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Abstract 

Hydrogels are physically/chemically crosslinked natural/synthetic polymers; they are 

widely used as biomaterials for drug delivery and tissue engineering. In particular, injectable 

hydrogel systems have drawn a lot of attention because of the elimination of surgical 

implantation. Although several in situ crosslinking strategies have been developed for the 

formation of injectable hydrogels, the crosslink density and gelation rate of most existing 

systems cannot be independently tuned. Crosslink density is an important parameter because 

it affects the rate of hydrogel degradation, the rate of drug release, and the viability, 

proliferation and differentiation of encapsulated cells. On the other hand, the gelation rate of 

an injectable hydrogel system should be tunable based on the application requirement. 

In this thesis, injectable hydrogel systems composed of polymer-phenol conjugates were 

developed for various biomedical applications. First, a hydrogel system composed of 

hyaluronic acid-tyramine (HA-Tyr) conjugates was designed. The HA-Tyr conjugates were 

crosslinked by the oxidative coupling of tyramine moieties in the presence of horseradish 

peroxidase (HRP) and hydrogen peroxide (H2O2). It was shown that HRP predominantly 

controlled the gelation rate of the hydrogel, while H2O2 controlled the crosslink density. The 

HA-Tyr hydrogel system was applied for the delivery of interferon-α2a (IFN-α2a) and 

trastuzumab, which are therapeutic proteins used in cancer treatment. The aim was to reduce 

the injection frequency of the proteins via sustained release from hydrogels, while not 

compromising the therapeutic outcome. Two methods were developed to achieve sustained 

release of the proteins from the hydrogels. First, the crosslink density of hydrogel was varied 

to control the release rate of proteins. Second, electrostatic interactions between the proteins 

and the hydrogel were employed to immobilize the proteins in the hydrogel, and the release 

was regulated by hydrogel degradation. Using mice xenograft models of human cancers, it 

was demonstrated that the sustained release of proteins from hydrogels more effectively 

inhibited tumor growth than bolus injections.  

In addition, a dextran-tyramine (Dex-Tyr) hydrogel, which was formed by HRP-mediated 

crosslinking reaction and contained poly(ethylene glycol) (PEG) microdomains, was 

developed for the sustained delivery of PEGylated IFN-α2a (PEG-IFN-α2a). It was shown 

that the release rate could be tuned by the PEG domain size, which in turn was controlled by 

the gelation rate. Remarkably, a one-time administration of PEG-IFN-α2a-loaded hydrogel 
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provided sustained delivery of the protein for 3 months, and prevented liver injury as 

effectively as weekly administration of the protein in a humanized mice model of hepatitis C.  

Besides protein delivery, the enzymatically crosslinked HA-Tyr hydrogel system was also 

used in tissue engineering applications. The goal of tissue engineering is to construct tissues 

from a combination of cells and scaffold materials. One of the challenges associated with 

tissue engineering is the insufficient vascularization of the tissue construct, which 

compromises the survival of embedded cells after transplantation. To address this challenge, 

two methods of vascularizing HA-Tyr hydrogels were developed. First, an interpenetrating 

polymer network (IPN) hydrogel composed of fibrin and HA-Tyr was formed. Compared to 

fibrin gels, the IPN hydrogels demonstrated improved structural stability against cell-induced 

contraction and degradation by proteases, while maintaining cell proliferation and capillary 

network formation. Second, an Arg-Gly-Asp (RGD) peptide containing phenol moieties (Ph2-

PEG-RGD) was designed for in situ conjugation into the HA-Tyr network during HRP-

mediated crosslinking reaction. Conjugation of the peptide significantly improved cell 

adhesion, migration and capillary network formation in the hydrogel. In vivo study confirmed 

that functional vasculature could be formed in the peptide-conjugated hydrogels within two 

weeks post-injection. In addition, the HA-Tyr hydrogel system was investigated as a 3D 

culture system for the propagation of human embryonic stem cells, which are the most 

promising cell source for tissue engineering.  

Lastly, a bioactive hydrogel composed of HA-(-)-epigallocatechin-3-gallate (HA-EGCG) 

conjugates was developed as an injectable and degradation-resistant system. EGCG is a green 

tea catechin that is known for various health benefits, therefore the conjugation of EGCG to 

HA would endow the resulting conjugates with the bioactivities of EGCG. Indeed, HA-EGCG 

conjugates exhibited radical scavenging, anti-proliferative and enzyme-inhibiting properties. 

Moreover, it was shown that the H2O2 produced by EGCG autoxidation in aerobic condition 

could serve as the oxidant in the HRP-mediated coupling of EGCG. Thus the addition of HRP 

alone induced the gelation of a solution HA-EGCG conjugates within a few minutes. 

Moreover, HA-EGCG hydrogels degraded slower in vivo compared with HA-Tyr hydrogels, 

which was attributed to the enzyme-inhibiting properties of EGCG moieties. Furthermore, it 

was demonstrated that hydrogels could be formed through EGCG coupling via quinone 

formation even in the absence of HRP. The HRP-free gelation is a promising alternative 

approach to form injectable hydrogels composed of polymer-phenol conjugates, as it 

circumvented the safety concern associated with HRP due to its plant origin.  
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1.1. Introduction 

Hydrogels are crosslinked polymeric networks capable of retaining water. Both natural 

and synthetic polymers have been used to form hydrogels. The polymers are crosslinked 

through either physical interactions or chemical bonds, resulting in a network that swells in 

water while maintaining a defined 3D structure. The amount of water in a hydrogel is 

generally greater than 50% of the total weight [1]. In some cases hydrogels can absorb water 

up to several thousand times of the weight of the polymer used to form the gel [2]. The high 

water content results in a transparent material, which is an important feature in the 

development hydrogel-based contact lens composed of crosslinked poly(hydroxyethyl 

methacrylate) (pHEMA). This is credited as the pioneering work of hydrogels in the 

biomedical field [3, 4]. Because hydrogel is similar to soft tissues in terms of its rubbery 

nature, it causes little mechanical and frictional irritation to the surrounding tissues when 

placed in the body. Therefore, hydrogels have also been used for in vivo applications, such as 

a coating on the inner surface of blood vessels to minimize thrombosis following surgery-

induced tissue injuries [5], and as a barrier between tissues to prevent post-operative adhesion 

formation [6]. In the last few decades, hydrogels have emerged as one of the main class of 

biomaterials for drug delivery and tissue engineering  

1.1.1. Hydrogels in protein delivery 

The aqueous environment within a hydrogel is particularly suitable for the encapsulation 

of proteins, which are prone to denaturation in non-aqueous environment. Therefore 

hydrogels have been employed as a delivery system for therapeutic proteins [1, 7-10]. The 

first protein to be administered for therapeutic purposes was insulin, for the treatment of 

diabetes mellitus. Initially, insulin was isolated from animal pancreases; however, limited 

availability of animal pancreases and immune response to animal proteins restricted the usage 

of this protein. Subsequently, recombinant DNA technology was developed, which made 

possible the large-scale production of human insulin for widespread use. Currently, there are 

more than 130 therapeutic proteins or peptides approved by the US Food and Drug 

Administration (FDA), and more than 70% of which are produced recombinantly [11]. These 

therapeutic proteins are used to treat a variety of illnesses, including cancer, hemophilia A, 

hepatitis C, multiple sclerosis and osteoporosis [11]. New screening libraries for peptide-

based drugs [12] and novel protein engineering methods for modulation of protein properties 

(such as efficiency, stability and specificity) are currently under research [13]. These efforts 
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pave the way for the discovery of novel therapeutic proteins. Nevertheless, the method of 

administrating these delicate biomolecules remains to be optimized before the benefits can be 

fully realized. 

Presently, therapeutic proteins are administered mainly through the parenteral routes via 

intravenous, subcutaneous or intramuscular injections. However frequent injections are 

required to maintain the concentration of proteins within the therapeutic window as the 

proteins are rapidly cleared from the blood stream through renal filtration and proteolysis. For 

instance, interferon-α (IFN-α), a cytokine that is used to treat hepatitis C, has a short 

circulating half-life of 6−8 h in human [14]. As a result, frequent injections (thrice-weekly) 

are needed throughout the entire course of therapy, which can be up to 6 months or more. 

Frequent injections cause considerable patient discomfort, lack of compliance, as well as 

increased cost of treatment due to the requirement for trained medical personnel [15]. These 

drawbacks prompted the development of technologies that could extend the half-life of 

therapeutic proteins in vivo, including post-production modifications such as PEGylation [16]; 

and the encapsulation of proteins in drug delivery systems (DDS), such as liposomes, 

microspheres, and more recently, hydrogels [1, 8].  

The concept of protein delivery using hydrogels is to incorporate therapeutic proteins 

within the crosslinked polymeric network, which limits the mobility of the proteins and 

results in slow release from the hydrogel over an extended period of time. Consequently, the 

half-life of the proteins in the body is increased and the frequency of injection can be 

decreased. Furthermore, the crosslinked polymeric network could protect the incorporated 

proteins from proteolytic degradation by minimizing exposures to proteases. Nevertheless, 

only a limited number of hydrogel systems have been tested in animal models, and even less 

has reached clinical trials. One of the challenges in using hydrogels for protein delivery is to 

introduce the hydrogels non-invasively into the body. While preformed hydrogels require 

invasive techniques to be implanted in the body, injectable hydrogel systems allow the gel 

precursors to be injected as an aqueous solution using a syringe, which is then followed by 

gelation in situ. It is important that hydrogels are formed rapidly after injection, because 

leakage of the proteins to the surrounding tissue can occur if the gelation rate is too slow. 

Other challenges associated with protein delivery using hydrogels include the suppression of 

burst release and the extension of release duration. 

1.1.2. Hydrogels in tissue engineering 
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In addition to protein delivery, hydrogels are also used as scaffolds for tissue engineering 

[17-24]. The primary aim of tissue engineering is to construct tissues from a combination of 

cells and scaffold materials, the latter serve to support the cells in a 3D environment and 

provide appropriate mechanical and/or biological cues. The engineered tissues are either 

placed directly in the patient’s body, or allowed to mature ex vivo prior to transplantation. 

Once transplanted, the engineered tissues can promote healing of damaged or diseased tissues, 

or achieve therapeutic effects through restoration of tissue functions (this is also known as 

regenerative medicine). An example of engineered tissues is the skin substitute Dermagraft®, 

which is approved by the FDA in the United States for the treatment of diabetic foot ulcers. 

Dermagraft® is composed of human neonatal fibroblasts seeded on a biodegradable 

poly(lactic-co-glycolic acid) (PLGA) mesh [25]. Besides in vivo applications, engineered 

tissues can also be used for the testing of drug metabolism and toxicity in vitro. 

