrogel, we have utilized penetration-

retraction tests from previous work [96]. Briefly, the hydrogel was 

crosslinked into customized PDMS mold with 8 mm radius and 2 mm 

length. Then, the samples were immersed into PBS for 24 hours to reach 

equilibrium. We analyzed 7 different areas of hydrogel mechanical 

properties were measured. The needle (outer diameter: 0.36 mm, inner 

diameter: 0.18 mm) was placed on each point and inserted into a 

hydrogel with 3 mm/min. UTM recorded the data.  

 

4.2.12 Adhesion Test of HG_gel to Mouse Skin 

Tissue ex vivo 

Tissue adhesion was evaluated in Demo lab (Anton Paar Korea) using 

rheometer (MCR 302, Measuring cell: P-PTD & H-PTD 200, Measuring 

System: PP 25, Anton-Paar, Austria). The hydrogel (gelatin, HA_t, 

HG_sol, 500 μl) with SA_Tyr was applied between mouse skins (i.e., 
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one skin tissue on hydrogel holder (diameter: 25 mm) and another skin 

tissue on the probe(diameter: 20 mm)) in a humidity chamber. Then, the 

sample was pushed by tissue probe for 5 min with 0.5 mN of the normal 

force. The probe then pulled with the rate of 50 μm / s and collected data. 

All the test are conducted in humidity chamber conditioned with 65 % 

relative humidity (RH) and purged air at 200 Ln / h to maintain 

temperature. 

 

4.2.13 Cell Metabolism Test  

To test cytotoxicity of each tyrosinase, C2C12 cells (density: 5 × 105 

cells / ml) were cultured on 24 well cell culture plate in DMEM 

(HyClone, Logan, Utah, USA) containing 10wt% fetal bovine serum 

(FBS) (Biowest, Nuaille, France), 1 wt% L-glutamine (Gibco, Grand 

Island, NY, USA) and 1 wt% penicillin-streptomycin (Gibco). Each 

tyrosinase was treated with a concentration of 200 nM. After 2, 6, and 

24 hours, cells were stained with Live/Dead assay reagents (Invitrogen) 

to quantify cell viability followed by manufacturer’s instructions. Briefly, 

cell-laden hydrogel structures were treated with 2 μM ethidium 
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homodimer-1 (EthD-1) and 4 μM calcein AM in PBS for 30 minutes. 

Images were captured by EVOS® FL Cell Imaging System (Thermo 

Fisher, US). And to test cell cytotoxicity of hydrogel, C2C12 cells were 

cultured on the hydrogel structures (regularly shaped in acrylate mold 

with 8 mm diameter and 3 mm thickness) in DMEM (HyClone, Logan, 

Utah, USA) containing 10wt% fetal bovine serum (FBS) (Biowest, 

Nuaille, France), 1 wt% L-glutamine (Gibco, Grand Island, NY, USA) 

and 1 wt% penicillin-streptomycin (Gibco). The medium was exchanged 

in every two days. The cell-laden hydrogel structures were stained with 

Live/Dead assay reagents (Invitrogen) to quantify cell viability followed 

by manufacturer’s instructions. Images were captured by EVOS® FL 

Cell Imaging System (Thermo Fisher, US). Additionally, the cell 

proliferation rate on HG_gel was evaluated by Alamar Blue assay until 

1 week.   

 

4.2.14 Synthesis of Fluorescein Isothiocyanate 

(FITC) conjugated Gelatin 

The covalent bond between amine in gelatin and isothiocyanate group in 
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FITC (Sigma-Aldrich) was produced under mild conditions. Briefly, 2.6 

mmol of FITC in distilled water was added to 8 % (w/v) gelatin solution 

for overnight at RT. After dialysis and lyophilization, the FITC 

conjugated gelatin was collected.  

 

4.2.15 Immunofluorescence assay 

After the 3 min of enzymatic crosslinking reaction with SA_Ty, 200 μL 

of HG_gels (with 0.3 M NaCl) was spread on a cover glass. A thin layer 

of HG_gels on a cover glass was soaked in sterilized deionized water 

(300 mL) for overnight for diluting NaCl. Moreover, C2C12 cells were 

cultured on the hydrogel structures as stated above. After seven days, the 

cell-laden hydrogel structures were fixed in 4wt% paraformaldehyde for 

24 h at 4°C and washed three times with PBS for 5 minutes each. The 

samples were then permeabilized with 1 % (w/v) bovine serum albumin 

(BSA) in PBS containing 0.1 % (w/v) Triton X- 100 for 45 minutes at 

RT. After blocking, the samples were incubated with Alexa Fluor 594 

Phalloidin (1/200 dilution) overnight at 4°C and counterstained with 

DAPI (1/500 dilution) for 5 minutes at RT. Images were captured by 
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EVOS® FL Cell Imaging System (Thermo Fisher, US). 

4.2.16 In vitro & In vivo HG_gels Degradation 

For in vitro HG_gel degradation test, HG_gel (100 μl) was treated with 

collagenase type II (1 U·ml-1, Worthington Bio-chemical Corp., 

Freehold, NJ) and hyaluronidase (1 U·ml-1, Sigma-Aldrich, St.Louis, 

MO) in PBS respectively. PBS with enzyme was daily changed, and the 

sample was collected, lyophilized, and weight at day 1, 2, 3, 5, 7 (n = 4). 

Control group was HG_gels with no enzyme. All data were presented in 

Box-and-Whisker plots as standard deviation was too small to visualize. 

For in vivo HG_gel degradation test, HG_gel (100 μl) was injected into 

mouse subcutaneous tissue. All in vivo experimental procedure were 

maintained in accordance with the Guide for the Care and Use of 

Laboratory Animals by the Seoul National University (SNU-141229-3-

6). Each sample with skin tissue was collected at day 7, 14, 28, and 

analyzed with hematoxylin and eosin (H&E) staining. Briefly, samples 

were fixed into 4 % (w/v) paraformaldehyde (PFA) at overnight. After 

washing PBS for 5 minutes, fixed samples were dehydrated with a serial 

concentration of ethanol (50, 75, 90, 95, 100 %) and embedded into 
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paraffin. Then, paraffin block was cut into 10 μm thickness and stained 

with H&E.  

4.2.17 Image analysis of HG_gels coated on 

Mouse Cardiac via Spray Method 

After preparing HG_gels solution as mentioned above, 2 ml of HG_gel 

solution was mounted on airbrush kit. We used FITC-conjugated gelatin 

instead of gelatin to visualize HG_gels. The hydrogel solution was then 

ejected into mouse cardiac tissue treated with paraformaldehyde (PFA) 

through the spray nozzle. The FITC-conjugated gelatin was sprayed on 

the cardiac tissue as a control group. After spraying the hydrogel, cardiac 

tissues were washed with PBS three times vigorously. The HG_gel and 

FITC-gelatin coated mouse cardiac was then analyzed via UV lamp 

(excitation 488 nm). The HG_gel coated cardiac tissue was evaluated in 

histology. Briefly, the sample was immersed into 20 % (w/v) sucrose 

(Sigma-Aldrich) at 4 °C overnight and transferred to cryomold with 

optimal cutting temperature compounds (OCT; CellPath, Powys, UK) 

for rapid freezing. Specimens were sectioned into 20 μm thick and 

analyzed by microscope. 



８２ 

 

 

4.2.18 Statistical analysis 

All data (except in vitro degradation) are presented as the mean ± 

standard deviation (SD). Statistical significance between groups was 

determined by Student’s t-test with * p < 0.05, ** p < 0.01, *** p <0.005. 
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4.3 Results and Discussion 

 

4.3.1 Synthesis and Characterization of 

recombinant Tyrosinases 

In the eukaryotic system, activated tyrosinase is involved in protein 

crosslinking as it allows hydroxylation of monophenol compounds to o-

diphenols [52].  Furthermore, tyrosinase can also oxidize o-diphenols to 

reactive o-quinones in a wet environment that subsequently can couple 

with amine, thiol, imidazole and other quinone groups.   Enzyme-

catalyzed crosslinking of biomacromolecules have been extensively 

studied [21,46].  However, crosslinking based on enzyme-catalyzed 

reactions usually takes minutes to hours for complete gelation.  In this 

study, we aimed to identify novel recombinant tyrosinase that allows 

second-to-minute crosslinking kinetic for use in tissue adhesive 

application.  Furthermore, we developed the fast crosslinking system as 

injectable and sprayable hydrogel (Fig. 4.1). 

 Previously, we have identified Streptomyces avermitilis (SA_Ty) 
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with unusual catalytic activity compared to commonly available 

tyrosinases [97].  We characterized the structure of AB_Ty, BM_Ty, and 

SA_Ty via Chimera 1.11.2.  Compared to AB_Ty and BM_Ty, SA_Ty 

lacks neighboring residues that sterically hinder the enzymatic 

interactions with phenolic residues (Fig. 4.2). This structural property of 

SA_Ty allows remarkable enzymatic kinetic to oxidize phenolic residues 

that are conjugated to macromolecules. For easy binding, a tyrosine 

residue (Y91) on a small loop of a caddie protein from Streptomyces 

avermitilis points outward from the main structure so that it is a likely fit 

into the entrance of the active site of the tyrosinase domain, as shown in 

Figure 4.2 A [51,98]. Thus, the top surface of the active site of SA_Ty is 

flat, and the entrance to the active site is wide and shallow relative to 

AB_Ty and BM_Ty (Fig. 4.2 B).   The bottleneck radius of the tunnel to 

the active site of SA_Ty is the biggest, 2.34 Å, and the depth of the 

entrance of SA_Ty is approximately 7.6 Å. The length of the active site 

tunnel of AB_Ty and BM_Ty (predicted by CAVER Analyst 1.0) is 

twice shorter than SA_Ty, but loops risen around the entrance of AB_Ty 

and BM_Ty may hinder the accessibility of phenolic moieties on 

macromolecules and result in a more in-depth pit (> 10 Å) as shown in 
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Figure 4.2 B, C and D. Thus, SA_Ty was hypothesized to be efficient to 

crosslink macromolecules if considering the length of the phenolic 

substrates, which is 6.5 Å, the distance between the oxygen atom and the 

alpha carbon of L-tyrosine. 

To test the enzyme catalytic activity, we initially purified all 

three tyrosinases via the general His-tag purification and size exclusion 

chromatography (Fig. 4.3).  Initial oxidation rates of all three purified 

tyrosinases were examined with 100 μM of free L-tyrosine, 0.3 % (w/v) 

of gelatin (total 257 μM of tyrosine residues, type A, 300 g Bloom), or 

0.2 % (w/v) of the HA_t (total 182 μM of phenolic groups; more details 

in Fig. 4.4) (Fig. 4.5 A).  In this study, gelatin and HA_t were subjected 

for the models of biopolymers in consideration of the fact that the major 

components of mammalian ECM are polysaccharides and fibrous 

proteins, such as HA and collagen [70,99]. In addition, there is an 

abundance of amine and thiol groups in the functional groups of the 

gelatin structure. In this regard, incorporating gelatin could produce not 

only phenol-phenol coupling but also amine and thiol coupling with 

tyrosine groups via the Michael-type addition or Schiff base reaction. 

The initial oxidation rate, V0, of AB_Ty on gelatin was only 0.62 ± 0.01 
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μM·min-1 (Fig. 4.5 B), and this result can explain why the gelatin 

hydrogels catalyzed by AB_Ty were weak in previous studies [100,101]. 

On the other hand, the V0 of SA_Ty on the free L-tyrosine is relatively 

slow (7.94 ± 0.25 μM·min-1), at 6 times slower than AB_Ty, 47.90 ± 

2.18 μM·min-1, but the activity increased remarkably by more than three 

times on gelatin (24.33 ± 2.40 μM·min-1) and HA_t (27.99 ± 0.11 

μM·min-1) (Fig. 4.5 B). Substrate specificity is a unique property of 

enzymes that can distinguish a small structural difference in the 

substrates. Previously, tyrosinase was regarded as inefficient to crosslink 

macromolecules, but this is a matter of the substrate specificity of 

tyrosinase, and these results indicate a tyrosinase efficient to crosslink 

the hydrogels, i.e., SA_Ty.  Additionally, all tyrosinase showed no 

cytotoxicity (Fig. 4.5 C).  
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Figure 4.1 Schematic illustration of fabrication of SA_Ty mediated 

HG_gel and its application in injectable / sprayable system. SA_Ty 

oxidized phenolic moieties specifically on macromolecules (gelatin, 

HA_t), and quinone, the oxidized form of tyrosine, coupled with 

neighboring amine, thiol, and another quinone. Fast gelation nature of 

SA_Ty makes gel injectable and sprayable.  
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Figure 4.2 Structure analysis of tyrosinases. (A) A homology model of 

SA_Ty shows the tight interaction with the helper protein (B) The 

models of the active form of AB_Ty (4OUAa) and BM_Ty (3NM8a) 

were obtained from RCSB protein data bank. The distance between the 

center of the hole of the entrance and the center of the two copper ions 

in the visualized models by Chimera 1.11.2. (C) A schematic figure of 

each tyrosinase. (D) The tunnel of active sites of tyrosinases was 

analyzed by CAVER Analyst 1.0.  
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Figure 4.3 SDS-PAGE gel image of the purified tyrosinases. The active 

form of AB_Ty was approximately 44kDa. The recombinantly expressed 

BM_Ty and SA_Ty was about 43 kDa and 33kDa, respectively.   
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Figure 4.4 Detection of tyramine moiety on HA by UV spectroscopy 

and 1H NMR. (a) None substituted HA (1.01 -1.80 MDa) was dissolved 

in 50 mM tris-HCl buffer at pH 8 (1 w%). The HA solution was diluted 

to 0.05 ~ 0.2 w% and loaded in a quartz cuvette (700 μL of chamber 

volume; 1 cm of path length, 4science, Korea) for UV spectroscopy. No 

significant absorbance was detected. (b) Tyramine hydrochloride was 

diluted to 0.1 ~ 1 mM, and the absorbances at 276nm were measured and 
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plotted in (d) (The extinction coefficient of tyramine at 276 nm was 1.52 

mM-1·cm-1). (c) The HA_t solution was diluted to 0.05 ~ 0.2 w%, and 

the absorbances at 276nm were plotted (e). (f) Approximately 5 mg of 

HA_t was dissolved in 1mL of D2O and 1H NMR spectra were measured 

at 400 MHz at 25℃. The 1H NMR spectroscopic data were stated in ppm 

(δ) from the internal standard (TMS, 0.0 ppm). The peak at 2.095 ppm is 

due to the three Hs of the acetyl group of HA. Thus the integrated area 

of the peak was set as three Hs. The chemical shift of two H at the ortho-

position appears around 7.258 ppm, and the two H at the meta-position 

appears around 6.935 ppm. Compared to the area of N-acetyl, the areas 

of Hs on tyramine were 0.07 and 0.09, respectively. Based on the 

integrated areas of Hs of the phenolic ring and N-acetyl group, the 

substation rate of tyramine was calculated to be roughly 2.3~3.0%. 
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Figure 4.5 Reaction activity (phenolic oxidation) and biocompatibility 

of tyrosinases. (A, B) The phenolic oxidation of L-tyrosine, gelatin, and 

HA_t by each tyrosinase was monitored by the formation of MBTH-

quinone adducts with UV-spectroscopy. The initial velocity of a 

tyrosinase reaction was defined as the slope of a plot of the product 

concentration and the reaction time. (C) The cell viability of each 

tyrosinase was tested on C2C12 cell line by the Live/Dead assay. The 

cell medium with each tyrosinase was treated to C2C12 cells and 

checked cell viability at each time points (2, 6, and 24 hours after 

treatment). 
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4.3.2 Rheological Evaluation of HG_gel with 

each Tyrosinase 

To apply the crosslinking ability of SA_Ty, the gelatin and HA_t 

mixture was further subjected to fabricating a biomimetic hydrogel with 

SA_Ty crosslinking. The final concentration of hydrogel and tyrosinase 

in the reaction was all fixed in gelatin 3% (w/v) mixed with HA_t 1 % 

(w/v) (HG_sol), and 200 nM of the enzyme. The concentration of gelatin 

and HA_t was fixed at the stated concentration because the solution is 

easily controlled at such a concentration at room temperature (RT).  

Above that concentration, the solution was too viscous to pipet.  When 

the materials were mixed according to the above composition, the 

solution state of the mixture, HG_sol, quickly formed crosslinked 

hydrogel (HG_gel).  Within 30 seconds of reaction with SA_Ty, 100 µL 

of HG_sol initiated crosslinking.  This hydrogel did not display any flow 

in tilting assay (Fig. 4.6, 7).  Also, HG_sol crosslinked with AB_Ty 

changed to light brown due to oxidation within 30 seconds.  However, 

HG_sol crosslinked with AB_Ty displayed flow in plate tilting assay, 

which showed ineffective crosslinking via AB_Ty.   The gelation 
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kinetics of HG_gel with each tyrosinase was also evaluated by 

rheological analysis (Fig. 4.8 A, B).  The crossing points of storage 

modulus G’ and loss modulus G” can be depicted as gelation time.  For 

HG_sol with SA_Ty, gelation time was 50 seconds (Fig. 4.8 A).  

However, crosslinking was continuous until SA_Ty oxidized almost all 

of phenolic moieties in HG_sol.  In Figure 4.8 A, the G’ and G” of 

SA_Ty were saturated after 15 minutes of reaction, an indication that 

SA_Ty oxidized all of their substrate (phenolic moieties within hydrogel) 

within 15 minutes. The gelation time of HG_gel with AB_Ty and 

BM_Ty exhibited 1,950 ± 20 seconds and 4,000 ± 50 seconds, 

respectively (Fig. 4.8 B).  The gelation time, the time at which G’ and G” 

intersect, showed the same tendency when observed by plate tilting, as 

stated earlier.  With relatively low concentrations (200 nM) compared to 

other tyrosinase, SA_Ty efficiently oxidized phenolic groups in gelatin 

and HA_t to produce quinone groups as an advantage of its structure. 

Furthermore, these quinone groups coupled with each other formed 

polydopamine and amine and thiol groups in gelatin. So far, HG_sol 

mixed with SA_Ty turned to a gel state in a few seconds, and it took an 

hour in a sol-to-gel transition in the AB and BM_Ty groups (Fig. 4.8 A) 
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since AB and BM_Ty has an inferior substrate specificity of the phenolic 

groups in macromolecules to SA_Ty.  

Next, we evaluated rheological properties of HG_gel with each 

tyrosinase. Strain sweep measurement (at a constant frequency of 1 %) 

was conducted to verify critical strain of each gel. The internal structure 

of HG_gel with AB_Ty and BM_Ty broke at the crossover point of G’ 

and G” indicating its critical strain as 80 % and 60 %, respectively, but 

HG_gel with SA_Ty withstood relatively large deformation indicating 

its strain to be 150 % (Fig. 4.8 C). Beyond this point, the internal 

structure of the gel was dislocated, and internal energy was not dissipated. 

Following strain sweep, we conducted frequency sweep measurement to 

identify its dynamic behavior (Fig. 4.8 D). In HG_gel with each 

tyrosinase with lower and higher ω, the storage modulus G’ was more 

dominated than the loss modulus G”, resulting in that the hydrogel is 

more elastic than viscous at the low and high frequency. It was similar 

to the general behavior of dynamic gel properties. However, the G’ value 

of SA_Ty was higher than other groups, indicating an increase in 

crosslinking density and stiffness. 
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Figure 4.6 Characterization of fast forming properties. Plate tilting 

method to test sol-gel transition time. HG_sol without tyrosinase was 

control group.  
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Figure 4.7 Plate tilting test of gelatin 3 % (w/v), HA_t 1 % (w/v), and 

HG_gel (100 μl) with each tyrosinase. Control group was not treated 

tyrosinase. After 1 hour of applying hydrogel onto cover plate of 96 well, 

cover plate was tilted vertically. With only SA_Ty, all hydrogel solution 

was turned to gel firmly,  
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Figure 4.8 Rheological evaluation of HG_gel with each tyrosinase. (A) 

Rheological analysis of gelation time (n = 3). The crossover point of 

G‘ (storage modulus) and G“ (loss modulus) indicated gelation time. (B) 

Quantitative analysis of gelation time. (C) Amplitude sweep of HG_gel 

with each tyrosinase. The crossover point of G‘ and G“ was indicated 

critical strain. (D) Frequency sweep of HG_gel with each tyrosinase.  
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4.3.3 Analysis of Mechanical and Adhesive 

Properties of HG_gel 

The reactivities of tyrosinases on macromolecules were 

positively related to the mechanical properties of HG_gel. The Young’s 

modulus of HG_gel with BM_Ty is not distinguishable with gelatin 3% 

(w/v) with SA_Ty (Fig. 4.9 A). The Young’s modulus of the HG_gel 

with SA_Ty showed the highest modulus, indicating 11.83 ± 0.57 kPa. 

Furthermore, we mentioned above, amine and thiol groups in gelatin 

would be crosslinked with tyrosine residues in HA via Michael-type 

additions. So, a significant synergistic effect was shown when the 1 % 

(w/v) of HA_t was mixed with the 3 % (w/v) of gelatin (Fig. 4.9 A). 

Additionally, the mechanical properties of the hydrogel can be tuned by 

controlling the concentration of substrates (HA_t and gelatin) and 

crosslinker (SA_Ty). In general, the mechanical properties of hydrogel 

depend on the crosslinking density in internal structure. When the 

increasing concentration of substrates, the crosslinking density increased, 

and it leads to enhance mechanical properties of the hydrogel. 

Additionally, varying amounts of tyramine substitution in hyaluronic 
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acid can be readily modulated the mechanical properties of HG_gel with 

a constant concentration of gelatin and SA_Ty. Tyrosinase was used as 

crosslinker of hydrogel with phenolic moieties, and mechanical 

properties can be modulated by the dose-dependent manner of tyrosinase. 

In our previous study, we compared mechanical properties according to 

AB_Ty concentrations (1000 and 2500 U/ml) [21]. It was demonstrated 

that with higher concentration (2500 U/ml) of AB_Ty, the hydrogel 

exhibited higher Young’s modulus than lower concentration (1000 

U/ml). The swelling behavior of the HG_gel showed a reciprocal relation 

to mechanical properties (Fig. 4.9 B). The swelling ratio of the HG_gel 

with AB_Ty, BM_Ty, SA_Ty showed 24.44, 34.77, and 7.52, 

respectively. Furthermore, we checked uniformity of hydrogel by 

penetration – retraction method [96]. We chose 7 points and inserted the 

needle (outer diameter: 0.36 mm, inner diameter: 0.18 mm) to check 

Young’s modulus (Fig. 4.9 C). Each point has similar value with 

Young’s modulus in the Figure. 4.9 A, and there was no significant 

difference between each point (Fig. 4.9 D). It was demonstrated that 

HG_gel with SA_Ty has homogenous crosslinking density all over the 

area. In the SEM images, the HG_gel has a macroporous structure 
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ranging from 200 μm to 500 μm (Fig. 4.10 A). The sprayed HG_gel on 

glass exhibited homogeneous formation all over the area (Fig. 4.10 B). 

Furthermore, the in vitro degradation was examined in PBS in the 

presence of collagenase (1 U·ml-1), and hyaluronidase (1 U·ml-1). The 

HG_gel gradually became degraded in both collagenase and 

hyaluronidase and eventually disappeared after a week (Fig. 4.11).   

In previous studies, the macromolecule with tyrosine residues 

was demonstrated to adhere to tissues after tyrosinase reaction since the 

cortical quinones, oxidized from tyrosine, could form a covalent bond 

with a thiol, amines, and other phenolic groups in native tissue [37]. To 

evaluate the tissue adhesion of the HG_gel, we performed a rheological 

tack test (Fig. 4.12, 13). The HG_gel showed tissue adhesive and tensile 

properties and was detached from the bottom of the mouse skin tissue 

after 750 s, pulling up to 37.5 mm (Fig. 4.13 A, C). Moreover, after the 

tack test, all the HG_gel remained in the upper mouse skin tissue. 

However, the remaining gelatin or HA_t, despite SA_Ty treatment, was 

easily detached after 120 s, pulling up to 1 mm (Fig. 4.12 B). The 

adhesion work of gelatin and HA_t was 4.916 ± 0.15 and 1.828 ± 0.08 

J·m-2 respectively, whereas the HG_gel showed a significant increase of 
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21.45 ± 0.82 J·m-2 (Fig. 4.13 B). This is remarkable when compared to 

previously studied catechol-conjugated polymers, such as PAM – PAA 

(poly (N,N-dimethyl acrylamide) with polyacrylamide) [102], methacrylic 

triblock copolymer (PMMA-PtBMA-PMMA) [103], and polyethylene 

glycol dimethacrylate (PEGDMA) [104], which have adhesion work in the 

range from 0.12 to 7 J·m-2, and the well-known sticky proteins in nature, 

such as mussel foot proteins derived from Mytilus californianus and 

Mytilus edulis, have only 0.1 – 1.4 mJ·m-2 of adhesion work [89]. The 

increased storage energy in HG_gel might be due to the increased 

cohesive strength, the capability of the adhesive to resist rupture, after 

crosslinking.  
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Figure 4.9 Mechanical characterization of HG_gel with each tyrosinase. 

(A) Young’s modulus of each group. Significant improvement was 

observed in HG_gel with SA_Ty over 10 kPa. (B) The swelling ratio of 

HG_gel with each tyrosinase. (C) Images of measurement of Young’s 

modulus using 28 G needle. 1) Fully swelled HG_gel was placed on the 

holder and immersed into PBS. Then, we selected 7 points to check the 

uniformity of hydrogel. 2) The needle was placed on point No.1 and 3) 

inserted into a hydrogel with 0.5 mm / s. Other points were processed by 

the same method. (D) Quantification of hydrogel uniformity by the 

penetration-retraction method.  
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Figure 4.10 SEM analysis of HG_gel (A) SEM image of HG_gel with 

each tyrosinase (Scale bar : 1 mm (left), 100 μm (central), 1 μm (right)). 