Hydrogel is an attractive scaffold material for tissue engineering because the aqueous 3D 

environment is suitable for cell encapsulation. Cohesion between hydrogel and the 

surrounding tissue can be achieved by first filling the irregularly-shaped wound with an 

aqueous mixture of gel precursors and cells, and then initiate gelation in situ. Moreover, 

injectable hydrogel systems allow clinicians to administer the gel precursors and cells into the 

patient non-invasively, unlike preformed porous scaffolds made of synthetic polymers which 

require surgical implantation. By controlling the stiffness of the hydrogel and incorporating 

ECM-derived growth factors, proteins or bioactive peptides, a hydrogel can recapitulate both 

the mechanical as well as the biological aspects of the native tissue. Presently, pancreatic 

islets encapsulated in hydrogels are in clinical trials for the treatment of type 1 diabetes 

mellitus [26]. Significant efforts in engineering cartilage tissue using hydrogels are also 

underway [27]. One of the challenges of tissue engineering is the formation of a vascular 

network within the tissue construct, which is essential in the engineering thick and complex 

tissues, because blood vessels are required in the transportation of nutrients and other 

biomolecules to ensure the viability of the embedded cells [28]. In addition, cell source is 

another bottle neck in tissue engineering. At the moment, stem cells are the most promising 

source as they have unlimited self-renewal capability [29] and can differentiate into 

specialized cell types. However, the large-scale expansion of stem cells without animal-

derived components remains a challenge.  

1.2. Polymers used to form biodegradable hydrogels 
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In the engineering of tissues for the replacement of defective body parts, hydrogel serves 

as a temporary scaffold to support the cells in a 3D environment until it is replaced by the 

ECM secreted by the embedded cells. Hence hydrogels should be biodegradable to allow 

eventual resoprtion by the body. For protein delivery application, biodegradable hydrogels are 

also desirable because they can facilitate the release of incorporated proteins through network 

degradation, which eliminates the need for surgical retrieval of the hydrogels. Both synthetic 

and natural polymers have been used to form biodegradable hydrogels.  

1.2.1. Synthetic polymers 

One of the most commonly used synthetic polymers for hydrogel formation is 

poly(ethylene glycol) (PEG) (Fig. 1-1a and b), which is a water-soluble polyether. A wide 

range of PEG molecular weight is available in linear and branched geometry. PEG degrades 

very slowly in vivo, hence it has been co-polymerized with polyesters such as poly(lactic acid) 

(PLA), poly(lactic-co-glycolic acid) (PLGA) or poly(ε-caprolactone) (PCL) to form diblock 

or triblock copolymers (Fig. 1-1c, d and e) that are biodegradable through hydrolysis of the 

ester bonds. An advantage of PEG-polyester block copolymers is that they exhibit 

spontaneous temperature-induced physical gelation, which is attributed to micelle formation 

and association [30]. However, one concern associated with PLGA block copolymer is that 

the degraded products (lactic acid and glycolic acid) can reduce the local pH of the 

surrounding environment, resulting in decreased cell viability [31] or denaturation of 

incorporated proteins [32]. Alternatively, PEG hydrogel can be made biodegradable by 

introducing matrix metalloproteinase (MMP)-sensitive peptide as the crosslinkers [33].  

 
Fig. 1-1. Chemical structures of commonly used synthetic polymers for hydrogel formation. 

1.2.2. Natural polymers 
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Natural polymers used to form hydrogels are broadly divided into two categories− 

polysaccharides and proteins. Commonly used polysaccharide-based polymers for hydrogel 

formation include hyaluronic acid (HA), alginate, dextran and chitosan (Fig. 1-2). Commonly 

used protein-based polymers include collagen, gelatin and fibrin. Unlike synthetic polymers 

which are typically degraded by hydrolysis of ester bonds, natural polymers are degraded 

mainly by enzymes. Natural polymers are more advantageous than synthetic polymers in 

terms of their biological properties. For instance, collagen and HA are major components of 

the ECM and possess inherent biological properties that are desirable for tissue engineering 

applications. Collagen interacts with integrins and HA interacts with CD44; these cell-matrix 

interactions facilitate cell adhesion and/or elicit cellular pathways. Among the natural 

polymers, HA is one of the most widely used to form hydrogels because of its availability, 

biodegradability, viscoelastic property and versatility in chemical modifications [34]. 

Importantly, HA is a FDA-approved material for osteoarthritis treatment via intra-articular 

injection. The following section provides a summary of HA, including its biological functions, 

clinical uses and methods of chemical modification.  

 

Fig. 1-2. Chemical structures of commonly used polysaccharides for hydrogel formation. (a) Hyaluronic 

acid (HA), (b) alginate [35] (M = β-D-mannuronic acid, G = α-L-guluronic acid), (c) dextran and (d) 

chitosan.  

1.2.3. Hyaluronic acid 

Hyaluronic acid (HA) is a unbranched, non-sulfated glycosaminoglycan (GAG) composed 

of repeating disaccharide units of β-1,4-D-glucuronic acid and β-1,3-N-acetyl-D-glucosamine 
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(Fig. 1-2a). HA is also known as sodium hyaluronate because both in physiological condition 

and in most commercial products, HA is found in the form of sodium salt. HA was first 

isolated from bovine vitreous by Karl Meyer in 1934 [36], since then HA has been identified 

in various human and non-human tissues (Table 1-1). HA is present at the ECM of connective 

tissues in all vertebrates. In human, about half of the body’s HA is found in the skin, and high 

concentrations are present in the synovial fluid, vitreous humor of the eye and umbilical cord. 

Besides vertebrates, HA is also present in some bacteria, e.g. in the capsules of Streptococcus 

pyogenes. The HA capsules bind to CD44 receptors on the surface of keratinocytes, 

facilitating the attachment of bacteria during the initial colonization [37, 38]. HA is absent in 

fungi, plants and insects [39].  

Table 1-1. Concentration of HA in different tissues [39] 

Tissue or body fluid Concentration 
(μg/ml) Remarks 

Rooster comb 7500 The animal tissue with by far the highest HA content 
Human umbilical cord 4100 Contains primarily HA with a relatively high molar 

mass 
Human joint (synovial) 
fluid 

1400-3600 The volume of the synovial fluid increases under 
inflammatory conditions. This leads to a decreased 
HA concentration. 

Bovine nasal cartilage 1200 Often used as a cartilage model in experimental 
studies 

Human vitreous body 140-340 HA concentration increases upon the maturation of 
this tissue 

Human dermis 200-500 Suggested as a “rejuvenating” agent in cosmetic 
dermatology 

Human epidermis 100 HA concentration is much higher around the cells 
that synthesize HA 

Rabbit brain 65 HA is supposed to reduce the probability of 
occurrence of brain tumors 

Rabbit heart 27 HA is a major constituent in the pathological matrix 
that occludes the artery in coronary restenosis 

Human thoracic lymph 0.2-50 The low molar mass of this HA is explained by the 
preferential uptake of the larger molecules by the 
liver endothelial cells 

Human urine 0.1-0.3 Urine is also an important source of hyaluronidase 
Human serum 0.01-0.1 HA concentrations increase in serum from elderly 

people as well as in patients with rheumatoid 
arthritis and liver cirrhosis 

In human, HA is synthesized by a family of enzymes located in the plasma membrane, 

known as HA synthase (HAS) [40]. There are three enzymes in the HAS family (HAS1-3) 

that differ in their catalytic activity, with HAS3 being the most catalytically active [41]. 

Newly synthesized HA is extruded directly into the ECM, where HA is a major constituent 
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[42]. The molecular weight of HA in the human body ranges from 104 to 107 Da. HA is 

catabolized locally by internalization and degradation within the tissues, or drained into the 

lymphatic systems for metabolic degradation. HA that is returned into the blood vasculature is 

cleared by sinusoidal endothelial cells in the liver [43]. The enzymes responsible for the 

degradation of HA in the body are known as hyaluronidase. The three main types of 

hyaluronidase are HYAL1, HYAL2 and PH-20 [41, 44]. HYAL1 is a lysozomal enzyme, but 

is also found in serum and urine at low concentrations [44]. It cleaves HA into small 

fragments of 2-10 disaccharide units. HYAL2 is a glycophosphatidylinositol (GPI)-anchored 

protein found at the plasma membrane, it cleaves HA to around 50 disaccharide units [41]. 

PH-20 is mammalian sperm plasma-membrane protein, it helps the sperm to traverse the HA-

rich layer surrounding an egg during fertilization [44].  

1.2.3.1. Biological roles of HA 

 HA plays important roles in the body despite its simple molecular structure. Unlike other 

GAGs, HA is not covalently linked to a core protein but serves as a template for the binding 

of aggrecan, an ECM proteoglycan. HA-aggrecan aggregates, together with collagen, confer 

the load bearing property of the cartilage. Cellular events, such as proliferation and migration, 

have been shown to depend on the concentration of HA in the ECM. For instance, increase in 

HA concentration leads to a hydrated matrix that allow cells to divide and migrate [45]. 

During wound healing, HA concentration in the milieu of a fibrin clot increases, which help to 

stabilize the volume and structure of the fibrin clot [46]. In addition to its hydrating and 

space-filling functions, HA also plays important biosignaling roles through interactions with 

cell surface receptors, such as CD44, receptor for hyaluronate-mediated motility (RHAMM), 

HA receptor for endocytosis (HARE), and lymphatic vessel endothelial hyaluronan receptor 

(LYVE-1) [47]. Among the different receptors, CD44 is the most extensively studied and is 

known to be involved in cell differentiation, proliferation, and migration. HA-CD44 

interaction is also implicated in tumor progression and metastasis [48]. Interestingly, 

interactions between HA and its receptors elicit different and often opposing cellular 

processes depending on the molecular weight of HA. For instance, native high molecular 

weight HA is anti-angiogenic and inhibits endothelial cell proliferation and capillary 

formation [41]. On the contrary, HA oligomers (3-10 disaccharide units; 1-4 kDa) promote 

angiogenesis through stimulation of collagen synthesis [49], endothelial cell proliferation, 

migration, and capillary sprout formation [41, 49]. HA oligomers produced by reactive 

oxygen species that are present at the sites of injury or inflammation have also been shown to 
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induce the expression of proinflammatory cytokines [41, 50]. For example, 28 kDa HA 

induced the production of biologically active interleukin-12 by elicited macrophages; 

whereas1000 kDa HA did not induce the same response [51].  