(B) Image of sprayed HG_gel on cover slide and its SEM image (Scale 

bar : 1 μm).  
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Figure 4.11 In vitro degradation test of HG_Gel by collagenase (1 U / 

ml) and hyaluronidase (1 U / ml) in PBS. The weight of residual HG_Gel 

was weighted after lyophilization. 
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Figure 4.12 (A) Schematic image of gel adhesion test to mouse skin. 

First, gel (500 μl) was loaded onto hydrogel holder covered with mouse 

skin tissue (diameter : 25 mm), crosslinked overnight and swelled for 24 

hours. The probe with mouse skin (diameter : 20 mm) then pressured gel 

with 0.5 N normal force for 5 min, and pulled up (rate : 50 μm / s). (B) 

Images of rheological tack test of 3 % gelatin and 1 % HA_t.  
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Figure 4.13 Adhesion properties of HG_gel by SA_Ty. (A) Stress-strain 

curve of adhesion test and (B) quantification of adhesion work (n = 3). 

The precursor solution was applied between mouse skin, and the sample 

was pushed by tissue probe for 5 min with 0.5 mN of the normal force. 

The probe then pulled with the rate of 50 μm / s and collected data. (C) 

Images of rheological tack test of HG_gel. The HG_gel was detached 

from the bottom of the mouse skin tissue after 750 s, pulling up to 37.5 

mm 
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4.3.4 Injectability and In vivo Injection of 

HG_gel 

In this study, we have introduced 0.3 M NaCl for coacervation 

of HG_gel. The HA_t and gelatin have different net charge. Since the 

coacervation happened when ionic strength of mixture has neutral, we 

added 0.3M NaCl to moderate mixture net charge. There are several 

factors to influence the net charge such as pH, temperature, molecular 

weight, and salt concentrations [105]. We chose NaCl among the factors 

as other factors might influence to enzyme stability, activity and 

mechanical properties of HG_gel. By adding 0.3 M of NaCl in the 

HG_sol before the tyrosinase reaction, the viscosity decreased to 0.66 

Pa·s from 1.58 Pa·s (Fig. 4.14).  SA_Ty maintained its activity intact at 

0.3 M of NaCl (Fig. 4.15 A), and the HG_gel retained its shape as 

injected into phosphate buffered saline (PBS) since an excessive amount 

of NaCl can be quickly diffused out. After NaCl was diffused out, the 

HG_gel also maintained its mechanical properties (Fig. 4.15 B). The 

HG_sol with SA_Ty turned into a gel state (HG_gel) instantly when 

injected into PBS through a 31 G syringe at RT (Figure 4.17 A). The 
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HG_gel injected in PBS stayed firm and was hard enough to be picked 

up by forceps (Fig. 4.17 A). However, when gelatin with SA_Ty was 

injected in PBS, the mixture was not crosslinked in situ rapidly and 

dispersed into PBS (Fig. 4.17 A).  

The HG_gel supported cell growth and proliferation in vitro 

until 1 week (Fig. 4.16, Fig. 4.17 B). To evaluate the in vivo degradation 

and biocompatibility, the HG_gel was injected into mouse subcutaneous 

space through a 31 G syringe needle. The samples were then collected 

and analyzed at days 7, 14, and 28 (Fig. 4.17 C). At day 7, the fibroblast 

cells were infiltrated into the outer margins of the hydrogel, and the 

HG_gel maintained a structure without degradation. By day 14, many 

cells infiltrated into the HG_gel, and the HG_gel has a smooth outer 

layer. After 28 days following the injection of the HG_gel, even though 

the cells were not infiltrated into the center of the HG_gel, the HG_gel 

had been partially replaced with vascularized connective tissue, and the 

outer layer of the HG_gel became rough. We hypothesize that this 

observation is potentially due to enzymatic degradation of HG_gel (as 

our hydrogel responded to collagenase and hyaluronidase) and gel 

contraction in vivo. However, the degree of degradation was not clear 
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enough to demonstrate the in vivo degradation, and it might be evidence 

of limited degradation. To facilitate HG_gel degradation in vivo, 

biomacromolecule having matrix metalloproteinase (MMP) cleavable 

peptides and tyramine moieties can be integrated into our hydrogel [106-

108]. In details, tyrosine di-terminated MMP peptides would be 

incorporated into hydrogel precursor solution as biofunctional tyrosine 

crosslinker. Since MMP peptide has tyrosine groups both end sides, it 

might be coupled with an amine, thiol, and other phenolic moieties in 

gelatin and HA_t. After crosslinking with SA_Ty, the HG_gel with 

tyrosine di-terminated MMP peptides might be proteolytically degraded 

by the dose-dependent manner of MMP peptides [108].  

There was no evidence of inflammation, such as monocyte and 

macrophage in the peri-implant tissue, overall experiments. In general, 

the implanted hydrogel recruited inflammatory cells, and a foreign body 

reaction occurred. The peri-implant tissue then became fully degraded or 

replaced with connective tissue according to the cell-mediated hydrogel 

clearance [109]. However, the HG_gel is composed of ECM derived 

materials and its coupling agents, SA_Ty, also an enzyme found in most 

living organisms. In cases where tissue is intact with tyrosinase, 
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endogenous resides in the native tissue such as collagen were able to 

crosslink each other, and it could lead to increase the stiffness of 

connective tissue [110]. However, in case of utilizing SA_Ty, it is efficient 

to oxidize phenolic moiety specifically on macromolecules, and the 

quick crosslinking reaction by catechol quinones prevents releasing 

SA_Ty from a hydrogel which can lead to crosslinking endogenous 

tissues. Additionally, as the tyrosinase is naturally occurring protein that 

is involved in protein cross-linking and melanin formation, we 

hypothesize that tolerance level of tyrosinase would not elicit any 

adverse effect on tissues. Furthermore, the hydrogels with catechols or 

catechol quinones are modeled after mussel foot protein that is sticky in 

an aqueous environment. Moreover, the adhesion of catechol-modified 

hydrogels exhibited sufficient stickiness onto diverse types of material 

including wet tissues [45]. Besides, the chemistries based on catechol and 

catechol quinines (and the enzyme itself) are not cytotoxic or 

inflammatory either in vitro and in vivo [45,111,112]. We intend to form 

irreversible covalent bonds to native tissues for localizing hydrogels thus 

the enzyme has only a positive effect on this purpose. In this regard, the 

HG_gel was reduced and avoided inflammatory reaction and recruited 
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native cells. 

 

 

 

Figure 4.14 The viscosity of HG_gels after SA_tyr treatment depending 

on NaCl concentration was also measured by the ARES rheometer with 

450 μM of gap and 100Hz of shear rate (the viscosity was monitored for 

2 min with the fixed shear rate). All measurements were repeated three 

times. 
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Figure 4.15 Reaction activity (phenolic oxidation) and mechanical 

properties of SA_Ty with or without 0.3M NaCl.  (A) The phenolic 

oxidation of L-tyrosine, HA_t and gelatin by SA_Ty was monitored by 

the formation of MBTH-quinone adducts. (B) Young’s modulus of 

HG_gel with or without 0.3M NaCl. 
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Figure 4.16 Biocompatibility test of HG_gel. C2C12 cells were cultured 

onto HG_gel and performed Live / Dead assay at day 3 and F-acting 

staining at day 7 (counter staining : Dapi) (Scale bar : 500 μm (X 10), 

200 μm (X 20)).  
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Figure 4.17 Injectability of HG_gel and In vivo injection. (A) Images of 

injection of gelatin only and HG_gel into PBS. For visualization of 

gelatin and HG_gel, we mixed red color paints with HG_sol. The gelatin 

only was dispersed into PBS, and the HG_sol with SA_Ty turned into a 

gel state (HG_gel) instantly. (B) Cell proliferation rate on HG_gel until 

1 week. Control was C2C12 cells on tissue culture plate. (C) Histological 

evaluation of In vivo biocompatibility and degradation. H & E staining 

image was cross-section of HG_gel integrated with native skin (scale bar: 

100 μm). 
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4.3.5 Ex Vivo Spraying of HG_gel 

Interestingly, the HG_sol with SA_Ty could be sprayed using a 

commercial airbrush with a nozzle diameter of 0.2 mm (Fig. 4.18 A). 

Although the viscosity decreased with the salt, it was still sticky enough 

to coat a glass slide. The HG_sol with SA_Ty turned to aerosol through 

the airbrush, which has a higher surface area to volume ratio and 

reactivity than in the sol state. So far, the HG_sol immediately turned to 

HG_gel after spraying. After spraying HG_gel on the glass, the HG_gel 

was soaked in PBS to allow the diffusion of salt. Then, the thinly coated 

HG_gel could harden on the glass, which was then separated to form a 

thin elastic film (Fig. 4.18 B). The detached HG_gel could be stretched 

and recovered to its initial state after the tensile force was removed. Then, 

we compared mechanical properties of HG_gel fabricated by mold 

casting and spraying methods (Fig. 4.19). The Young’s modulus of 

HG_gel by mold casting and spraying exhibited 11.83 ± 0.57 kPa and 8 

± 0.62 kPa, respectively. Although the HG_gel spraying has lower 

mechanical properties than by mold casting, the difference of Young’s 

modulus can be explained by the hydrogel thickness. The thicker 
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structure of hydrogel can be dissipated the external stress more 

effectively than thin hydrogel layer [113]. It was demonstrated that the 

difference of mechanical properties came from the hydrogel thickness, 

not the methodology of fabricating hydrogel.   

The sticky HG_gel was also applied as a spray-coat on the 

surface of the mouse cardiac tissue (Fig. 4.18 C). Before spraying, to 

visualize the coated hydrogel, we incorporated FITC to gelatin via 

EDC/NHS chemistry. The HG_gels were homogeneously coated onto 

the cardiac tissue. The spray process was simple when controlling and 

fast for deposition of the HG_gels on the surface due to the instant 

crosslinking by SA_Ty (Fig. 4.18 D). It took only a few seconds to coat 

HG_gels all over the cardiac tissue. There was some fluorescence in 

FITC-gelatin group, but not an even coating (Fig. 4.18 D). In the 

histological evaluation, the HG_gels were uniformly coated with a range 

of 10 to 13 μm (Fig. 4.18 E). The thickness of the coated hydrogel could 

be regulated up to a few hundred μm by the number of times it had been 

sprayed. Moreover, the coated hydrogel adhered to a superficial layer of 

cardiac tissue, and it would make the hydrogel stay firm (Fig. 4.18 E).  
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Figure 4.18 HG_gel spraying via airbrush and ex vivo coating of 

HG_gel on the cardiac tissue by a spraying method. (A) Image of sprayed 

HG_gel on the slide glass. The HG_sol with SA_Ty was applied into 

commercial airbrush and sprayed on the slide glass. (B) Elastic 

properties of sprayed HG_gel detached from slide glass. 1) After 
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detaching HG_gel from glass, the gel was held by forcep. 2,3) Then, the 

gel was stretched. (C) Schematic image of HG_gel coating on mouse 

cardiac tissue ex vivo. (D) Bright field and fluorescence image of cardiac 

tissue with gelatin only and HG_gel coating. Control was native cardiac 

tissue. Coated HG_gel was shown under 488 nm fluorescent lamp (scale 

bar: 5 mm). (E) Cross section image of HG_gel coated cardiac tissue 

(scale bar : 500 μm (right), 200 μm (left)). 
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Figure 4.19 The Young’s modulus of HG_ gel fabricated by different 

methods (mold casting and spray). 
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4.4 Summary 

We utilized a novel tyrosinase from Streptomyces avermittillis 

which has a proper structure to oxidize phenolic groups of 

macromolecules instantly, and it allows the gelatin-HA based system to 

be crosslinked for injectable or sprayable use. The structure of the 

SA_Ty, with a flat, wide and shallow entrance to the active site when 

compared to other tyrosinases from Agaricus bisporus or Bacillus 

megaterium, broadens the substrate specificity and enhances the activity 

of SA_Ty on the macromolecules. SA_Ty successfully accelerated the 

HG_gel hardening within 50 seconds through a permanent covalent bond 

between the catechol quinones and amine, thiol, and other phenolic 

groups. The SA_Ty endowed HG_gel with high mechanical properties 

and tissue adhesive function. This strategy to form fast 

injectable/sprayable hydrogels was widely applicable to in situ hydrogels, 

incorporating phenolic groups in a biopolymer. Also, the HG_gel could 

be developed as a robust tool for surgical glue and localized delivery of 

cells or biomacromolecules, with the advantage of a tissue adhesive and 
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cell recruiting function in vivo. We predict that an injectable/sprayable 

platform with dual-barrel syringe systems that can dispense pre-gel 

solution while mixing could be developed for clinical application of our 

hydrogel. This system prevents cross-contamination of the two 

components, would deliver HG_gel efficiently into the desired area. 

Therefore, we believe that the injectable system could avoid any 

undesired crosslinking. The HG_gel was demonstrated to be 

homogeneously coated on mouse cardiac tissue ex vivo through a 

commercial airbrush, and it has 10 ~ 13 μm of thickness with a short 

jetting. It stayed firmly due to its adhesive properties. With the optimized 

spraying device, we believe that our sprayable hydrogel can be applied 

efficiently in combination with stem cell or growth factors for in vivo 

deliveries. Furthermore, we believe that the sprayable system can be 

utilized in combination with a mask to prevent the uncontrolled spraying 

onto other areas. Overall, the tissue adhesive, injectable and sprayable 

hydrogel with a newly developed tyrosinase offers robust potential to 

develop a surgical glue and delivery carrier in the field of biomedical and 

tissue engineering.  
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CHAPTER FIVE: 

MUSSEL-INSPIRED HYDROGEL 

BASED ON POLYPHENOL 

OXIDATION FOR WET TISSUE 

ADHESION AND IMMUNE 

MODULATION 

 

5.1 Introduction 

Hydrogels are composed of three-dimensional (3D) porous 

structures in water [8,16,114]. The conventional concept of hydrogel was to 

be a carrier for biological cues in vivo such as growth factors, cells, and 

extracellular matrix [8,16,17]. In recent trends, hydrogels for a broad 
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spectrum of clinical trials need multifunctional properties allowing them 

to apply in vivo [115-118]. There are several factors required to use the 

hydrogel in the field of translational medicine: ⅰ) tissue adhesive 

character to adjust diverse surrounding environment [119], ⅱ) rapid 

gelation and injectable gel type for minimally invasive surgery which 

reduce surgical side infection [41], (ⅲ) autonomous self-healing process 

in mild conditions [41,120,121], and ⅳ) compromising host recognition and 

foreign body reactions [122]. More importantly, integration of 

biomaterials with surrounding host tissues is essential for retaining 

biofunctionality and long-term success [123,124]. There are several 

commercial adhesives used clinically to integrate materials and host 

tissue such as fibrin glue, cyanoacrylate, and glutaraldehyde-albumin, 

but they have intrinsic cytotoxicity and insufficient bond strength [121,125]. 

In this regard, an ideal adhesive would be a part of hydrogel directly 

interacting with host tissue [126,127].  

Minimizing host recognition and foreign body reactions are also 

one of the essential factors for consideration in current research of 

hydrogels [128,129]. In earlier days of hydrogel research applications, 

hydrogels implanted in vivo triggered host immune system for foreign 
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body reactions, and fibrous capsule walled hydrogel off from 

surrounding tissues [130]. This cascade resulted in the failure of 

implantation and damage to innate tissues. Recently, polyphenol has 

been widely investigated as therapeutic agents for inhibition of 

inflammation, cancer, and reduction in risks for cardiovascular diseases 

[53,54]. Among the various kinds of polyphenols, green tea flavonoid, 

especially epigallocatechin-gallate (EGCG), is favored in tissue 

engineering field due to its beneficial bioactivities and easy accessibility 

in large quantity [53-55]. In EGCG, it has four types of phenolic moieties, 

and especially, B and D ring are crucial to exhibit therapeutic effects 

such as radical scavenging and enzyme inhibition [56]. Interestingly, the 

B and D ring is composed of a 1,2,3-trihydroxyphenyl group that is 

similar to mussel and ascidian adhesiveness, which live adhering to rocks 

or docks in seawater [56,57]. It would be expected that by conjugating 

EGCG into the polymer, biopolymers will naturally have EGCG’ innate 

bioactivities and tissue adhesiveness by oxidative reactions.   
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5.2 Materials and Methods 

 

5.2.1 Synthesis of HA-Tyramine (HA_T) 

Conjugates 

1.0 % (w/v) HA solution was prepared by dissolving 100 mg of sodium 

hyaluronate (Lifecore Biomedical, USA) in 10 mL of Deionized water. 

After completely dissolved, tyramine hydrochloride (Sigma-Aldrich, the 

molar ratio of tyramine/COOH in HA =1) was added to the solution. 

Under constant stirring, N-hydroxysulfosuccinimide (sulfo-NHS; 

Sigma-Aldrich, USA) and N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide (EDC; Thermo Fisher Scientific) were added to the 

solution. The molar ratio of EDC: tyramine = 1: 1. The mixture was 

stirred for overnight to complete the reaction. The HA-Tyramine 

conjugate was purified by dialysis membrane (SnakeskinTM dialysis 

membrane; Thermo Fisher Scientific) against distilled water for 3 days, 

filtered, and lyophilized for storage. The final product was analyzed by 
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NMR and UV-Vis spectrometer.  

5.2.2 Synthesis of EGCG-dimers 

We synthesized ethylamine bridged EGCG dimers according to previous 

studies [46,56]. In brief, 145 μl of 2,2-diethoxyethylamine (DA; Sigma-

Aldrich) was dissolved in 1.2 ml of cold methanesulfonic acid (MSA; 

Sigma-Aldrich) and tetrahydrofurane (THF; Sigma-Aldrich) mixture (1: 

5, v/v). Then, EGCG was dissolved in 3.8 ml of THF and 1.7 μl of MSA, 

and DA mixture was added under stirring. The mixture was stirred 

overnight in the dark at RT. The resulting mixture was concentrated via 

rotary pump for 20 min and dried in vacuo overnight at RT. The products 

were dissolved in 10 ml of distilled water and purified by extraction with 

10 ml of ethyl acetate about 5 – 10 times. The final products were kept 

under – 20 °C for further use.  

 

5.2.3 Synthesis of HA-EGCG (HA_E) 

Conjugates 

HA-EGCG conjugates were synthesized according to previous studies 
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[46,56]. In brief, HA solution was prepared by dissolving 250 mg of sodium 

hyaluronate in 20.2 mL of 0.4 M MES buffer (pH 5.2) with 2.5 mL of 

DMF. Under constant stirring, 89 mg of NHS and 2.33 ml of ethylamine-

bridged dimers were added to the reaction mixture. Then, EDC was 

added to the solution, and the pH of the reaction was adjusted to 4.7 using 

1 N of HCL. The reaction mixture was stirred in the dark overnight to 

complete the reaction at RT. After the reaction, deionized water and 5 M 

NaCl solution were added to the reaction mixture, and the pH was 

lowered to 3 with HCl solution. Then, ethanol was added under stirring. 

Under these conditions, the HA_EGCG conjugates formed slurry 

precipitated which were collected by centrifugation (4000 rpm, 5min). 

This process was repeated 3-4 times, and the precipitates were re-

dissolved in 300 mL of water. The conjugates were then dialyzed against 

water overnight. Finally, the purified HA-EGCG conjugates were 

lyophilized. 

 

5.2.4 Synthesis of Tyrosinase from 



１２９ 

 

Streptomyces avermitillis (SA_Ty) 

The plasmids were constructed in the previous study [90]. Briefly, 

genomic DNA was extracted from Streptomyces avermitlis, and the gene 

tyrosinase was amplified by PCR. A helper protein, KP198295.1, was 

inserted in MCS1 of pETDuet (Novagen, USA), and the gene of S. 

avermitilis tyrosinase (SA_Ty), gi:499291317, was inserted in MCS2. 

His-tag was introduced at the C-terminal of SA_Ty. The recombinant 

plasmids were transformed into E. coli BL21 (DE3) by heat shock. The 

strain was spread on a plate of Luria-Bertani (LB) agar with antibiotic 

selection markers (25 μg∙ml-1 of ampicillin for pETDuet or 50 μg∙ml-1 of 

kanamycin for pET28a). The cryostock stored in the deep freezer was 

inoculated into 4 mL of LB broth with antibiotics, and the cells were 

cultured in an incubator at 37 °C and 200 rpm overnight. After 2 mL of 

cell culture was transferred into a 1 L flask with 200 mL of fresh LB 

broth, the flask were incubated at 37 °C and 200rpm until the optical 

density of the culture media reaches approximately 0.6 to 0.8 at 600nm 

(OD 600nm), then 0.2mM IPTG and 1 mM CuSO4 was added. The 

induced cell culture was placed in an incubator at 18 °C at 200 rpm for 



１３０ 

 

20 hrs. The next step was all done at 4 °C. Cell pellets were collected by 

centrifugation and washed with 5 mL of 50 mM tris-HCl buffer at pH 8 

twice. The cell was lysated by ultra-sonication. After centrifugation at 

16000 rpm for 30 min, 5 mL of the soluble fraction of crude cell soup 

was collected. The expressed enzymes were purified by the general His-

tag purification. The final concentration SA_Ty was 100 µM. The 

concentration of purified enzymes was calculated by the general BCA 

assay.  

 

5.2.5 Preparation of HA_T and HA_TE 

hydrogel 

First, HA_T 4%(w/v) and HA_E 2%(w/v) were dissolved in deionized 

water at 36 °C water bath. After completely dissolved, all solutions were 

sterilized by the syringe-driven filtration (200 nm mesh). In HA_T 2%, 

4 % of the HA_T solution was diluted with deionized water at 1: 1 ratio, 

and mixed with 6 µM of SA_Ty. In HA_TE group, 2 % of HA_E was 

mixed with 4% of the HA_T solution following added 6 µM of SA_Ty. 

The compositions of each hydrogel were summarized in Table 1.  
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5.2.6 MBTH Assay 

The quantitative analysis of quinones according to HA_E concentration 

was conducted by measuring the absorbance of adducts of quinones and 

3-methyl-2-benzothiazolinone hydrazine (MBTH) at 505 nm (εadduct= 

29000 M-1·cm-1) with UV-spectroscopy (TECAN infinite m200 pro, 

Switzerland). Briefly, MBTH was dissolved in deionized water at a 

concentration of 3 mg/ml. Then, 40 µl of MBTH solution was added into 

60 µl of each sample with SA_Ty in transparent well and recorded UV 

absorbance at 505 nm until 30 min.  

 

5.2.7 Fourier-Transform Infrared Spectroscopy 

(FT-IR) Analysis 

To evaluate the crosslinking mechanism of the hydrogel, the samples 

(HA, HA_T, HA_E, HA_T gel, HA_TE hydrogel) was observed by FT-

IR (Nicolet 6700, Thermo Scientific, USA). The No. of the scan was 32, 

and the resolution was 8. All the samples have measured the 
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wavenumber ranging from 650 to 4000 cm-1.  

 

5.2.8 Evaluation of Gelation Time of HA_TE 

hydrogel 

Gelation times of HA_TE hydrogel were evaluated by conventional vial 

tilting method. The precursor solution with SA_Ty was pipetted into 1.5 

ml of Eppendorf tube. The vial was then tilted, and the gelation time was 

evaluated when sample showed no flow.  

 

5.2.9 Measurement of Tissue Adhesion 

Properties 

The adhesion properties of HA_TE hydrogel, cyanoacrylate (LOCTITE 

4011, LOCTITE, UK), and fibrin glue (fibrinogen from bovine plasma 

from Sigma-Aldrich, and thrombin lyophilized powder, 5,000 units from 

REYON pharmaceutical, South Korea) was measured by Universal 

Testing Machine (UTM, 100 N of load cell, EZ-SX STD, Shimadzu, 
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Japan). Briefly, the mouse dorsal skin tissues (length: 1 cm, width: 1cm) 

were attached to the slide glass as tissue substrates.  The precursor 

solution was applied to the inner surface of mouse skin, and the specimen 

was covered with the other skin tissue. After 5 minutes of crosslinking, 

the samples were loaded on the holder and performed the test with 1 

mm/min of the probe speed until complete separation.  

 

5.2.10 Rheological analysis of HA_TE hydrogel 

Rheological analysis of HA_TE hydrogel was conducted in Demo lab 

(Anton Paar Korea) using rheometer (MCR 302, Measuring cell: P-PTD 

& H-PTD 200, Measuring System: PP 25, Anton-Paar, Austria). All the 

samples were 8 mm diameter and 2 mm thickness. All the experiments 

were conducted at 37 °C. First, we performed flow test of each gel. 

Briefly, shear rate (1/s) at 1 Hz frequency was applied to each gel until 

viscosity indicated at 1 (Pa.s). Next, we checked frequency sweep. The 

G’ and G” was measured when increasing frequency from 1 Hz to 100 

Hz. The strain was fixed at 1 %. Strain sweep was then conducted to 

evaluate critical strain. The crossover point of G’ and G” was a critical 
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strain when strain (%) increased. Finally, step-strain measurement was 

performed to verify self-healing properties of each gel. 0.01 % of strain 

was applied to each gel for 200 seconds at a frequency of 1 Hz, and the 

strain was increased to 500 % to break each gel for 100 sec. The dynamic 

transition of G’ and G” was monitored until 3 times of the cycle.  