1.2.3.2. Clinical applications of HA 

The water-retaining and viscoelastic properties of HA makes it a suitable material for 

various medical and cosmetic applications. For instance, intra-articular (i.a.) injection of HA 

for the treatment of knee osteoarthritis (OA), also known as viscosupplementation,  was 

performed as early as in the 1970s [52]. Several clinical trials conducted in the past few 

decades suggested that i.a. injections of HA is effective in relieving pain, albeit with a delayed 

onset compared to i.a. injection of steroids [52-54]. The typical treatment regime composed of 

3 to 5 weekly injections, providing pain relief for up to 6 months [53, 54]. The mechanism 

through which HA provides pain relief is not fully understood. However, research suggested 

that HA inhibits nociceptor activation, promotes GAGs synthesis and modulates the 

expressions of proinflammatory cytokines and proteases [53, 55]. Table 1-2 lists some of the 

commercially available HA products for OA treatment. HA has also used in ophthalmology, 

as it is the major component of the vitreous humor. Exogenous HA is applied during eye 

surgeries to replace the lost vitreous volume, and to protect the corneal endothelium from 

mechanical trauma. In addition, HA has been incorporated in artificial tear formulations for 

the treatment of dry eye syndrome [56]. HA has also been applied for wound healing 

applications [39], and lightly crosslinked HA is used as dermal filler to augment facial 

wrinkles and scars [57]. HA in commercial products is extracted from rooster’s comb, 

however, contamination with animal proteins/pathogens is a major concern. More recently, 

HA is being produced by bacterial fermentation, which is free from animal pathogens [58]. 

Producing HA with uniform molecular weight is the subject of current research. 

Table 1-2. Commercially available HA products for the treatment of osteoarthritis 

 SUPARTZ HYGLAN SYNVISC SYNVISC ONE 

Manufacturer Seikagaku 
Corporation 

Fidia 
Farmaceutical 

Genzyme Corporation 
Hylan A – 6,000, Hylan B – 

hydrated gel HA MW (kDa) 620 - 1,170 500 - 730 
HA concentration 1.0% 1.0% 0.8% 
Dose per syringe 2.5 ml 2 ml 2 ml 6 ml 

Injection regimen Once a week for 
3-5 wks 

Once a week 
for 3-5 wks 

Once a week 
for 3 wks One injection 
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1.2.3.3. Chemical modifications of HA 

HA has been chemically modified to produce derivatives for different biomedical 

applications. Different functional groups, drugs and peptides could be introduced or 

conjugated to HA by various chemistries [34, 58]. The carboxyl [59] and hydroxyl [60] 

groups, and the reducing end of HA [61], are the main sites for chemical modification. The 

most widely used chemistry is the activation of the carboxyl groups by 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC∙HCl) for amide bond formation in 

aqueous condition. The reaction is typically carried out at acidic pH to protonate the 

carbodiimide nitrogen. Protonated EDC reacts with the carboxyl group to form O-acylisourea 

intermediate, which is unstable and readily rearranges to form a stable but unreactive N-

acylurea. In the presence of a primary amine, the O-acylisourea intermediate undergoes 

nucleophilic attack by the amine to form an amide bond [59]. To minimize the formation of 

N-acylurea, N-hydroxysuccinimide (NHS) [62] or 1-hydroxybenzotriazole (HOBt) [63] are 

often added to form HA-ester intermediate. The HA-ester intermediate is more stable than the 

O-acylisourea intermediate and can also undergo nucleophilic attack by primary amine. The 

degree of substitution (DS), defined as the number of substituted carboxyl groups in every 

100 disaccharide units, using EDC chemistry is dependent on the pKa of the primary amine. 

Amine with high pKa value will result in low DS due to protonation of the amine at pH below 

the pKa. The DS could be improved by first forming HA-ester intermediates at acidic 

environment, then add the primary amine compound at a neutral pH to facilitate conjugation. 

Alternatively, the reaction can be performed in organic solvent which minimizes hydrolysis of 

the unstable O-acylisourea intermediate. In this case HA needs to be first converted from 

sodium salt to the acidic form or tetrabutylammonium salt in order be solubilized in organic 

solvent. However the conversion to acidic form requires treatment with strong acid and may 

results in HA degradation [64].  

Amide bond formation between the carboxyl group of HA and primary amine can also be 

achieved using 2-chloro-1-methylpyridinium iodide (CMPI). The reaction is usually done in 

aqueous/organic mixture or in pure organic solvent such as DMF or DMSO, hence HA needs 

to be converted to the acidic form or tetrabutylammonium salt. CMPI reacts with carboxyl 

group of HA to form a pyridinium intermediate, which then reacts with primary amine to 

form amide bond. The DS of L-alanine ethyl ester is reported to be 100% when the reaction 

was carried out in DMF using HA tetrabutylammonium salt [65]. The modified HA showed 

diminished degradability by hyaluronidase due to the high degree of modification. A 
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combination of 2-chloro-dimethyoxy-1,3,5-triazine (CDMT) and N-methylmorpholinium 

(NMM) has also been utilized for amidation of HA. Reaction is carried out in a mixture of 

water and organic solvent mixture to allow dissolution of both HA and CDMT. CDMT reacts 

with the carboxyl group of HA to form a triazine-activated ester, which readily reacts with 

primary amine to form amide bond. DS between 3-20% was achieved depending on the pKa 

and solubility of the primary amine [66]. More recently, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-

4-methylmorpholinium chloride (DMTMM) has been utilized to form amide bond in aqueous 

environment. The efficiency of DMTMM is much greater than EDC, with the DS reaching as 

high as 75% [67].  

1.3. Injectable (in situ forming) hydrogel systems 

A major advancement in hydrogel technology is the development of in situ crosslinking 

mechanisms which renders the system injectable by allowing an aqueous mixture of gel 

precursors and bioactive agents to be administered using a syringe [68, 69]. Once inside the 

body, the gel precursors are crosslinked by physical or chemical bonds in situ. The facile 

procedure and minimized invasiveness of an injectable hydrogel system are preferable over 

conventional preformed hydrogels that require invasive techniques for implantation. In 

physical crosslinking, reversible physical interactions between polymer chains, such as ionic, 

substrate-ligand or hydrophobic interactions are employed to induce gelation. Although 

physically crosslinked hydrogels do not involve chemical reactions that could potentially 

affect the integrity of the bioactive agents to be encapsulated, the in vivo stabilities are often 

compromised due to interactions with physiological molecules or mechanical stress in the 

body [70, 71]. In contrast, chemically crosslinked hydrogels have superior mechanical 

properties, which render them with structural stability. The following section provides a 

review on the existing strategies to form chemically crosslinked hydrogels in situ. For each of 

the crosslinking strategy, the method of tuning the mechanical property and gelation rate is 

highlighted, and the advantages and limitations are discussed.  

1.3.1. In situ chemical crosslinking strategies 

1.3.1.1. Disulfide bond formation 

Polymers containing thiol groups can form intra- and/or intermolecular disulfide bonds by 

oxidation, thereby producing a crosslinked network in situ. The advantages of disulfide bond 

formation are that the reaction is mild and can be induced by simply exposure to air. A major 
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drawback of disulfide-mediated gel formation is the slow rate of gelation. As a result, a high 

thiol substitution degree is often required in order to form hydrogels quickly. However, 

extensive modification to a natural polymer may results in irreversible changes to its native 

properties, such as degradability. Alternatively, gelation could also be accelerated by 

increasing the pH of the medium, because more thiols were converted to the reactive thiolates 

at higher pH. For instance, a solution of thiol-modified hyaluronic acid (Fig. 1-3; 3% w/v and 

DS = 58%) showed no obvious increase in viscosity after 30 min at pH 6, but gelation 

occurred within 15 min at pH 7 and above [72]. Nevertheless, the gelation time of injectable 

hydrogel systems should be within a few minutes, especially for drug delivery applications. 

Hence oxidizing agent such as hydrogen peroxide (H2O2) is frequently added to further 

accelerate the formation of disulfide bonds [73, 74]. Nevertheless, only 25-50% of thiols were 

converted to disulfide bonds after oxidization by H2O2, and no free thiols could be detected. 

The result suggested that only some of the thiols participated in the crosslinking reaction, and 

majority was converted to other products, such as sulfenic or sulfonic acids [73]. The rate of 

disulfide bond formation is influenced by other factors, including the pKa of the thiol moiety, 

temperature and oxygen level of the reaction medium.  

 

Fig. 1-3. Thiol-containing HA derivative for hydrogel formation through disulfide bond [72]. Reprinted 

with permission from Shu XZ, Liu Y, Luo Y, Roberts MC, Prestwich GD, Disulfide cross-linked 

hyaluronan hydrogels, Biomacromolecules 3:1304-11. Copyright 2002 American Chemical Society. 

Oxidation of thiol groups can occur during conjugation of thiol moieties to polymers, 

resulting in unintended/premature crosslinking. This can be prevented by performing the 

synthesis under inert conditions, such as nitrogen or argon atmosphere. Alternatively, 

synthesis performed at pH less than 5 can minimize the formation of thiolate anions, the 

reactive form of thiol, thus preventing the formation of disulfide bonds [75]. Also, post-

synthesis reduction of disulfide bonds can be achieved by the addition of reducing agents, 

such as dithiothreitol (DTT), to regenerate the thiol groups. Due to the tendency of thiols in 
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forming disulfide bonds, thiol-modified polymers are unstable when stored in aqueous form. 

Therefore inert or acidic conditions, or oxygen scavengers, are needed for long-term storage. 

Protected thiol group in the form of thioacetate has been developed to overcome the stability 

issue during storage. However, deprotection in alkaline condition is needed to yield the free 

thiols [76]. More recently, thiol-disulfide exchange reaction was introduced to form disulfide 

crosslinked hydrogels. HA derivative containing pyridyl dithiol reacts with a dithiol 

crosslinker to form hydrogels via thiol-disulfide exchange (Fig. 1-4) [77]. Hydrogels were 

formed within 10 to 15 min at 37°C based on tube-inversion method. The range of storage 

modulus (G’) obtained by varying the feed ratio of the dithiol crosslinker was narrow, 

between 100-300 Pa.  

 

Fig. 1-4. Disulfide crosslinked HA hydrogel formed via thiol-disulfide exchange between pyridyl disulfide-

modified HA (HA-PD) and PEG-dithiol [77]. Reprinted with permission from Choh SY, Cross D, Wang C, 

Facile synthesis and characterization of disulfide-cross-linked hyaluronic acid hydrogels for protein 

delivery and cell encapsulation, Biomacromolecules 12:1126-36. Copyright 2011 American Chemical 

Society. 