 

5.2.11 Measurement of the swelling ratio of 

hydrogels 

For swelling studies, 100 μL of the gel solution was prepared on parafilm 

in the regularly shaped. Briefly, mix 4% HA_T and 2% HA_E in for each 

composition. Equal volumes (6 µL) of the tyrosinase in 0.05M Tris 

buffer were then added. After uniform mixing, the suspension was 

injected on parafilm quickly. This gel suspension incubated at 4 °C for 

overnight to complete gelation. The finished hydrogel was transferred to 

PBS and cultured at 4 °C for 1day. After a day, the swelling ratio of HA 

composites hydrogel was then measured by the following equations. 

Swelling ratio = ( Ws - Wd)/ Wd 
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Ws, Wd, represents the weight of hydrogel composites after swelling and 

the weight of dried hydrogel composites after swelling. 

 

5.2.12 Measurement of Young’s Modulus 

The mechanical properties of HA_TE hydrogel were evaluated by 

measuring Young’s modulus using a UTM. Briefly, each sample was 

prepared using customized PDMS mold with 8 mm radius and 2 mm 

length. Then, the samples were immersed into PBS for 24 hours to swell 

equilibrium. After swelling, samples were placed on the UTM and 

compressed with 3 mm/min of probe speed. The Young’s modulus was 

calculated from a linear region of stress-strain curve (0 – 15 % strain).   

 

5.2.13 Scanning Electron Microscopy (SEM) 

Analysis 

To analysis internal structure, each gel was crosslinked in customized 

PDMS mold (radius: 8 mm, thickness: 2 mm) for overnight. Then, the 

specimens were immersed in PBS for overnight and lyophilized. The 
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dried sample was sliced into horizontally to analysis internal structure 

and mounted on SEM mounts with carbon tape. Then, the samples were 

coated with platinum/palladium for 120 seconds in vacuum. The image 

was observed by JSM-7610F Scanning Electron Microscope (JEOL 

USA, Inc.) at 10 µA and 10 kV.  

 

5.2.14 Cell Proliferation Test and F-actin 

Staining 

The in vitro cytotoxicity and proliferation rate of HA_TE hydrogels were 

quantified using Alamar Blue Assay Kit (Thermo Fisher) following the 

manufacturer’s instructions. C2C12 cells were prepared in each well of 

24-well cell culture plate at a concentration of 1 ⅹ 105 cells/ml, and each 

gel was placed into Transwell ® (Dow Corning, USA). Then, the cell 

culture medium of each well was collected at day 1, 2, 3, 4, and mixed 

with Alamar blue solution at 10: 1 ratio. After 3 hours of incubation, the 

absorbance of reduced Alamar blue solution was quantified using UV 

spectrometer at 540 and 630 nm. All the samples were normalized at day 

1 absorbance. At day 4, Transwell ® was discarded from well, and 4 % 
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paraformaldehyde (PFA) stained with F-actin. DAPI was stained as 

counter staining. The stained wells were imaged by EVOS Cell Imaging 

Systems (Thermo Fisher).  

 

5.2.15 In vitro and In vivo HA_TE hydrogel 

Degradation 

For in vitro HA_TE hydrogel degradation test, each group was treated 

with hyaluronidase (10, 50, 100 U·ml-1, Sigma-Aldrich) in PBS at 37 °C. 

The amount of degraded hyaluronic acid was determined by the 

quantification of reducing generated through the Morgan-Elson assay [56]. 

5 g of p-Dimethyl-aminobenzaldehyde (DMAB) was dissolved in 6.25 

ml of 10 M HCl and 33.75 ml of acetic acid. Then, borate solution was 

prepared by dissolving 741 mg of boric acid and 297 mg of potassium 

hydroxide in 15 ml of deionized water. Next, 32 μl of enzyme treated 

solution was added to 8 μl of borate solution, and heated at 99 °C for 5 

min. The mixture was cooled down to room temperature, and 160 μl of 

DMAB solution was added. After 20 min of incubation at 37 °C, 150 μl 

of the mixture was transferred into 96-well plates, and read absorbance 
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at 585 nm. The standard curve of reducing ends was determined using 

known concentrations of N-acetyl-D-glucosamine. For in vivo HA_TE 

hydrogel degradation test, 100 μl of each gel precursor with SA_Ty was 

injected into mouse subcutaneous tissue. After day 3, 7, 14, 28 of 

injection, the sample was collected and stained with hematoxylin and 

eosin (H&E) solution.  

 

5.2.16 Radical Scavenging Assays 

Radical scavenging activity of HA_TE hydrogel was measured by 

colorimetric changes of 2,2-Diphenyl-1-picrylhydrazyl (DPPH). 1.2 mg 

of DPPH was dissolved in 12 ml of methanol. The precursor solution of 

each group was dissolved in ethanol at a concentration of 10 mg/ml. α-

tocopherol and HA_T solution was prepared as a positive and negative 

control, respectively. Then, 50 μl of the sample solution was transferred 

into 2 ml tube, and 450 μl of Tris-HCl buffer (pH 7.4) was added. 1 ml 

of 0.1 mM DPPH solution was mixed with the mixture and incubated in 

the dark for 30 minutes at room temperature. The final solution was 

transferred into 96-well plate and read absorbance at 517 nm. The 
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percentage of radical scavenging was calculated following the equation :  

Percentage of radical scavenging = (1-Absorbance of 

sample/Absorbance of blank) x 100 

 

5.2.17 In vitro Burst Pressure Test 

To test burst pressure in vitro, collagen casing (diameter: 18 mm, 

Viscofan CZ, Czech Republic) was used as tissue substrates. The digital 

manometer (PG-100B-102R, Copal electronics, Japan) was connected to 

the one end of collagen casing for measuring burst pressure. At the 

bottom of collagen casing, the hole was made using 17 G needle, and 

each sample (cyanoacrylate, fibrin glue, and HA_TE hydrogel) was 

sealed in the hole. After 5 min, the PBS was poured into collagen casing 

until the whole burst. When the hole burst, the burst pressure was 

measured by a digital manometer. All experiments were conducted in 

triplicate.  

5.2.18 In vivo Hepatic Hemorrhage Model 

All animal experiments were maintained in accordance with the Guide 
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for the Care and use of Laboratory Animals by the Seoul National 

University (SNU-170728-1). To test burst pressure in vivo, balb-c mouse 

(6 weeks, female) was anesthetized by the mixture of xylazine (Rompu, 

Bayer-Schering Pharma, Berlin Germany) and zolazepam (Zoletil, 

Virbac, Carros, France). The median abdominal was incised to expose 

mouse left lobe of the liver. Then, 18 G needle was inserted into left lobe 

to make a liver wound, and the wound area was closed with each sample 

(cyanoacrylate, fibrin glue, and HA_TE hydrogel). The parafilm and 

filter paper were located under wound area to measure the amount of 

bleeding for 2 min. The amount of bleeding was calculated following the 

equation :  

Bleeding amount = weight of the blood absorbed filter paper – weight of 

the filter paper 

 

5.2.19 In vivo Mouse Skin Incision Wound 

Closure Model 

To evaluate the ability of wound healing according to each sample, balb-
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c mouse (6 weeks, female) was anesthetized by inhalation of isoflurane 

(Ifran, Hana Pharm, South Korea). After shaving, the 1-cm long incision 

was made on the back of the skin. Then, 50 µl of each sample was applied 

to the wound area. Then, the samples were collected after 1 and 2 weeks. 

For histological evaluation, the samples were treated with 4 % 

paraformaldehyde (PFA) and blocked into paraffin. The specimens were 

cut into 10 µm thickness following staining hematoxylin and eosin (H&E) 

and Masson's trichrome (MTC).  

 

5.2.20 Anti-inflammatory effects In vitro 

To evaluate anti-inflammatory effects of the HA_TE hydrogel, we 

quantified tissue necrosis factor alpha (TNF-α) from RAW 264.7 cells. 

RAW 264.7 cells were cultured on 24-well cell culture plate (cell density : 

3 ⅹ 105 cells/well), and each gel sample was placed on Transwell ®. Then 

100 ng / ml of lipopolysaccharide (LPS) was added in each well to 

stimulate an immune reaction. After 24 hours of stimulation, the culture 

supernatant was collected and evaluated TNF-α level by Mouse TNF-

alpha ELISA Complete Kit (KOMAbiotech, Korea) following 
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manufacturer’s instructions. LPS untreated RAW 264.7 cells were a 

negative control.  

 

5.2.21 Evaluations of Macrophage and 

Monocytes Levels 

In vivo anti-inflammatory effects were evaluated by monocytes and 

macrophages staining. Briefly, 100 μl of each gel precursor with SA_Ty 

was injected into mouse subcutaneous tissue. After day 3, 7, 14 of 

injection, the sample was collected and fixed in 4 % paraformaldehyde 

(PFA). For paraffin embedding, fixed samples were immersed in a set of 

ethanol (50, 75, 90, 95, and 100 %), and embedded in paraffin. The 

specimens were sectioned into 5 μm of thickness. The sliced samples 

were deparaffinized using xylene two times for 5 minutes each and 

washed with 100 % ethanol two times 5 minutes each, 95 % ethanol two 

times 5 minutes each. Then, the samples were treated with proteinase K 

for antigen retrieval and permeabilized with 0.1 % Triton X-100 in PBS 

for 50 min. After washing with PBS three times for 5 minutes each, the 

samples were blocked with 1 % BSA in PBS for 30 minutes. The primary 
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antibody of monocytes and macrophage markers (MOMA, Abcam) was 

diluted in 1 % BSA in PBS solution at a ratio of 1: 50, and treated to the 

samples for overnight at 4 °C. The samples were then washed with 1 % 

BSA in PBS three times for 5 minutes each, and stained with secondary 

antibody for 3 hours. DAPI was counterstained.  

 

5.2.22 Analysis of Inflammation related 

Cytokine Levels In vivo 

To test in vivo inflammation of each sample, 100 µl of samples 

(cyanoacrylate, fibrin glue, and HA_TE) were injected into mouse 

subcutaneous pocket. After 3 days, mouse blood was collected from 

retro-orbital sinus. Then, the number of cytokines related to 

inflammation such as IL-6, IL-10, MCP-1, IFN-γ, TNF, and IL-12p70 

was evaluated by BD Cytometric Bead Array (CBA) Mouse 

Inflammation Kit (BD Bioscience, USA). The PBS injection was a 

negative control. All experiments were conducted in triplicate.  
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5.2.23 Statistical Analysis 

All data are expressed as mean and standard deviation (SD). Statistical 

significance was evaluated by Student’s t-test with *P < 0.05, **P < 0.01, 

or ***P < 0.001. 
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5.3 Results and Discussion 

 

5.3.1 Synthesis and characterization of HA_T 

and HA_E 

Here, we, for the first time, developed EGCG based hydrogel for in vivo 

immune modulation and successful wet tissue adhesion (Fig 5.1). To 

incorporate EGCG into the hydrogel, we synthesized EGCG dimer 

through Baeyer acid-catalyzed condensation in which polyphenol reacts 

with aldehydes to generate dimer [46,56] (Fig. 5.2 A). Since primary amine 

group easily reacts with the carboxylic group in carbohydrate via 

EDC/NHS chemistry in mild conditions, we chose 2,2-diethoxy 

ethylamine (DA) as a chemical bridge. The biological activity of EGCG 

mainly depends on the 1,2,3-trihydroxyphenyl group in B and D ring, 

and these sites should remain the same during chemical reactions. In 

previous studies, aldehyde mediated condensation of EGCG would yield 

four dimers, and the most abundant form of isomers was 8-8 isomer [46,56]. 

In 8-8 isomer, the chemical bridge formed between A rings, and B and 
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D ring participated in biological function (Fig. 5.2 A) [46,56]. The grafting 

of tyramine and EGCG dimer onto HA was also evaluated by NMR and 

UV-Vis spectroscopy (Fig. 5.2 B – D). The results indicated that 

substitution rate of tyramine to COOH in HA was 33 %, and EGCG 

peaks in HA_E was exhibited, but the signal to noise ratio was too high 

to demonstrate specifically. So far, in UV-Vis spec, absorbance at 280 

nm that indicated phenol structure has upregulated compared to HA_T. 

Then, the reactivity of HA_E by SA_Ty was analyzed by MBTH assay 

(Fig. 5.2 E).  
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Figure 5.1 Schematic representation of preparation HA_TE hydrogel.  

HA_E was combined with HA_T to prepare a precursor solution. 

Besides HA_TE solutions, SA_Ty was employed to produce a HA_TE 

hydrogel. In HA_TE hydrogel, there were two crosslinking processes; ⅰ) 

dopa-dopa crosslinking between HA_T’s, and ⅱ) EGCG-dopa 

crosslinking between HA_T and HA_E. Due to intrinsic properties of 

trihydroxyl phenols in EGCG (e.g., strong adhesive and immune 

modulation), HA_TE easily injected into wound area, and successfully 

recovered the defected tissues.  
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Figure 5.2 Synthesis and characterization of HA_T and HA_E. (A) 

Procedures of synthesis of EGCG dimers and HA_E. (B) NMR analysis 

of HA_T and HA_E. (C)UV-Vis spectroscopy of HA_T and HA_E. (D) 

MBTH assay according to HA_E concentrations. (E) FT-IR analysis of 

each sample.  
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5.3.2 Optimization of HA_TE formulation 

To optimize the formulation of HA_TE, at first, we fixed HA_T 

as 2 % (w/v) and varied HA_E from 0.1 to 1 % (w/v) (Table 5.1). When 

we injected HA_TE mixed with SA_Ty into PBS, the mixture rapidly 

turned to gel through the needle, and the gel maintained its structure in 

wet conditions (Fig. 5.3 A). The injectability of SA_Ty based hydrogel 

was also confirmed by flow test and frequency sweep on rheometer. 

When gel viscosity was measured in varying shear rates on rheometer, 

graph linearly decreased with increasing shear rates as expected (Fig. 5.3  

B). Conventional hydrogels with covalent bond were rigid, brittle, and 

did not show shear thinning ability. However, rheology data indicated 

that SA_Ty based hydrogel has shear thinning characteristic and has 

injectability through the needle. Then, frequency sweep measurement 

was conducted to verify its dynamic behavior at high frequency (Fig. 5.3 

C, D). In low frequency (Hz), the elastic modulus (G’) was higher than 

viscous modulus (G”) indicating that the hydrogel is more elastic than 

viscous. As frequency increased, both G’ and G” increased and exhibited 

frequency-dependent-viscoelastic behavior. When the gel was exposed 
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to high-frequency environments such as ejection through the needle, it 

was easily ejected without deformation due to its viscoelastic behavior 

at high frequency. We conducted strain sweep measurement to identify 

the critical strain. The internal structure of HA_T gel broke at the 

crossover point of G’ and G” indicating its critical strain as 120 %, but 

HA_TE hydrogel withstood relatively large deformation demonstrating 

its strain to be 200 % (Fig. 5.3 E, F). Beyond this point, the internal 

structure of gel was dislocated, and internal energy was not dissipated. 

Then, the gel was at viscous state. 

Next, we studied self-healing properties of the HA_TE hydrogel. 

The HA_TE hydrogel is formed from dynamic interactions composed of 

dopa-dopa and dopa-EGCG formation resulting double network (DN) 

hydrogel. The dopa-dopa bond is mainly attributed to enhance 

mechanical properties, and the dopa-EGCG bond makes rapid forming 

hydrogel with 1,2,3-trihydroxyphenol group of B and D ring in EGCG. 

Step-strain measurement was conducted to confirm recovery of 

mechanical properties after high strain (γ = 500 %) was induced. In 

HA_T group, G’ dramatically dropped at 500 % strain, and recovered 

86 % when strain returned to 0.01 % (Fig. 5.4 A). HA_E gel, however, 
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recovered its initial value completely upon releasing strain from 500 % 

to 0.01 % (Fig. 5.4 A, B). The recovery process occurred rapidly within 

few seconds, and this behavior continued during break-healing cycles. 

Gel’s adhesive nature and tri-hydroxyl ring in EGCG generated self-

healing properties. The hydroxylated form of tyramine (catecholamine) 

and EGCG have adhering properties similar to mussel inspired adhesion. 

When gel breaks into several fragments, fragments adhere to each other 

instantly and recover to original form automatically. Furthermore, 

multiple quinones at B and D ring in EGCG would remain uncoupled to 

tyramine in HA_T. Therefore, this could participate in the recovery 

process. With EGCG, HA_TE hydrogel can completely recover to its 

initial value, but for HA_T, only 86 % was recovered. The self-healing 

process was also observed in Figure 5.4 C. After cutting gel in half, we 

held two fragments in contact. After a few seconds, the fragments 

adhered to each other and returned to the initial state. 

Young’s modulus (E), maximum fracture stress (σmax), and strain 

(εmax) were calculated from stress-strain curve by Universal Test 

Machine (UTM) (Fig. 5.5, Table 5.2). Modulus of hydrogel was also 

positively related to HA_E components. In HA_T 2%, Young’s modulus 
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was 5.346 ± 0.99 kPa. When adding 1% HA_E, the gel becomes stiffer 

(E = 17.31 ± 3.28 kPa) reaching values more than 3 times that of HA_T. 

The polymer network of polyphenol and tyrosinase based hydrogel 

composed of covalent bonds exhibited brittle behavior as increasing 

HA_E components. This suggests that hydrogel was vulnerable to 

endure deformation. HA_T 2 % hydrogel broke at ε = 50 % (σmax = 8.599 

± 0.82 kPa) exhibiting ductile properties, but HA_TE 0.1 and 0.5 % 

ruptured at ε = 40 % (σmax = 11.78 ± 1.24 and 14.07 ± 1.32 kPa, 

respectively). Out of all, HA_TE 1 % showed the most brittle nature (ε 

= 30 %, σmax = 17.56 ± 1.93 kPa) (Table 2). Brittle gels are easily 

fractured by an external force, but they can uptake water tightly in 

network compared to ductile gel. This property maintains an osmotic 

environment in gel and allows transport of biological cues between the 

gel and surrounding environments [131]. The swelling ratio (Q) data of 

hydrogel confirmed gel properties (Fig. 5.6). The internal structure of 

hydrogel was similar among the experimental groups. All of the 

hydrogels exhibited highly interconnected porous structure (Fig. 5.7). 

Next, we examined tissue adhesive properties of HA_TE 

hydrogel against native tissues by lap shear test. Universal Test Machine 
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(UTM) analysis revealed that HA_TE 1 % group has the highest 

potential to resist breakage of the adhesive bond (Fig. 5.8 A). HA_T 2% 

exhibited failure force of 13.63 ± 2.90 N·m-1 and adhesion work of 1.98 

± 0.66 J·m-2 which was 50% and 25% less than values of HA_TE 1%, 

respectively. For HA_E, lap shear adhesion on two tissues yielded more 

adhesion energy and interfacial fracture force (F = 29.50 ± 6.70 N·m-1, 

W = 7.88 ± 0.94 J·m-2) (Fig. 5.8 B, Table 5.2), confirming that EGCG in 

HA is primarily attributed to tissue adhesion compared to the 

contribution of tyramine. Generally, both conventional hydrogel and 

native tissues have a net negative charge in physiological conditions. 

Hence, repulsion will form between hydrogel and tissues interrupting 

adhesion. In this paper, biomimetic materials based on oxidative 

polyphenols serve as a viable approach for generating tissue adhesive 

properties in hydrogel regardless of net charge.  

When we checked cell metabolic activity on the hydrogel, HeLa 

cells on hydrogel showed high cell viability and actively proliferated for 

4 days (Fig. 5.9). It was indicated that besides HA_T, HA_E, and SA_Ty, 

the crosslinked form of precursor solution might not produce any 

cytotoxic byproducts during oxidation, and it has no cytotoxicity.   
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In degradation test, all the samples were remained until 1 month 

after treating 10 U of hyaluronidase (Fig. 5.10 A). In case of 50 U of 

hyaluronidase, HA_T 2% was fully degraded in 2 weeks, but hydrogel 

with HA_E also remained until 1 month. However, when we treated 100 

U of hyaluronidase, all the samples except HA_TE 1.0% was fully 

degraded in 1 week, but HA_TE 1.0% also remained at 13 days. As 

EGCG acts as enzyme inhibitor like hyaluronidase, EGCG contained 

hydrogel can exist longer. The in vivo test also exhibited similar trends 

with in vitro (Fig. 5.10 B). All the samples remained up to 1 month in 

mouse subcutaneous pocket, but according to HA_E components, cell 

infiltration rate into hydrogel was entirely different. As increasing HA_E 

components, cells near native tissues such as fibroblast were hard to 

infiltrate into hydrogel due to relatively slow degradation rate. However, 

at day 28, even though the cells cannot infiltrate into the center of the 

hydrogel, the margin of the hydrogel was replaced with vascularized 

connective tissue in all groups. Also, there was no evidence of 

inflammation. It could be demonstrated that oxidation agents, SA_Ty, 

was not toxic to native tissues, and there was no evidence of oxidative 

reaction in surrounding tissues by SA_Ty.  
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Although the mechanism of anti-inflammatory effect of EGCG 

has not been fully proved yet, one of the suggested reason is that EGCG 

might reduce radical oxygen species (ROS) in wound area [46,56]. When 

we evaluated the rate of radical scavenging, it was revealed that EGCG 

could modulate radical levels, even the conjugated form of 

macromolecules (HA) (Fig. 5.11). As increasing EGCG components, 

radical was more scavenged, comparable to α-tocopherol utilized as anti-

oxidant molecules.  

EGCG contained hydrogel also modulated inflammation in vitro 

and in vivo. After stimulating RAW 264.7 cells with lipopolysaccharide 

(LPS) known as endotoxin, the values of tissue necrosis factor- α (TNF- 

α) secreted from RAW 264.7 cells decreased according to HA_E 

components (Fig. 5.12 A). When we monitored monocytes and 

macrophage levels of the implanted hydrogel in mouse subcutaneous 

tissue, it exhibited similar trends with in vitro test (Fig. 5.12 B,C).  
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Figure 5.3 Rheological analysis of HA_T and HA_TE hydrogel. (A) 

Images of the injectable HA_TE hydrogel. (B) Flow test, (C, D), 

Frequency sweep, and (E, F) Strain sweep test.  
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Figure 5.4 Self-healing properties of the HA_TE hydrogel. (A, B) Step-

strain test to evaluate self-healing. (C) Images of self-healing procedures 

of HA_TE 1) HA_TE hydrogel was made, and 2) cut into two pieces. 3) 

Attach each two pieces using forcep, and 4) HA_TE hydrogel was fully 

recovered.  
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Figure 5.5. Mechanical properties of HA_T and HA_TE. (A) Stress-

strain curve of compression test (B) Quantification of Young's modulus.  
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Figure 5.6 Swelling ration of HA_T and HA_TE. (A) Images of the 

hydrogel in the dry and wet state. (B) Quantification of swelling ratio. 
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Figure 5.7 SEM images of HA_T and HA_TE (scale bar: 100 µm (X 

100), and 10 µm (X 500)).  
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Figure 5.8 Tissue adhesive properties of HA_T and HA_TE. (A) 

Representative stress-strain curve. (B) Quantification of maximum 

failure force.  
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Figure 5.9 Biocompatibility test of HA_T and HA_TE. (A) Cell 

proliferation test by Alamar blue assay. (B) F-actin staining at day 4 

(scale bar: 300 µm). 
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Figure 5.10 In vitro and In vivo degradation test. (A) Cumulative HA 

release from hydrogel treated 10, 50, and 100 U of hyaluronidase. (B) 

Histological evaluation of in vivo degradation. After 3, 7, 14, and 28 days 

of implantation, hydrogels were collected and stained with H&E (scale 

bar: 200 µm).  
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Figure 5.11 Analysis of radical scavenging rate of the HA_E solution by 

DPPH assay. α-tocopherol was positive control, and HA_T 2% was a 

negative control.   
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Figure 5.12 Analysis of anti-inflammation effects of the HA_TE 

hydrogel in vitro and In vivo. (A) Qunatification of TNF- α levels 

secreted from RAW 264.7 cells when cultured with hydrogel. RAW 

264.7 cells with or without LPS stimulation was positive and negative 

control, respectively. Quantification of monocytes and macrophage 

levels of implanted hydrogel (B), and immunofluorescence staining 

images (scale bar: 200 µm).  
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5.3.3 Characterization of HA_TE hydrogel 

In tyrosinase mediated oxidation, it is involved in two reactions: 

ⅰ) hydroxylation of phenols into catechols by adding hydroxyl group on 

the ortho-position of phenols by oxygen transfer, and ⅱ) oxidation of 

catechols to produce quinones following formation radical intermediates 

[68,91] (Fig. 5.13 A). When conjugating EGCG dimer to HA, HA-EGCG 

conjugates cannot be crosslinked by tyrosinase due to steric hindrance of 

EGCG. EGCG monomer could generate dimers by tyrosinase, but in 

HA-EGCG conjugates, it is too bulky to interact with EGCGs in HA. 

Although sol to gel transition did not occur, EGCG in HA turned to 

highly reactive form as tyrosinase generated quinones in B and D rings. 

These reactive quinones could couple with tyrosine when HA_E was 

mixed with HA_T. Tyrosine group was relatively smaller than EGCG, 

and it easily reacted with quinones in EGCG regardless of steric 

hindrance. We further confirmed the mechanism by FT-IR spectroscopy 

(Fig. 5.2 E). The peaks related to phenolic moieties (3290 cm-1; phenolic 

O-H, 1634 cm-1; aromatic C-C, 1045 cm-1; alcohol C-O) were confirmed 

in HA_T. These peaks were intensified in HA_E as there were more 
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abundant hydroxylated phenols in EGCG. When reacted with tyrosinase, 

the peaks that indicated oxidation products of phenols (3290 cm-1) were 

more generated in both HA_T and HA_TE hydrogel groups. It was 

demonstrated that tyrosinase based polyphenol crosslinking might 

participate in hydrogel formation through oxygen transfer and radical 

intermediate following biphenolic compounds. 