1.3.1.2. Michael-type addition reaction 

Michael-type addition reaction is the addition of a non-enolate nucleophile, such as 

amines and thiols, to the β carbon of a carbon-carbon double bond that is conjugated with an 

electron withdrawing and resonance stabilizing group (Fig. 1-5a) [78]. Because Michael-type 

addition can take place rapidly under mild reaction conditions and does not produce toxic 

byproducts, it has been utilized to form injectable, chemically crosslinked hydrogels. Michael 

acceptors that have been employed to form hydrogels include acrylate [21, 79], vinyl sulfones 

[33, 80, 81] and maleimides [82] (Fig. 1-5b). Thiol is the most widely used Michael donor in 

hydrogel preparation. However, thiol can form disulfide bonds by air oxidation, which lowers 

the effective concentration of thiol available for Michael-type addition reaction. Therefore 

oxygen-free medium is needed to minimize disulfide bond formation.  



Chapter 1 

14 

 

Fig. 1-5. a) Schematic depicting Michael-type addition reaction using thiol or amine. b) Common Michael 

acceptors used to form injectable hydrogels. 

Similar to disulfide crosslinked hydrogels, the gelation rate of hydrogels that uses thiol as 

the Michael donor depends on the amount of thiolate anion, which in turn depends on pH and 

temperature. For instance, Elbert et al. showed that a mixture of PEG-triacrylate (three-arm 

PEG, each PEG chain terminates with an acrylate group) and PEG-dithiol, at a total PEG 

concentration of 10% (w/v), had a gel point of 22 min at pH 7 and decreased to 6 min at pH 

8.2 [79]. The gel point was defined as the crossover between storage modulus (G’) and loss 

modulus (G’’). Gel point was furthered reduced to less than a 1 min by using a solution of 

PEG-octaacrylate (eight-arm PEG, each PEG chain terminates with an acrylate group) and 

PEG-dithiol at a total PEG concentration of 40% (w/v). BSA-loaded PEG-multiacrylate/PEG-

dithiol hydrogel released the protein over a period of several days. Shu et al. developed thiol-

modified HA, which formed hydrogels through Michael-type addition reaction with various 

α,β-unsaturated esters and amides of PEG (Fig. 1-6). It was found that PEG-diacrylate 

(PEGDA) was the most reactive crosslinker, with a gelation time of 5 min based on the tube-

inversion method [21]. Thiol to acrylate ratio of 2:1 was needed to ensure the incorporation of 

all the PEGDA into the hydrogel; however, about 6% of the incorporated PEGDA contained a 

free acrylate group (single end anchorage). Thiol to acrylate ratio of 3:1 was needed for all the 

acrylate groups to be reacted. Fibroblasts encapsulated in the crosslinked HA hydrogel 

remained viable and proliferative over a period of 28 days culture in vitro. Nie et al. showed 

that the gelation time of hydrogels composed of maleimide-functionalized heparin and thiol-

functionalized PEG could be tuned by controlling the degree of functionalization of 

maleimide and the concentration of the gel precursors. However, the G’ of the hydrogel was 

changed concurrently [82]. Similar observation was made by Tae et al. using thiol-modified 
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heparin and PEG-diacrylate; changes in the degree of thiolation and gel precursor 

concentration affected both the gelation rate and the G’ [83].  

 

Fig. 1-6. Structures of α,β-unsaturated esters and amides of PEG crosslinked with thiolated HA [21]. HA-

3-thiopropanoyl hydrazide derivative (HA-DTPH) HA-4-thiobutanoyl hydrazide (HA-DTBH), PEG-

diacrylate (PEGDA), PEG-dimethacrylate (PEGDM), PEG-diacrylamide (PEGDAA) and PEG-

dimethacrylamide (PEGDMA).  

1.3.1.3. Photo-initiated radical polymerization 

A photopolymerizable hydrogel system consists of photopolymerizable gel precursors, 

crosslinkers, photoinitators and a UV or visible light source.  Photocrosslinkable gel 

precursors can be either monomers or macromers; the latter are more commonly used for in 

situ forming hydrogels because of the potential cytotoxicity associated with monomeric 

compounds [84]. Crosslinkers are typically lower in molecular weight compare to the gel 

precursors and have two acrylate end groups.  Photoinitiators used in biomedical applications 

can be divided into two groups based on the mechanism of photolysis: photocleavage and 

hydrogen abstraction. Photocleavage produces radicals by homolytic cleavage of molecular 

bonds upon light exposure. An example of such is 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-

methyl-1-propanone, or commonly known as Irgacure 2925. Hydrogen abstraction is the 

abstraction of hydrogen from an H-donor molecule upon UV exposure that generates a ketyl 

radical and a donor radical. An example of such is isopropylthioxanthone. The radicals 

generated from either photocleavage of hydrogen abstraction attack the carbon-carbon double 

bond in the acrylate groups of the gel precursors and initiate the polymerization process.  

Leach et. al. developed a glycidyl methacrylate-modified HA which formed a gel upon 

UV exposure  in the presence of the photoinitiator Irgacure 2959 and N-vinyl pyrrolidinone 

(NVP) [85]. NVP was added to accelerate the rate of polymerization. Hydrogels were formed 

after 1 min of illumination. As the degree of methacrylate substitution increased from 5 to 
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11%, the G' increased modestly from 109 to 155 Pa. Increased cytotoxicity was associated 

with increased Irgacure 2959 concentrations and a diluted photoinitiator was needed to 

prevent cytotoxicity. Park et. al. reported a photopolymerized hydrogel system composed of 

methacrylated-HA and poly(etheylene glycol) diacrylate (PEG-DA), the latter served as the 

crosslinker [86]. Hydrogels were formed rapidly upon illumination in the presence of eosin Y 

(photosensitizer), triethanolamine (initiator) and NVP. The complex modulus (G*) reached 

plateau within 1 min. The concentration of PEG-DA and the molecular weight of the HA 

derivatives were varied in order to modulate the mechanical property of the hydrogels.  

The advantage of photo-initiated polymerization over redox-initiated polymerization is the 

spacial and temporal control of the crosslinking process, because photoinitiators produce free 

radicals only upon exposure to a light source [17]. Moreover, photopolymerized hydrogels 

could be formed rapidly. However, the concentration of photoinitiators, the intensity of the 

light source and duration of irradiation should be kept to the minimum to avoid cytotoxicity 

[87]. A potential disadvantage of photo-initiated radical polymerization is that the intense 

light may irreversibly conjugate encapsulated protein to the hydrogel via Michael addition 

reaction between the lysine amino acids and the methacrylated gel precursors [88]. Although 

the gel precursors can be injected as a solution, they must be exposed to light to form 

hydrogels, and the introduction of light source may involve invasive techniques.  

1.3.1.4. Schiff base formation 

Hydrogels formed through Schiff base formation requires two components, an aldehyde-

modified polymer/crosslinker and an amine-modified polymer/crosslinker. Upon mixing of 

the two components, Schiff base is formed by nucleophilic attack of the amine groups on the 

electrophilic carbon of the aldehyde groups. The rate of crosslinking is dependent on the pH 

of the reaction medium. At high pH values, the fraction of unprotonated amines available for 

Schiff base formation increases, hence accelerates the rate of gelation [89]. Hydrazide is 

particularly suitable for Schiff base-mediated in situ crosslinking reaction. This is because the 

amino groups of hydrazide have a low pKa of 2-3, therefore they are unprotonated 

nucleophiles under physiological condition [90]. Schiff base formation between hydrazide and 

aldehyde resulted in hydrazone bond (Fig. 1-7). 
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Fig. 1-7. Schiff base formation between hydrazide and aldehyde. 

Luo et. al. prepared a hyaluronic acid-adipic dihydrazide derivatives (HA-ADH, DS = 

55%), which crosslinked with poly(ethylene glycol)-propiondialdehyde (PEG-diald) to form a 

gel within 60 sec (Fig. 1-8) [91]. Rapid gelation was also observed when HA-ADH was 

reacted with aldehyde-modified HA [63]. Gelation time was controlled by adjusting the gel 

precursor concentration and decreased from 5 to 1 min as the concentration of the HA 

derivatives increased from 1 to 2% (w/v). The HA-aldehyde derivative was synthesized by 

ring opening at the proximal hydroxyl groups using sodium periodate. However, oxidation 

with sodium periodate resulted in a significant reduction in the molecular weight of HA. 

Hydrogels formed by Schiff base formation tends to have poor mechanical property. Despite 

having a high degree of ADH substitution, HA-ADH (DS = 48%) crosslinked with various 

aldehyde-modified polysaccharides resulted in hydrogels with low G’ (maximum of 300 Pa) 

[92]. A dose-dependent reduction in cell viability in the presence of aldehyde-modified gel 

precursors was observed [92]. This may be a concern when Schiff base formation is used to 

form hydrogels for cell encapsulation. 

 

Fig. 1-8. Hyaluronic acid-adipic dihydrazide derivatives (HA-ADH) crosslinked with poly(ethylene 

glycol)-propiondialdehyde (PEG-diald) [91]. Reprinted from Journal of Controlled Release, 69, Luo Y, 
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Kirker KR, Prestwich GD, Cross-linked hyaluronic acid hydrogel films: new biomaterials for drug 

delivery, 169-84, Copyright 2000, with permission from Elsevier. 

1.3.1.5. Click chemistry 

Click chemistry, specifically the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), 

is a highly efficient reaction that can occur at physiological condition (Fig. 1-9) [93]. Not only 

is CuAAC more efficient than the 1,3-dipolar Huisgen cycloaddition between azide and 

alkyne, the product of CuAAC is also regioseletive, consisting solely of 1,4-regioisomers of 

1,2,3-triazoles. Malkoch et. al. described a PEG-based hydrogel system composed of 

diacetylene-functionalized and tetraazide-functionalized PEG derivatives [94]. Hydrogels 

were formed rapidly by mixing the PEG derivatives in the presence of copper sulfate with 

sodium ascorbate as reducing agent. When diacetylene-functionalized and tetraazide-

functionalized PEG derivatives were mixed at 2 to 1 ratio, i.e. acetylene to azide ratio of 1:1, 

only 0.2% of functional groups remained unreacted. The result suggested that click-mediated 

crosslinking reaction is highly efficient and formed nearly perfect network with very few 

dangling ends.  

 

Fig. 1-9. Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). 

Crescenzi et. al. developed a hyaluronic acid hydrogel system composed of HA-azido and 

HA-propargylamide derivatives (Fig. 1-10) [95]. No information on the degree of substitution 

of azide and propargylamide was provided. Upon addition of CuCl, gel points (G’ = G’’) were 

reached between 130 to 160 sec. The degree of crosslinking, i.e. the number of triazoles 

formed in every 100 disaccharide units, were determined to be from 8 to 21. HA-azido 

derivatives had also been utilized to form hydrogels with different dialkyne crosslinkers in the 

presence of CuSO4 and ascorbic acid [96]. Both the gelation rate and G’ values increased with 

increasing concentration of HA-azido derivatives. G’ increased from 1520 Pa to 6700 Pa as 

the concentration of HA-azido derivatives increased from 2 to 10% (w/v). Interestingly, it was 

found that CuSO4 concentration affected only the gelation rate but not the G’ value. One 

drawback with CuAAC-mediated crosslinking reaction is the presence of copper in the 
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resulting gels, which is undesirable for injectable systems as the copper may causes 

cytotoxicity.  

 

Fig. 1-10. HA hydrogels formed by click chemistry [95]. Reprinted with permission from Crescenzi V, 

Cornelio L, Di Meo C, Nardecchia S, Lamanna R, Novel hydrogels via click chemistry: synthesis and 

potential biomedical applications, Biomacromolecules 8:1844-50. Copyright 2007 American Chemical 

Society. 

1.3.1.6. Genipin 

Genipin is a chemical compound extracted from Gardenia jasminoides. Due to its low 

concentration in gardenia fruits, genipin is manufactured from geniposide by using beta-

glucosidase [97]. Genipin is water-soluble and much less toxic than glutaraldehyde. It can act 

as a crosslinker for polymers containing amine groups, e.g. chitosan and gelatin, to form blue-

colored fluorescent hydrogels. Several different crosslinking mechanisms for genipin have 

been proposed. The fastest mechanism is a nucleophilic attack on the C3 of genipin by an 

amine group followed by a nucleophilic substitution of the ester group of genipin by a second 

amine group to form an amide (Fig. 1-11). The gelation time of genipin-crosslinked chitosan 

was shown to be inversely proportional to genipin concentration [98]. Gel point (G' = G'') 

decreased from 8 to 2 min as the concentration of genipin increased from 0.1 to 0.15% (w/v). 

The increase in genipin concentration also increased the crosslink density of the resulting 

hydrogels, as reflected by an increase of G'. Genipin has also been used to increase the 

crosslink density of HA hydrogels formed by Schiff base reaction between HA-aldehyde and 

ethylamine-conjugated HA [99].  
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Fig. 1-11. Crosslinking of chitosan by genipin [97]. Reprinted from Carbohydrate Polymers, 77, Muzzarelli 

RAA, Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids, 1-9, Copyright 2009, 

with permission from Elsevier. 

1.3.1.7. Redox-initiated radical polymerization 

Ammonium persulfate (APS) and N,N,N’,N’-tetramethylethylenediamine (TEMED) were 

commonly used as aqueous redox initiators for radical polymerization. APS and TEMED 

generate free radicals which react with acrylate groups that lead to polymerization. The 

concentration of the redox initiators greatly affect the gelation time. Sarvestani et. al. studied 

the gelation kinetics of poly(lactide-co-ethylene-co-fumarate) (PLEOF) macromers using 

methylene bisacrylamide as the crosslinker and APS and TEMED as the redox initiators (Fig. 

1-12) [100]. It was shown that the gel point decreased from more than 30 min to less than 5 

min as the concentrations of both APS and TEMED increased from 0.005M to 0.02M. The G’ 

also increased when APS and TEMED concentrations increased from 0.005M to 0.01M, but 

decreased from 0.01M to 0.02M, possibly due to intramolecular crosslinking of the vinyl 

groups of the bisacrylamide, resulting in the reduction of elastically-active crosslinking.  

 

Fig. 1-12. Schematic depicting the formation of poly(lactide-co-ethylene-co-fumarate) (PLEOF) hydrogel 

crosslinked by bisacrylamide using APS as the initiator [100]. Reprinted with permission from Sarvestani 

AS, He X, Jabbari E, Viscoelastic characterization and modeling of gelation kinetics of injectable in situ 

cross-linkable poly(lactide-co-ethylene oxide-co-fumarate) hydrogels, Biomacromolecules 8:406-15. 

Copyright 2007 American Chemical Society. 
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One major concern with redox-initiated polymerization is the cytotoxicity effects of the 

initiators. Using oligo(poly(ethylene glycol) fumarate) (OPF) as the gel precursor material, 

Temenoff et. al. tested the cytotoxicty of various initiator combinations at different 

concentrations [101]. It was found that although a combination of sodium persulfate and 

ascorbate-2-phosphate showed the highest cytocompatibility; however, the system did not 

form fully crosslinked hydrogel. A combination of 20 mM APS and ascorbic acid ensured 

complete crosslinking and minimum cytotoxicity.  

1.3.2. Limitations of existing injectable and chemically crosslinked hydrogel systems 

A limitation of existing injectable and chemically crosslinked hydrogel systems is that the 

crosslink density and gelation rate cannot be tuned in a facile and independent manner. 

Crosslink density is an important property of a hydrogel because it directly influences the 

rates of hydrogel degradation and drug release, and the rates of cell proliferation and 

migration within the gel matrix [6]. Moreover, recent research on cell-matrix interactions 

showed that matrix stiffness plays a vital role on cell functions, tissue morphogenesis and 

stem cell differentiation [6, 13]. The stiffness of a hydrogel is dependent on the crosslink 

density and often expressed in terms of storage modulus (G’). Thus the tuning of crosslink 

density is essential in tailoring a hydrogel’s mechanical strength for a specific application. In 

addition to crosslink density, gelation rate is another important property of an injectable 

hydrogel system. For drug delivery applications, hydrogels should be formed rapidly after 

injection to prevent the uncontrolled diffusion of gel precursors and drugs to the surrounding 

tissues [14]. For tissue engineering applications, a moderate rate of gelation would be more 

desirable to allow time for the gel precursors to fill the irregularly shaped defects, thereby 

achieving cohesion between the hydrogel and the surrounding native tissue [15].  

As described in the preceding section, the crosslink density of most injectable and 

chemically crosslinked hydrogel systems is varied via the degree of substitution (DS) of the 

crosslinking moiety or the concentration of gel precursors (polymers and/or crosslinkers). 

Changes in these parameters would alter the gelation rate as well (Fig. 1-13). Likewise, the 

tuning of gelation rate is limited to varying the DS of the crosslinking moiety or the 

polymer/crosslinker concentrations [16, 17], which inevitably change the crosslink density 

and cause undesirable modifications to the degradation and drug release profiles. Moreover, 

to increase the DS of the crosslinking moiety, extensive chemical modification to the polymer 

is often required, which could lead to irreversible changes to the polymer’s native property, 
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such as biodegradability for natural polymers. For instance, the degradability of HA by 

hyaluronidase was compromised when the DS of the carboxyl groups of HA was increased 

[102]. Therefore, an injectable hydrogel system that allows the facile and independent tuning 

of crosslink density and gelation rate, without extensive modification to the polymer or 

changes in the gel precursor concentration, would be a useful system for drug delivery and 

tissue engineering applications (Fig. 1-14).   

 

Fig. 1-13. Changing the polymer and/or crosslinker concentrations affects both the mechanical property 

and gelation rate of the resulting hydrogels.  

 

Fig. 1-14. A hydrogel system with independent tuning of gelation rate and crosslink density. 

1.4. Objectives of this study 

Previously our laboratory has reported an injectable hydrogel system composed of 

hyaluronic acid-tyramine (HA-Tyr) conjugates [103]. The HA-Tyr conjugates were 

crosslinked in situ by the oxidative coupling of tyramine moieties in the presence of 

horseradish peroxidase (HRP) and hydrogen peroxide (H2O2). Building upon this work, the 

present study seeks to achieve the following objectives by further developing the HA-Tyr 
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hydrogel system and designing new hydrogel systems composed of different polymer-phenol 

conjugates:  

• Independent tuning the gelation rate and crosslink density 

• Sustained delivery of therapeutic proteins, namely, interferon-α2a, trastuzumab and 

PEGylated  interferon-α2a, for liver cancer, breast cancer and hepatitis C treatment, 

respectively 

• Formation of vascularized hydrogels for tissue engineering applications, and 3D 

propagation of human embryonic stem cells in hydrogels  

• Formation of an injectable and bioactive hydrogel system that does not require the 

addition of exogenous H2O2  

1.5. Outline of the thesis 

In Chapter 1, an overview on hydrogel and its application in protein delivery and tissue 

engineering, and the pros and cons of various polymers and in situ crosslinking strategies for 

the formation of injectable hydrogels, are provided. The biological roles and clinical 

applications of hyaluronic acid (HA), one of the most commonly used polymers in hydrogels, 

is described. In addition, the limitations of existing injectable and chemically crosslinked 

hydrogel systems are discussed. Lastly, the objectives of this study are stated. Chapter 2 

details the synthesis, purification and characterization of HA-Tyr conjugates. In the presence 

of HRP and H2O2, HA-Tyr conjugates crosslinked in situ through the oxidative coupling of 

tyramine moieties, forming a chemically crosslinked hydrogel. The effects of HRP and H2O2 

on the gelation rate and crosslink density were examined. Then, α-amylase, a model protein, 

was incorporated in the hydrogel, and the effect of crosslink density on the rate of protein 

release and the activity of released proteins were characterized. Next, the HA-Tyr hydrogel 

was employed as a delivery system for interferon-α2a (IFN-α2a) for liver cancer treatment. 

IFN-α2a is a cytokine with anti-viral and anti-cancer activities. Sustained release of IFN-α2a 

over a period of 24 h was achieved by tuning the hydrogel crosslink density. The 

pharmacokinetics and anti-tumor effect of IFN-α2a delivered using hydrogels were compared 

with bolus injections through a series of in vitro and in vivo experiments.  

In order to extend the release duration to more than 24 h, interactions between proteins 

and hydrogels are required to reduce the release rate. Chapter 3 investigates whether 
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electrostatic interactions between positively charged proteins (lysozyme) and the negatively 

charged HA-Tyr hydrogel could immobilize the proteins within the hydrogel. Degradation of 

hydrogels in the presence of hyaluronidase, which facilitated the release of immobilized 

proteins, was characterized. Then, trastuzumab, a positively charged monoclonal antibody 

used in breast cancer therapy, and hyaluronidase were incorporated together in HA-Tyr 

hydrogels. Trastuzumab was immobilized in the hydrogel through electrostatic interactions, 

and the release rate depended on the concentration of hyaluronidase. It was demonstrated that 

sustained release of up to 4 weeks could be achieved through controlled degradation of the 

hydrogel by hyaluronidase. The anti-tumor effect of trastuzumab delivered by HA-Tyr 

hydrogels was investigated in a mice xenograft model of human breast cancer, and compared 

with bolus injections. Chapter 4 describes yet another method to deliver proteins for an 

extended period of time using hydrogels. Specifically, a dextran-tyramine (Dex-Tyr) hydrogel 

containing poly(ethylene glycol) (PEG) microdomains was developed for the sustained 

release of PEGylated proteins. PEGylated proteins contain covalently attached PEG chains, 

which effectively extend the circulating half-life of the proteins. It was found that PEGylated 

IFN-α2a (PEG-IFN-α2a) preferentially partition in the PEG microdomains, which prevented 

rapid diffusion of the proteins out of the hydrogel. The release profiles and pharmacokinetics 

were examined and compared with protein administered as a solution. Furthermore, the 

therapeutic efficacy of PEG-IFN-α2a delivered by the hydrogel was evaluated in a humanized 

mice model of hepatitis C.  