In EGCG, it has a 1,2,3-trihydroxyphenyl group in B and D ring, 

and this highly hydroxylated phenol can lead to the development of fast 

forming and strong adhesive biomaterials. Compared with L-tyrosine or 

catechol group, B and D ring in EGCG already hydroxylated in both 

ortho-positions. When tyrosinase reacts with EGCG, hydroxylation step 

for ortho-position of phenols can be omitted in reaction, and tyrosinase 

can rapidly oxidize 1,2,3-trihydroxyphenol into highly reactive quinone. 

Additionally, the oxidative reaction of EGCG generates multiple 

quinones in single EGCG compared to one quinone in single oxidized L-

tyrosine. There are two meta-positions at each B and D ring in oxidized 

EGCG. These sites can interact with diverse nucleophiles (e.g., amine, 

thiol, imidazole or other phenolic moieties) in native tissues through non-

enzymatic reactions, including Michael addition, and the Maillard 
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reaction [21]. Finally, it is able to generate four covalent bonds in single 

EGCG compared to single bond in single tyramine and catechol. This 

structure is advantageous in generating rapid forming and adhesive 

hydrogel with injectable manner (Fig. 5.13 B, C). When increasing 

HA_E components, hydrogel solution rapidly turned to gel at 6.86 ± 2.43 

sec compared to 169.7 ± 6.80 sec in HA_T only group (Fig. 5.13 B, Table 

5.1). For HA_TE 1%, lap shear adhesion on two tissues yielded the 

strongest adhesion energy and interfacial fracture force among all 

formulations (Fig. 5.13 C, Table 5.2). We then applied HA_TE hydrogel 

in native organs. As shown in Fig. 5.13 D, the hydrogel glued firmly 

between pieces of native heart and kidney. Additionally, the two slide 

glass that adhered via HA_TE hydrogel supported a high load of weight 

(100 g) (Fig. 5.13 E). Regarding above results and general properties, we 

chose final concentrations as 2 % (w/v) HA_T, 1 % (w/v) HA_E and 6 

µM of SA_Ty.  
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Figure 5.13 Evaluation of crosslinking mechanism and optimization of 

HA_TE hydrogel. (A) Mechanism of HA_T and HA_TE crosslinking 

through the oxidative process by SA_Ty. (B) Analysis of gelation time 

dependent on HA_E concentrations by the general vial-tilting method. 

(C) Results from lap shear test to compare adhesiveness according to 

HA_E components. (D) The HA_TE hydrogel glued firmly between two 
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pieces of native heart and kidney. (E) The two slide glass that adhered 

via HA_TE hydrogel supported a high load of weight (100 g). All the 

experiments were conducted in triplicate (*p < 0.05, **p < 0.01, ***p < 

0.001). 

 

 

Table 5.1 Formulation of all tested HA_T and HA_TE hydrogel, 

including crosslinking mechanism and gelation times.  
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Table 5.2 Maximum compressive stress (σmax), maximum compressive 

strain (εmax), young’s modulus, adhesive failure force, and adhesion work 

of all samples including commercial products.  
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5.3.4 Tissue adhesion testing on HA_TE 

hydrogels: Lap shear, burst pressure and liver 

hemorrhage tests 

A surgical adhesive or sealant needs to satisfy multifunctional properties; 

ⅰ) highly accessible and convenient to use, ⅱ) rapid closure of the wound, 

ⅲ) prevention of contamination through the air or bodily fluid leakage, 

ⅳ) easy reposition of sealants, and ⅴ) induction in tissue repair and 

remodeling. Although a surgical adhesive or sealants that satisfied 

medical grade are commercially available, the products that fulfill factors 

have not been reported yet. So far, to determine whether HA_TE 

hydrogel has a potential to substitute commercial products, we 

performed standard lap shear, burst pressure, and mouse hepatic 

hemorrhage test on HA_TE compared with commercial products 

(cyanoacrylate and fibrin glue) (Fig. 5.14). In lap shear test using mouse 

skin, the highest adhesive strength and energy in wet conditions was 

accomplished in HA_TE hydrogel compared with the cyanoacrylate and 

fibrin glue (Fig. 5.14 A, B, Fig. 5.15). Even though the cyanoacrylate-

based sealants exhibited the strongest adhesiveness among all groups, it 
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has limitations in the usage as it provides an extremely low adhesion in 

wet conditions. Additionally, in aspects of mechanical properties, it 

exhibited a more rigid strength than native tissues that led to functional 

failure and delay the tissue regeneration.  

 One of the important aspects of tissue adhesive is that it should 

withstand the air or liquid pressures exerted by wound area. The burst 

pressure test was then performed using collagen casing as substrate; ⅰ) 

make a hole in the bottom of collagen casing using 17 G needle, ⅱ) seal 

a hole using cyanoacrylate, fibrin glue, and HA_TE hydrogel, ⅲ) fill the 

PBS into collagen casing until the PBS leaks through a sealed hole (Fig. 

5.14 C). The measured pressure of HA_TE was 11.2 ± 1.45 kPa (210 

mmHg) that exceeded the normal blood pressure of human (80 to 120 

mmHg) (Fig. 5.14 D). The values of cyanoacrylate and fibrin glue were 

0.47 ± 0.25 kPa (8.6 mmHg) and 4.33 ± 1.43 kPa (80 mmHg), 

respectively. A similar trend was observed in a hepatic hemorrhage 

model (Fig. 5.14 E). The bleeding was immediately stopped after treating 

HA_TE hydrogel, and blood loss were significantly reduced (Fig. 5.14 

F). The cyanoacrylate was not useful in the application of hemostatic 

materials with the values comparable to control (untreated) group. The 
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fibrin glue also has not efficient ability to block the hepatic hemorrhage. 

It was demonstrated that the commercial products were vulnerable to 

retain adhesiveness when exposed to wet environments, but HA_TE 

hydrogel can be used as a hemostatic hydrogel. 

 

 

 

 

 

 

 



１７５ 

 

 
Figure 5.14 In vitro and in vivo sealing test of the HA_TE hydrogel 

compared with commercial products (cyanoacrylate and fibrin glue). (A) 

Schematic images of lap shear test following ASTM F2255-06 standard. 

(B) Quantification of adhesion energy. In case of cyanoacrylate, it was 

analyzed under two different conditions; dry and wet, as it has exhibited 

different adhesiveness under dry or wet conditions. (C) Procedures of in 

vitro burst pressure test. Collagen casing was used as tissue substrate. ⅰ) 

Make a hole at the bottom of collagen casing by 17 G needle. ⅱ) Seal the 

hole by cyanoacrylate, fibrin glue, and HA_TE hydrogel. ⅲ) Fill the PBS 

solution into collagen casing until PBS leaks through the hole and 
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measure pressure by the digital manometer. (D) Quantification of burst 

pressure. (E) Procedures of in vivo hepatic hemorrhage model. ⅰ) Make 

a hole on the left lobe of the mouse liver by 28 G needle and seal the hole 

by cyanoacrylate, fibrin glue, and HA_TE hydrogel. ⅱ) Weight the filter 

paper after 2 minutes. Untreated group was a negative control. (F) 

Quantification of hepatic hemorrhage model. All the experiments were 

conducted in triplicate (*p < 0.05, **p < 0.01, ***p < 0.001).  
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Figure 5.15 In vitro adhesion test of HA_TE hydrogel compared with 

commercial products. (A) Representative stress-strain curve. (B) 

Quantification of failure force. 

 

 

 

 

 

 

 

 

 



１７８ 

 

5.3.5 In vivo wound closure testing on HA_TE 

hydrogels 

Then, the potency of the HA_TE hydrogel as a surgical sealant 

was assessed by mouse wound closure test. We examined repair of full-

thickness incision in the thick dorsal skin (length = 1 cm, depth = 3 mm). 

The suture is the standard technique in clinical settings, but it is not ideal 

in several reasons: ⅰ) requiring anesthesia, ⅱ) high rate of infection, ⅲ) 

inducing inflammation, scar tissue formation, and traumatic injury. So 

far, surgical sealant or glue, an example of suture-less wound closure, 

has been used as an effective on-demand tool for wound closure. In this 

part, we used non-absorbable suture (Braun Surgical), commercial 

cyanoacrylate glue, and fibrin glue as control groups. All groups except 

untreated completely repaired wound immediately. Cyanoacrylate glue, 

an instant glue, did not allow repositioning of the wound after applying. 

It was also too viscous to handle properly. Fibrin glue also easily flowed 

out from the wound site due to relatively slow reactions. Suturing is a 

time-consuming approach compared to the polymer-based method, and 

it can evoke batch-to-batch variation requiring a skilled technique. The 
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HA_TE hydrogel, however, can be prepared beforehand, can serve as 

crosslinker due to tyrosinase, and can be adjusted conveniently to wound 

sites due to low viscosity. After surgery, there was no sign of blood 

leakage and contamination through air leakage which was detected in 

suture group. Both suture and HA_TE hydrogel group showed hair re-

growth after 1 week of the incision, but incision site with cyanoacrylate 

and fibrin glue exhibited hairless skin and a clear rejoining mark or scar 

until 2 weeks after incision (Fig. 5.16). A typical scab appeared in 

untreated and cyanoacrylate group, but there was no scab in other groups.  

The potential of the HA_TE hydrogel as a surgical sealant was 

also evaluated by histological analysis (Fig. 5.17). With their 

advantageous internal structure and innate characteristics, HA, and 

HA_TE hydrogels absorbed and accumulated surrounding exudate at the 

wound site, and maintained moisture conditions which can accelerate 

regeneration. H&E staining showed that both suture and HA_TE group 

had an effective re-epithelialization, but HA_TE group significantly 

reduced wound area that was not comparable to other groups at day 7 

(Fig. 5.17 A). In the untreated group, dermal cells were dominant in the 

wound site, which induces scar formation by the accumulation of excess 
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extracellular matrix. At day 14, suture, cyanoacrylate, and fibrin glue 

groups seemed to regenerate dermis and epidermis layer, but hair 

follicles and sebaceous gland remained between dermis and epidermis. 

This was evidence of delayed epithelization compared to HA_TE group. 

HA_TE group completely repaired incision site with a structure similar 

to native skin: dermis and epidermis layer of skin remodeled to deposit 

fibril collagen and allow scar maturation (Fig. 5.17 B). In the initial stage 

of healing cascade, platelet contact with exposed collagen, then, platelet 

aggregation release cytokines or growth factors (e.g., platelet-derived 

growth factor (PDGF), transforming growth factor-beta (TGF-β)) to 

initiate healing cascade. A moist condition and water uptake ability of 

HA_TE hydrogel at wound site sustain these natural biological cues and 

accumulate collagen which plays important role in the reconstruction of 

tissue structure and functions. Additionally, tyrosinase has substrate 

specificity to phenolic moieties and presents no side reaction with 

surrounding environments. It was demonstrated that HA_TE hydrogel 

promoted wound healing process from inflammatory and proliferative 

phase to remodeling with mild inflammation attributed to effective 

healing.  
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Figure 5.16 Images of mouse skins treated with suture, cyanoacrylate, 

fibrin glue and HA_TE hydrogel. Untreated group was negative controls 

(scale bar: 5mm). 
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Figure 5.17 In vivo mouse skin incision wound closure. (A, B) 

Histological evaluation of wound tissues. Each specimen were stained 

with hematoxylin and eosin (H&E), and masson’s trichrome (MTC) 

(scale bar: 200 µm).  
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5.3.6 Anti-inflammatory effects of HA_TE 

The anti-inflammatory effects of EGCG might be influenced to 

accelerate the tissue regeneration and remodeling. The specific 

mechanism of EGCG effects has not been proved yet, but it is widely 

demonstrated that the EGCG has attributed to scavenging a variety of 

radical species directly (e.g., radical nitric oxide, hydroxide, and oxygen) 

in wound area [56,132] (Fig. 5.18 A).  With chelating metal ion or inhibiting 

enzyme activities (xanthine oxidase and inducible nitric oxide synthase 

(iNOS)), EGCG can also indirectly prevent to generate radical species 

[56,132]. Furthermore, it was reported that EGCG might inhibit nuclear 

factor-κB (NF- κB), one of the inflammatory mediators, following the 

reduced leukocyte recruitment to wound area [132]. In DPPH assay, HA-

EGCG conjugates exhibited the effects of a radical scavenger according 

to HA_E concentration. In addition, when HA_TE hydrogel was 

cocultured with macrophage cells, tissue necrosis factor-α (TNF- α) 

levels secreted from macrophage seem to be little difference in the 

untreated group (Fig. 5.18 B). In case of cyanoacrylate group, it 

stimulated macrophages more than lipopolysaccharide (LPS) treated 



１８４ 

 

group which indicated positive control. This phenomenon was also 

validated through cytometric bead array mouse inflammation kit (Fig. 