In addition to protein delivery, the HA-Tyr hydrogel system was investigated as a scaffold 

for tissue engineering applications. One of the challenges in tissue engineering is the 

formation of a vascular network within the tissue construct, which is essential for the 

transportation of nutrients and other biomolecules to ensure the viability of the embedded 

cells. Chapter 5 reports the formation of an interpenetrating polymer network (IPN) 

composed of fibrin and HA-Tyr hydrogel. Fibrin is widely used as a tissue engineering 

scaffold, but it has poor mechanical properties and degrades rapidly. By varying the crosslink 

density of HA-Tyr network, IPN hydrogels with different G’ were formed, which were more 

resistant to cell-induced contraction and degradation by proteases as compared to fibrin gels 

alone. The formation of capillaries within the IPN hydrogels was also investigated. Chapter 6 

describes the design and synthesis of an Arg-Gly-Asp (RGD) peptide flanked by two phenol 

moieties for in situ conjugation into HA-Tyr hydrogels. RGD-modified hydrogels were 

characterized in terms of cell adhesion, proliferation and migration. Moreover, the formation 
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of functional vasculature in the hydrogels was examined by injecting hydrogels containing 

human umbilical vein endothelial cells (HUVECs) and human fibroblasts into the 

subcutaneous tissue of mice. Another challenge associated with tissue engineering is the cell 

source. Human embryonic stem cells (hESCs) are a promising cell source as they have 

unlimited self-renewal capability and can differentiate into any cell type. The current methods 

of hESCs propagation, however, are not suitable for large-scale production and clinical 

applications due to the requirement of animal-derived components, such as fetal bovine serum 

and Matrigel (a basement membrane extracted from Engelbreth-Holm-Swarm mouse 

sarcoma). Chapter 7 explores the possibility of propagating hESCs in the 3D environment of 

HA-Tyr hydrogels using a chemically-defined culture medium containing no animal-derived 

components. The effects of crosslink density on the viability, proliferation and pluripotency of 

hESCs were investigated.  

The formation of hydrogels by HRP-mediated crosslinking of polymer-phenol conjugates 

requires the addition of H2O2 as the oxidant. In order to simplify the gel formation process, a 

method of forming hydrogels without the need of exogenous H2O2 was developed. Chapter 8 

describes the design of an injectable hydrogel system composed of (-)-epigallocatechin-3-

gallate (EGCG), a green tea catechin, as the crosslinking moiety. EGCG is well-known for its 

potential health benefits, including anti-inflammation and anti-cancer. Amine-functionalized 

EGCG dimers were synthesized and conjugated to HA, forming HA-EGCG conjugates. The 

HA-EGCG conjugates exhibited bioactivities that were not present in native HA, such as 

enzyme-inhibition, anti-prolfieration and radical scavenging. It was demonstrated that 

autoxidation of the EGCG moieties under aerobic condition produced H2O2 at a sufficiently 

fast rate, thus a hydrogel was formed by simply mixing HA-EGCG conjugates with HRP. 

Hydrogels were also formed in situ through EGCG quinone formation in the absence of HRP, 

which greatly simplifies the gel formation process and circumvents the safety concern 

associated with HRP due to its plant origin. Moreover, the HA-EGCG hydrogels were found 

to be resistant to hyaluronidase-mediated degradation due the presence of EGCG moieties.  

Lastly, Chapter 9 summarizes the findings presented in this thesis and addresses some of 

the concerns associated with HRP-mediated gelation. The significance of this study and the 

outlook of injectable hydrogels for protein delivery and tissue engineering are also discussed.   
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2.1. Introduction 

Hydrogels are widely used as biomaterials for drug delivery [1-3]. In particular, injectable 

hydrogel systems have drawn a lot of attention because of the elimination of surgical 

implantation [4, 5]. Hydrogels are suitable for the delivery of protein drugs, as the aqueous 

environment within a hydrogel is ideal for the encapsulation of proteins that are prone to 

denaturation in non-aqueous environment. The crosslinked polymeric network limits the 

mobility of the proteins, resulting in the sustained release of encapsulated proteins from the 

hydrogel. Consequently, the half-life of the proteins in the body is increased and the 

frequency of injection can be decreased, which minimizes patient discomfort, improves 

patient compliance, and decreases the cost of treatment. However, the initial burst-release, 

short release duration, and incompletely release of encapsulated drugs, are some of the 

drawbacks associated that remained to be overcome.  

In designing hydrogels for drug delivery, one must takes into consideration the crosslink 

density of the hydrogels. Crosslink density is an important parameter because it plays a 

significant role in controlling the drug release rate [6]. Thus, the ability to tune the crosslink 

density of an injectable hydrogel system in a facile manner is a valuable tool for the tailoring 

of drug release profiles. In addition to crosslink density, gelation rate is another important 

parameter of an injectable hydrogel system. For drug delivery application, hydrogels should 

form rapidly after injection to prevent the uncontrolled diffusion of gel precursors and drug 

molecules to the surrounding tissues [7]. This is because a sustained-release system typically 

contains a higher concentration of drugs than a bolus injection, and slow gelation could lead 

to a large amount of drugs diffusing away from the injection site and cause drug overdose. 

This drawback could hamper the therapeutic outcome and render the injectable hydrogel 

system unsuitable for the delivery of drugs with a narrow therapeutic index. Hence, the 

gelation rate of an injectable hydrogel system should be tunable in order to achieve rapid 

network formation, while avoiding clogging of the needle due to the increase in viscosity via 

in situ crosslinking. Unfortunately, the control of gelation rate of most injectable and 

chemically crosslinked hydrogel systems is limited to varying the gel precursor or crosslinker 

concentrations [8, 9], which inevitably changes the crosslink density that leads to undesirable 

modifications of the drug release profiles.  

In this chapter, an injectable chemically crosslinked hydrogel system that allows the 

independent tuning of crosslink density and gelation rate in a facile manner is described. 
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Specifically, horseradish peroxidase (HRP), a heme-containing enzyme found in the root of 

horseradish (Armoracia rusticana), was employed to form hydrogels in situ through the 

oxidative coupling of phenols in the presence of hydrogen peroxide (H2O2) [10, 11]. Our 

laboratory has previously reported the gelation of hyaluronic acid-tyramine conjugates (HA-

Tyr) in the presence of HRP and H2O2 [12]. HA was chosen as the backbone polymer because 

of its excellent biocompatibility and biodegradability (Chapter 1). Herein, the concentrations 

of H2O2 and HRP were varied systematically. It was found that the crosslink density and 

gelation rate could be independently tuned by the concentrations of H2O2 and HRP, 

respectively. Subcutaneous injections of HA-Tyr conjugates revealed that as the gelation rate 

accelerated with increasing HRP concentration, the hydrogel became more localized to the 

injection site [13].  

Next, we utilized the HA-Tyr hydrogel system for protein delivery. In order to incorporate 

proteins in the hydrogel matrix, proteins were mixed with HA-Tyr conjugates prior to the 

addition of HRP and H2O2. It was demonstrated that rapid gel formation, which was achieved 

by an optimal concentration of HRP, could enhance the protein encapsulation efficiency and 

minimize the uncontrolled diffusion of proteins after injection. Using a model protein, α-

amylase, we demonstrated that the rate of protein release from hydrogels could be controlled 

by tuning the crosslink density of the hydrogel through the concentration of H2O2. Notably, 

by fixing the concentration of HRP, rapid gel formation was maintained even though the 

crosslink density was varied. Finally, we applied the HA-Tyr hydrogel system for the delivery 

of interferon-α2a (IFN-α2a). IFN-α is recommended for the treatment of chronic hepatitis C 

due to its antiviral activity [14, 15]. It has also been shown to reduce the incidence of 

hepatocellular carcinoma in patients with chronic hepatitis C [16]. Moreover, IFN-α inhibits 

the proliferation and induces the apoptosis of liver cancer cells in vitro [17, 18]. However, 

IFN-α has short circulating half-life of 6 to 8 h, hence frequent injections are required for 

hepatitis C treatment [19]. Herein, IFN-α2a was incorporated in HA-Tyr hydrogels with 

different crosslink densities. The release profiles and the anti-proliferation activity of released 

IFN-α2a were examined in vitro. Furthermore, the pharmacokinetics and tumor regression 

activity of IFN-α2a delivered by HA-Tyr hydrogels were evaluated in a mice xenograft model 

of human liver cancer. 

2.2. Materials and methods 

2.2.1. Materials 
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HA (90 kDa) was kindly donated by JNC Corporation (Tokyo, Japan). 1-Ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC·HCl), N-hydroxysuccinimide 

(NHS), tyramine hydrochloride (Tyr·HCl), 5-aminofluorescein, α-amylase from Bacillus 

amyloliquefaciens, bovine serum albumin (BSA), hyaluronidase from bovine testes, and 

polyoxyethylene-sorbitan monolaurate (Tween 20) were all purchased from Sigma-Aldrich 

(Singapore). Hydrogen peroxide (H2O2) was from Lancaster and horseradish peroxidase (HRP, 

100 U/mg) was from Wako Pure Chemical Industries. Polyclonal antibody to Bacillus 

amyloliquefaciens α-amylase (biotin) was purchased from Acris Antibodies. Streptavidin 

alkaline phosphate conjugated and p-nitrophenyl phosphate (p-NPP) were purchased from 

Chemicon. Interferon-α2a (IFN-α2a, 1 × 108 IU/mg protein) was purchased from Santa Cruz 

(CA, USA). VeriKineTM Human Interferon-Alpha ELISA kit was purchased from PBL 

Interferon Source (NJ, USA). Apo-ONE® homogeneous caspase-3/7 assay kit was purchased 

from Promega (Singapore). Alexa Fluor 680 conjugated BSA (SAIVI Alexa Fluor 680), fetal 

bovine serum (FBS), alarmarBlue assay kit, Alexa Fluor® 488 annexin V/Dead cell apoptosis 

kit for flow cytometry, and Image-iTTM live red caspase detection kit were purchased from 

Life Technologies (Singapore). Bicinchoninic acid (BCA) protein assay kit was purchased 

from Pierce (Singapore). Phosphate buffer saline (PBS, 150 mM, pH 7.3) was supplied by 

media preparation facility in Biopolis, Singapore.  

2.2.2. Synthesis of HA-Tyr conjugate 

HA-Tyr conjugates were synthesized as described previously [12] with modifications to 

the condensation agents and purification protocol, which more effectively remove the 

unreacted tyramine molecules. HA (1 g, 2.5 mmol of COOH) was dissolved in 100 ml of 

distilled water. To this solution tyramine hydrochloride (202 mg, 1.2 mmol) was added. 

EDC⋅HCl (479 mg, 2.5 mmol) and NHS (290 mg, 2.5 mmol) were then added to initiate the 

conjugation reaction. As the reaction proceeded, the pH of the mixture was maintained at 4.7 

with 0.1 M NaOH. The reaction mixture was stirred overnight at room temperature and then 

the pH was brought to 7.0. The solution was transferred to dialysis tubes with molecular cut-

off of 1000 Da. The tubes were dialyzed against 100 mM sodium chloride solution for 2 days, 

a mixture of distilled water and ethanol (3:1) for 1 day, and distilled water for 1 day, 

successively. The purified solution was lyophilized to obtain the HA-Tyr conjugates. The 

degree of substitution (DS, the number of tyramine molecules per 100 repeating units of HA) 

was calculated from 1H NMR measurement by comparing the ratio of the relative peak 
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integrations of phenyl protons of tyramine (peaks at 7.2 and 6.9 ppm) and the methyl protons 

of HA (1.9 ppm). The DS was 6.  

2.2.3. Synthesis of fluorescent-labeled HA-Tyr conjugate 

HA (1 g, 2.5 mmol of COOH) was dissolved in 100 ml of distilled water. To this solution, 

tyramine hydrochloride (162 mg, 0.93 mmol) and 5-aminofluorescein (81 mg, 0.23 mmol in 

1.62 ml DMSO) were added. EDC⋅HCl (479 mg, 2.5 mmol) and NHS (290 mg, 2.5 mmol) 

were then added and the pH of the mixture was maintained at 4.7 with 0.1 M NaOH. The 

reaction was stirred overnight at room temperature and then brought to pH to 7.0. The 

solution was filtered with grade 1 Whatman cellulose filter paper to remove unconjugated 

aminofluorescein that had precipitated. The filtrate was collected into dialysis tubes of 

molecular cut-off 3500 Da. Then the dialysis and lyophilization procedures for HA-Tyr 

described above were followed. The degree of substitution of tyramine was calculated from 
1H NMR and the degree of aminofluorescein conjugated was estimated by comparing the 

absorbance value at 490 nm of 1 mg/ml fluorescence-conjugated HA-Tyr solution to a set of 

aminofluorescein standards. The DS of tyramine and aminofluorescein were 4 and 0.4, 

respectively.  

2.2.4. Formation and rheological measurement of HA-Tyr hydrogels  

To form HA-Tyr hydrogels, HA-Tyr conjugates were dissolved in PBS at 1.75% (w/v). 

Then 5 µl each of HRP and H2O2 were added to 1 ml of HA-Tyr solution to initiate gelation. 

Various concentrations of HRP and H2O2 were used. Rheological measurements were 

performed with a HAAKE Rheoscope 1 rheometer (Karlsruhe, Germany) using a cone and 

plate geometry of 6 cm diameter and 0.903° cone angle. Immediately after adding HRP and 

H2O2 to HA-Tyr conjugates, the mixture was vortexed and applied to the bottom plate. The 

upper cone was then lowered to a measurement gap of 0.024 mm and a layer of silicon oil was 

carefully applied around the cone to prevent solvent evaporation during the experiment. The 

measurements were taken at 37 °C in the dynamic oscillatory mode with a constant 

deformation of 1% and frequency of 1 Hz. To avoid slippage of samples during the 

measurement, a roughened glass bottom plate was used. The measurement parameters were 

determined to be within the linear viscoelastic region in preliminary experiments. 

Measurement was allowed to proceed until the storage modulus (G’) reached plateau. Then, a 

frequency sweep was performed with a constant shear stress predetermined to induce a 10% 
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deformation at 1 Hz. Also, a strain sweep of increasing deformation from 1 to 100% was 

performed at 1 Hz.  

2.2.5. Swelling ratio, crosslink density and mesh size of HA-Tyr hydrogels 

Swelling ratios were determined for slab-shaped HA-Tyr hydrogels. To form the slab-

shaped HA-Tyr hydrogels, lyophilized HA-Tyr was dissolved in PBS at a concentration of 

1.75% (w/v). Five μl of HRP was added to 1 ml of HA-Tyr solution to give a final 

concentration of 0.124 U/ml. Crosslinking was initiated by adding 5 µl of different 

concentrations of H2O2 solution to give final concentrations of 160, 291, 437, 582 and 728 

µM. The mixture was vortexed vigorously before it was injected between two parallel glass 

plates clamped together with 1 mm spacing. The crosslinking reaction was allowed to proceed 

at 37 °C for 1 h. Round hydrogel disks with diameters of 1.6 cm were then cut out from the 

hydrogel slab using a circular mold. The hydrogel disks were swollen in PBS at 37 °C for at 

least 24 h. The swollen disks were then gently blotted dry with Kimwipe and weighed to 

obtain the swollen weight. The disks were then lyophilized to obtain the dry weight. The 

swelling ratio is defined as a ratio of the swollen weight to the dried weight. 

The volumetric swelling ratio (Qv), average molecular weight between crosslinks (Mc) 

effective crosslink density (νe) and mesh size (ξ) were calculated based on previously 

reported methods [20]. QV was calculated by the following equation: 

, 

where ρp and ρS are the density of the dried polymer (1.229 g/cm3) and water, respectively.  

Mc was derived from the following equation using: 

,   

where  is the specific volume of the dry polymer (0.814 cm3/g), V1 is the molar volume of 

water (18 mol/cm3) and  is the Flory polymer-solvent interaction parameter, which was 

assumed to be 0.473. Then νe and ξ were calculated with the following equations: 
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2.2.6. Morphology study of HA-Tyr hydrogels 

HA-Tyr hydrogels formed in glass vials with 0.124 U/ml of HRP and 437, 582 and 728 

µM of H2O2 were swelled in MilliQ water for 24 h to reach swelling equilibrium before 

cutting into thin slices (2 mm x 5 mm x 8 mm) using a sharp surgical blade. The samples were 

frozen rapidly by plunging them into liquid nitrogen slush and then freeze-dried for two days. 

Scanning electron microscopy (SEM) images of the lyophilized samples were taken using FEI 

Company Quanta 200 (Oregon, USA) equipped with a gaseous secondary electron detector in 

low vacuum mode. 

2.2.7. Effects of gelation rate on gel formation and protein encapsulation in vivo 

To examine the effect of gelation rate on hydrogel formation in vivo, nonobese 

diabetic/severe combined immunodeficiency (NOD/SCID) mice were used immediately after 

euthanization. After shaving the dorsal sides, each mouse was injected subcutaneously with 

400 µl of 1.75% (w/v) fluorescence-labeled HA-Tyr with 728 µM H2O2 and different 

concentrations of HRP (0, 0.031 and 0.124 U/ml). Two hours after injection, the locations of 

fluorescent HA-Tyr hydrogels were detected using GE’s eXplore Optix fluorescence imaging 

machine (Waukesha, WI) equipped with a 470 nm excitation laser. After fluorescence 

imaging, incisions were made to expose the site of injections and digital photographs were 

taken.  

To examine the effect of gelation rate on protein encapsulation, adult female BALB/c 

nude mice was injected subcutaneously with 300 µl of 1.75 % (w/v) fluorescent HA-Tyr 

solution containing 80 µg of Alexa 680 conjugated BSA. The H2O2 concentration was 728 

µM and the HRP concentration was 0, 0.031 or 0.124 U/ml. An hour later, fluorescence 

images of the mice were taken using the IVIS imaging system (Caliper Life Science, 

Massachusetts, USA) to determine the location of HA-Tyr conjugates (GFP filter set, λex = 

445-490 nm, λem = 515-575 nm, exposure time = 0.05 second) and the proteins (Cy5.5 filter 

set, λex = 615-665 nm, λem = 695-770 nm, exposure time = 0.01 second). For both detections, 
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the binning of the CCD camera was set to 8; field of view (FOV) was 20 cm and the aperture 

of the lens on the camera was set to f/8. The care and use of laboratory animals were 

performed according to the protocol approved by the Institutional Animal Care and Use 

Committee (IACUC) at the Biological Resource Center (BRC) in Biopolis, Singapore. 

2.2.8. Release of α-amylase from HA-Tyr hydrogels 

HA-Tyr hydrogels loaded with 0.25 mg/ml of α-amylase were prepared by mixing 500 µl 

of HA-Tyr (3.5 % (w/v)) with 500 µl of protein solution (0.5 mg/ml). Then 5 µl each of HRP 

and H2O2 (final concentrations of HRP: 0.124 U/ml and H2O2: 437, 582 or 728 µM) was 

added and the mixture was vortexed gently before injected between two parallel glass plates 

clamped together with 1 mm spacing. Gelation was allowed to proceed at 37 °C for one hour 

at which G’ would have reached plateau according to the rheology results. Round gel disks 

with diameter of 1.6 cm were then cut out from the hydrogel slab using a circular mold.  Each 

disk was sandwiched between a plastic net and immersed in 20 ml of PBS. The samples were 

incubated at 37 °C on an orbital shaker at 100 rpm. At selected time points, 200 µl of the 

release medium was drawn and stored in a microcentrifuge tube containing 200 µl of 0.1 

mg/ml BSA in PBS to prevent non-specific adsorption of the model proteins to the plastic 

surface of the microcentrifuge tubes. Two hundred µl of PBS was added to maintain the total 

release medium at 20 ml. The collected samples were stored at -20 °C. 

Protein concentrations were determined by enzyme-linked immunosorbant assay (ELISA), 

which was carried out at room temperature. The washing procedure between each step was 

carried out by a plate washer (Amersham Bioscience), which was programmed to wash the 

wells three times with 300 µl of washing buffer (100 mM PBS containing 0.05 % Tween-20). 

One hundred µl of the samples thawed to room temperature was added to the wells of a 96-

well MaxiSorb ELISA plate (NUNC). The proteins in the samples were bound to the well by 

incubation for 1.5 h and then the wells were washed. After washing, the wells were blocked 

with 200 µl of blocking buffer (BSA 2 % (w/v) in PBS) for 30 minutes to saturate the protein-

binding sites and then the wells were washed. Then, 100 µl of biotinylated anti-α-amylase (2 

µg/ml) antibodies diluted in blocking buffer were added to the wells and incubated for 1 h. 