5.18 C). It was demonstrated that all the materials in HA_TE hydrogel 

such as tyrosinase or polyphenols have marginal immunogenicity 

compared with commercial products, and it can be led to the acceleration 

of tissue regeneration and remodeling. 
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Figure 5.18 In vitro and in vivo anti-inflammation test. (A) The 

proposed mechanism of anti-inflammatory effects of EGCG (NF-κB: 

nuclear factor- κB, ROS: reactive oxygen species, iNOS: inducible nitric 

oxide synthase). (B) In vitro inflammation test by quantification of TNF-

α secreted from RAW 264.7 cells when cocultured with each sample. (C) 

In vivo inflammation test by quantification of cytokine levels in mouse 
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serum. Each sample (100 µl) was injected into mouse subcutaneous 

tissue and collected serum from retro-orbital sinus after 3 days.  

5.4 Summary 

In summary, multi-function of hydrogel was combined in a 

polyphenol and tyrosinase based hydrogel: ⅰ) rapid gelation and 

injectable gel type for minimally invasive surgery which reduce surgical 

side infection, ⅱ) autonomous self-healing, ⅲ) control host recognition 

in vivo and ⅳ) tissue adhesive to rejoin tissue incision. With prominent 

natural gel properties, the HA_TE hydrogel can be used for broad 

applications such as tissue adhesives or sealants in the field of 

translational medicine.  
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CHAPTER SIX: 

CONCLUDING REMARKS 

 

6.1 Summary 

In this thesis, we investigated the potential of enzyme-mediated hydrogel 

crosslinking and its applications for tissue engineering in order to 

develop the new types of tissue adhesive for translational medicine. The 

concepts of enzyme, and polyphenol-mediated hydrogel crosslinking are 

based on multi-disciplinary efforts that imparts the conception of 

material, chemical and biological engineering. We tried to provide our 

novel recombinant enzyme with detailed structure analysis, and immune 

modulation effects of polyphenol in order to inspire and induce 



１８８ 

 

subsequent studies of other researchers to further develop the enzyme-

mediated tissue adhesive for translational medicine. 

In the first part of this dissertation, we have presented current 

technologies and approaches of biomimetic chemistry and materials for 

developing ideal tissue adhesive biomaterials.  

In the second part of this dissertation, we fabricated tissue 

adhesive hydrogel based on HA and gelatin crosslinking by mushroom 

type tyrosinase.  With tyramine conjugated HA and gelatin, it was easily 

oxidized to form quinone by tyrosinase and coupled with neighboring 

quinone to form hydrogel within 10 minutes.  Additionally, generated 

quinone could bond with amine and thiol groups in gelatin to make 

hydrogel firmly. It showed that when increasing quantity of enzyme and 

its substrate (TYR-HA and gelatin), the hydrogel solution turned to gel 

in short times. As catechol group oxidized form of tyramine has adhesive 

properties to a variety of substrate and quinone group could form 

covalent bonds with amine, thiol, and imidazole groups in native tissue, 

GTH2500 showed tissue adhesive properties and the adhesive strength 

was increased by adding more tyrosinase. Although there was no 
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significant difference in cell proliferation ability between GT2500 and 

GTH2500, fibrochondrocytes in GTH2500 appeared enhanced 

chondrogenic response in the biochemical assay and gene expression 

level. It was demonstrated that fast forming and tissue adhesive hydrogel 

based on tyrosinase crosslinking has robust potential in the field of 

cartilage engineering and regeneration. 

In the third part of the thesis, we report on a tissue adhesive 

hydrogel based on novel recombinant tyrosinase mediated crosslinking.  

The adhesive hydrogels were fabricated by the site-directed coupling of 

tyramine-conjugated hyaluronic acid (HA_t, 1% w/v) and gelatin (3% 

w/v) (HG_gel) with novel tyrosinase derived from Streptomyces 

avermitilis (SA_Ty).  The enzyme-based crosslinking by SA_Ty was 

fast, with less than 50 seconds for complete gelation, and the SA_Ty 

based crosslinking enhanced the physical properties and adhesive 

strength of the hydrogel significantly with the native tissue samples.  

Furthermore, by optimizing the injection conditions, we tailored the 

enzyme-based crosslinking hydrogels to be injectable and sprayable with 

a medical syringe and commercial airbrush nozzle, respectively.  An in 

vivo analysis of the adhesive hydrogel showed a negligible immune 
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reaction. In this study, we demonstrate that the novel enzyme-based 

crosslinking hydrogel has a robust potential in tissue engineering and 

regenerative medicine.  

In the last part of the thesis, we report a tissue adhesive and 

immune modulation hydrogel inspired by the mussel chemistry and 

polyphenol. We conjugated tyramine (HA_T) and EGCG (HA_E) into 

hyaluronic acid (HA), and the hydrogel (HA_TE) was fabricated by an 

oxidative reaction using tyrosinase from Streptomyces avermitillis 

(SA_Ty). With strong oxidative nature of EGCG, the HA_TE hydrogel 

can be fast formed in a few seconds. We compared HA_TE hydrogel 

with commercial products (cyanoacrylate and fibrin glue) in the aspects 

of tissue adhesive and sealants. In the lap shear and burst pressure test, 

HA_TE exhibited the highest tissue adhesiveness regardless of wetness 

compared to commercial products. When HA_TE was applied as tissue 

adhesive into mouse wound closure, and it successfully closed wound 

and recovered damaged tissue. Additionally, due to EGCG naturally 

possesses anti-inflammation and minimize host recognition, HA_TE 

hydrogel produced little inflammatory cytokines in vivo that are 

comparable to PBS group. This demonstrates that polyphenol based 
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hydrogel might provide a robust platform in the field of both material 

science and translational medicine.  

 Nature-inspired biomaterials and chemistry in this thesis will be 

useful to understand the critical cues for ideal tissue adhesive 

biomaterials in the aspects of tissue engineering and translational 

medicine. We believe that this study will directly contribute to develop 

more enzyme-mediated tissue adhesive biomaterials and provide 

inspiration to the other various research fields.  
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요약(국문초록) 

조직 공학을 위한 자연 모사 조직 접착 생체재료 

개발 연구 

 

 조직 접착형 생체 재료의 개발은 세포 전달체, 조직 접합, 

상처 치유 및 조직 지혈에 광범위하게 활용 될 수 있는 잠재력을 

지니고 있어 재생 의학의 새로운 영역으로 부상 해 왔다. 현재까지 

임상 분야에서 가장 광범위하게 사용되는 조직 접착제는 재료 및 

화학 물질을 기반으로 구성된다. 현재 시판되고 있는 의학 용 

실란트 및 접착제가 많이 있지만, 습한 환경에서 접착력이 

떨어지고 면역 반응을 유도하는 것과 같은 많은 한계가 

보고되었다. 따라서, 이상적인 조직 접착제의 개발을 위해 다양한 

재료와 화학 반응에 관한 연구가 활발히 이루어지고 있다. 다양한 
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전략 중 티로신 (tyrosine) 함유 생체 고분자는 습한 환경에서의 

방수 접착력과 조직 구성 요소와의 화학 결합력이 강하다는 

점에서 주목을 받고 있다. 티로신 함유 생체 고분자와 함께, 

타이로시나제 (tyrosinase)- 매개 가교 결합은 기질 특이성, 

신속한 겔화 시간, 생리활성 조건 하에서의 반응으로 인해 공유 

결합 하이드로 겔의 형성을 위한 새로운 방법이다. 그러나, 

타이로시나제 매개 가교 결합의 이점이 보고 되고 있음에도 

불구하고 효소 반응에 의한 재료 특성의 변화 및 생체 내 적용에 

관한 광범위한 연구가 아직 이루어지지 않고 있다. 

 이 논문에서는 타이로시나제를 매개로 한 생체 고분자 

가교의 세 가지 목적에 관해 연구하고 있다; ⅰ) 조직 공학을 위한 

타이로시나제 매개 하이드로겔 시스템의 개발과 최적화 (제 3 장), 

ⅱ) Streptomyces avermitilis 유래의 재조합 타이로시나제의 

개발 (제 4 장), ⅲ) 면역 반응을 조절할 수 있는 폴리 페놀과 함께 

빠른 겔화 및 조직 접착성 하이드로겔의 개발 및 기능 분석 (제 5 

장). 재조합 타이로시나제 매개 생체 고분자 가교 결합에 관한 

포괄적인 연구는 조직 접착제 및 생체 고분자 전달에서 다양한 
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목적을 위한 새로운 생체 재료 기반의 조직 접착성 하이드로겔 

개발에 영감을 줄 것이다. 

 이 논문의 제 1 장과  제 2 장에서 과학적 배경에 대한 

전반적인 소개를 다룬다. 

 이 논문의 제 3 장에서 우리는 버섯 유래 타이로시나제 

기반 주사형 조직 접착성 하이드로겔을 개발하고 조직 공학을 

위한 세포 전달체로의 효능을 확인하였다. 티로신 (tyrosine)이 

접합된 히알루론산 (TA-HA) 및 젤라틴은 체외 및 생체 내에서 

티로시나아제에 의해 가교 결합이 가능하다. 중요하게도, 형성된 

하이드로겔의 기계적 물성 및 생분해능은 티로신의 치환 정도와 

가교제인 티로시나아제의 농도에 의해 조절 가능 하였다. 또한, 

티로시나제 매개 가교 결합은 하이드로겔에 조직 접착 특성을 

부여해주었다. 연골세포를 티로시나아제 매개 하이드로겔 내부에 

피막형성 하였을 때, 매우 높은 생체 적합성을 나타내었고, 연골 

특이적 유전자 발현 및 글루코사민 (GAG) 성분이 증가하였다. 이 

연구는 효소 매개 가교 결합 하이드로겔의 조직 공학에의 응용 

가능성과 세포 전달체로의 효과를 확인하였다.  
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 이 논문의 4 장에서, 우리는 새로운 재조합 

티로시나아제의 개발 및 이를 통한 조직 접착 하이드로겔 개발에 

대해 연구했다. 접착 하이드로겔은 티로신이 접한된 히알루론산과 

젤라틴의 복합체로 구성되어 있고, 이들간의 가교 반응은 

Streptomyces avermitilis 유래 티로시나아제 (SA_Ty)로 

진행되었다. SA_Ty 에 의한 효소 기반 가교 결합은 하이드로겔을 

50 초 안에 겔화시키는 빠른 효소 반응 속도를 보여주었고, 

하이드로겔의 물리적 특성 및 조직과의 접착 강도가 상당히 

증가함을 보여주었다. 또한, 조건을 최적화하여 효소 기반 가교 

하이드로겔을 의료용 주사기 및 에어 브러시 노즐로 주입 및 

분사하여 전달할 수 있는 가능성을 확인하였다. 이 연구에서, 

새로운 효소 기반 가교 하이드로겔이 조직 공학과 재생 의학에서 

강력한 가능성을 가지고 있음을 입증하였다. 

 이 논문의 5 장에서 우리는 기존의 재조합 

티로시나아제와 더불어 폴리 페놀이 첨가된 조직 접착 및 면역 

조절 하이드로겔을 보고했다. 우리는 티로신 (HA_T)과 EGCG 

(HA_E)를 히알루론산 (HA)에 접합시켰고, 하이드로겔 
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(HA_TE)은 Streptomyces avermitillis (SA_Ty)유래 

티로시나아제를 사용하여 산화 반응을 유도하였다. EGCG 의 

강력한 산화 특성으로 인해 하이드로젤은 수초 내에 빠르게 

형성이 가능하였다. 또한 하이드로젤을 조직 접착제 및 실런트의 

측면에서 시판 제품 (시아노아크릴레이트 및 피브린)과 

비교하였다. 접착력 및 파열 압력 시험에서 하이드로겔은 시판 

제품에 비해 젖음 정도에 관계없이 가장 높은 조직 접착력을 

보였다. 하이드로겔이 마우스 상처 봉합에 조직 접착제로 

적용되었을 때 성공적으로 상처를 막아 손상된 조직을 회복함을 

확인하였다. 또한 EGCG 는 자연적으로 항 염증을 일으키고 숙주 

인식을 최소화하기 때문에 하이드로겔은 비교군 (PBS 주입)과 

비슷한 수준의 염증성 사이토 카인을 생성하였다. 이 연구는 폴리 

페놀 기반의 하이드로겔이 재료 과학과 의학 분야에서 강력한 

플랫폼을 제공 할 수 있음을 보여주었다. 

 이 논문에서는 자연 유래 생체 재료와 효소를 이용하여 

조직 공학 및 재생 의학의 측면에서 이상적인 조직 접착 생체 재료 

개발에 대한 가능성을 보여주었다. 우리는 이 연구가 더 많은 효소 
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매개 조직 접착 생체 재료 개발에 직접 기여하고 다른 여러 연구 

분야에 영감을 줄 것이라고 믿는다.  

주 요 어 : 하이드로겔, 타이로시나제, 폴리페놀, 조직 접착, 면역 
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