After washing, 100 µl of streptavidin-alkaline phosphatase diluted in PBS was added and 

incubated for 1 h and then the wells were washed. Finally, 100 µl of p-NPP was added to each 

well and the plate was incubated until sufficient color had developed (approximately 80 min). 
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The absorbance at 405 nm was measured using Tecan Infinite 200 microplate reader. The 

amount of proteins contained in each sample was calculated by comparing to a set of protein 

standards. It was observed that the ELISA signal of a solution of α-amylase (2.66 µg/ml) in 

PBS at 37 °C decreased linearly with time and was reduced by 30 % at the end of 24 h. This 

might be due to adsorption of α-amylase to glass surface or denaturation of the protein. In 

order to compensate for the loss in signal, the amount of released α-amylase estimated by 

ELISA was adjusted according to the percentage loss observed in the controls. 

Rheological measurements of the hydrogels incorporated with proteins were performed 

with a HAAKE Rheoscope 1 rheometer (Karlsruhe, Germany) using a cone and plate 

geometry of 3.5 cm diameter and 0.949o cone angle. The measurements parameters were the 

same as described above. 

2.2.9. Activities of α-amylase released from HA-Tyr hydrogels 

Hydrogel disks (thickness: 1 mm, diameter: 8 mm) containing 5 mg/ml of α-amylase were 

degraded in 5 ml of 200 U/ml of hyaluronidase in PBS with 0.05 % (w/v) NaN3 at 37 °C on 

an orbital shaker at 150 rpm. After 24 h, no visible sign of the hydrogels was observed. The 

activity of the α-amylase released into the degradation solution was determined by EnzChek 

Ultra Amylase Assay Kit (Invitrogen). Briefly, the degradation solutions containing the 

released α-amylase were diluted 200-folds with PBS. Fifty µl of the diluted samples were 

added to the wells of a 96-well fluorescence plate and then 50 µl of the substrates were added. 

The plate was incubated for 10 minutes on an orbital shaker at room temperature and then the 

fluorescence intensity (λex = 485 nm, λem = 530 nm) was measured using the Tecan Infinite 

200 microplate reader. The activities retained were determined by comparing to the activities 

of control protein solutions, which had been incubated for 24 h at 37 °C.  

2.2.10. Release of IFN-α2a from HA-Tyr hydrogels 

Hydrogels incorporated with IFN-α2a were prepared such that the final concentrations of 

HA-Tyr conjugates, IFN-α2a, HRP and H2O2 were 1.75% (w/v), 2.5 × 105 IU/ml, 0.124 U/ml, 

and 437 or 728 µΜ respectively. The gel mixture was injected between two parallel glass 

plates clamped 1.5 mm apart. Gelation was allowed to proceed at 37 °C for 2 h. Hydrogel 

disks, 1.6 cm in diameter, were then cut from the hydrogel slab using a circular mold. Each 

disk was placed in a plastic net and immersed in 20 ml of buffer solution (PBS with 0.5% 
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BSA). At selected time points, 200 µl of the media was withdrawn and replaced with an equal 

volume of fresh buffer solution to maintain a constant total volume. The collected samples 

were stored in LoBind tubes (Eppendorf, Germany) at 4 °C until analysis. Protein 

concentrations were determined by ELISA. Rheological measurement was performed as 

described above. 

2.2.11. Cell viability assay 

Human hepatic cancer cell line (HAK-1B) was obtained from Prof. Hirohisa Yano, 

Kurume University, Japan, and was grown in DMEM media with 2.5% FBS [21]. Cells were 

cultured in a humidified incubator at 37 °C, 5% CO2. To examine the effect of IFN-α2a 

released from HA-Tyr hydrogels on cell proliferation, 500 µl of HAK-1B cell suspension (1.2 

× 104 cells total) was added per well of a 24-well plate and incubated for 2 days before 

treatment. On the day of treatment, 50 µl of hydrogels (final composition: 1.75% (w/v) of 

HA-Tyr conjugates, 4 × 105 IU/ml of IFN-α2a, 0.124 U/ml of HRP and 437 or 728 µM of 

H2O2) were prepared in a 24-well transwell insert. After 2 h of gelation, the hydrogel-loaded 

inserts were placed into the wells previously seeded with HAK-1B cells and 500 µl of culture 

medium was added to the insert. The plate was incubated for 4 days. After which the cell 

viability was assessed using alamarBlue assay according to the manufacturer’s protocols (λex 

= 560 nm and λem = 590 nm). The results were expressed as percentages of control (no 

treatment).  

2.2.12. Caspase activity 

An Apo-ONE® homogeneous caspase-3/7 kit was utilized to quantitatively measure 

caspase-3/7 activity in HAK-1B cells. After cells were treated with IFN-α2a-incorporated 

HA-Tyr hydrogels for 4 days, cells were lysed with a radio immunoprecipitation assay (RIPA) 

buffer (Cell Signaling, USA), followed by BCA assay to determine the total amount of 

proteins in each sample. Then the amount of caspase-3/7 in the samples was determined 

according to the manufacturer’s protocol (λex = 499 nm and λem = 521 nm). The caspase-3/7 

activity was expressed as fluorescence intensity normalized by the protein amount (FI/µg). 

2.2.13. Tumor regression study 
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To examine the anti-tumor effect of IFN-α2a delivered by HA-Tyr hydrogels, 200 µl of 

HAK-1B cells (5 × 107 cells/ml) were subcutaneously injected to the back of 6-week-old 

female BALB/c nude mice. Seven days later, when diameter of the tumor reached 5-10 mm, 

the mice were divided into 4 groups (n = 7) so that the average tumor size in each group was 

similar. Two groups of mice were treated with hydrogels containing IFN-α2a (final 

compositions: 1.75% (w/v) of HA-Tyr conjugates, 1.4 × 108 IU/kg of IFN-α2a, 0.124 U/ml of 

HRP, and 473 or 728 µM of H2O2). Hydrogels were injected by subcutaneously once a week 

for 2 weeks. The remaining two groups were treated with PBS or IFN-α2a solution once a 

week for 2 weeks. Tumors were measured with a digital caliper and the tumor volumes (mm3) 

were calculated from the formula: volume = (length × width2)/2. The mice were sacrificed on 

day 20 and the tumors were resected and fixed in 4% formaldehyde solution. In a separate 

study, the amount of IFN-α2a delivered to the tumor was determined. Three groups of mice 

(n = 4) bearing HAK-1B tumors of similar sizes were injected with IFN-α2a solution or HA-

Tyr hydrogels containing IFN-α2a. After 8 h, the mice were sacrificed and the tumor tissues 

were resected and homogenized. The supernatant of tissue lysate was stored at -20 oC until 

analysis. The amount of IFN-α2a in the supernatant was determined by ELISA.  

2.2.14. Pharmacokinetics study 

To examine the pharmacokinetics of IFN-α2a delivered by HA-Tyr hydrogels, 3 groups 

of female BALB/c nude mice (6-week-old, n = 4) were used for the study. Two groups of 

mice were treated with HA-Tyr hydrogels containing IFN-α2a (final composition: 1.75% 

(w/v) of HA-Tyr, 6 × 107 IU/ml of IFN-α2a, 0.124 U/ml of HRP and 473 or 728 µM of H2O2 

in PBS). The remaining group was injected with IFN-α2a solution (6 × 107 IU/ml in PBS) and 

served as the control. Injections were administered subcutaneously at the back of the mice and 

the injection volume was based on the weight of the mouse (200 µl per 20 g). At 1, 2, 4, 8 and 

24 h post-injection, 20 µl of blood was withdrawn from the tail vein. The blood samples were 

mixed with 3 µl of sodium citrate (37 mg/ml) to prevent blood coagulation and then 

centrifuged at 4 °C, 3,000 g for 5 min. The supernatant of each sample was stored at -20 °C 

until the day of analysis. The amount of human IFN-α2a in the plasma of the mice was 

determined by ELISA. 

2.2.15. Statistical analysis 
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All data are expressed as the mean ± standard deviation (SD). Differences between the 

values were assessed using Student’s t-test or one-way ANOVA, and p < 0.05 was considered 

statistically significant. Data from animal studies are expressed as mean ± standard error of 

the mean (SEM).   

2.3. Results and discussion 

2.3.1. Synthesis of HA-Tyr conjugates 

Tyramine was successfully conjugated to HA via carbodiimide-mediated coupling 

reaction. The resulting HA-Tyr conjugates were purified by dialysis against NaCl solution to 

disrupt electrostatic interactions between unconjugated tyramine and HA. Then, the HA-Tyr 

conjugates were dialyzed against distilled H2O before lyophilization. Yield = 80%. The 

degree of substitution (DS, the number of tyramine molecules per 100 repeating units of HA) 

was calculated from 1H NMR measurement and found to be 6. For long-term storage, HA-Tyr 

conjugates were kept at r.t. as dried products. Once dissolved in water or PBS, a solution of 

HA-Tyr conjugates remained stable at 4 °C for at least 3 months. 

2.3.2. Catalytic mechanism of horseradish peroxidase (HRP) 

HRP is a heme-containing enzyme found in the root of horseradish (Armoracia rusticana). 

Heme is a complex between protoporphyrin and Fe(III). The heme iron in HRP forms a 

coordinate bond with the proximal His170 residue of the protein core. There are several HRP 

isoenzymes; the most abundant is the C isoenzyme, which is also the most widely 

characterized. The catalytic mechanism of HRP in the presence of H2O2 has been the subject 

of investigation for many years and several excellent publications are available in the 

literature [22, 23]. It is known that the catalytic reaction involves not only the heme group, but 

also the amino acid residues on the protein core, such as His42 and Arg38.  

The first event in the catalytic reaction, after binding of H2O2 to the heme at its resting 

state, Fe(III), is a proton transfer from the α-oxygen of H2O2 to the His42 residue of HRP. 

The α-oxygen then forms a single bound with Fe(III), which results in a transient Fe(III)-

hydroperoxy intermediate that is designated as Compound 0 [24]. Next, the α-oxygen forms a 

double bond with the heme iron, a process which is facilitated by the cleavage of the peroxide 

O-O bond and an electron transfer from the porphyrin ring to the iron. This results in a 

Fe(IV)=O ferryl group and a porphyrin cation radical, which together is termed Compound I 
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(Fig. 2-1). The residual -OH group of H2O2 receives the proton from the His42 residue to form 

a water leaving group. Compound I is two oxidation states above the resting state, hence two 

successive electron transfers are required to reduce it back to the resting state. This is where 

the reducing substrate, in this case, the tyramine moieties of HA-Tyr conjugates, comes into 

play. In the first reduction step, a phenolic hydrogen atom is donated to Compound I, the 

electron of the hydrogen atom is transferred to the porphyrin cation radical while the proton 

goes the His42 residue. The first reduction results in the formation of Compound II, which 

contains the neutralized porphyrin and the Fe(IV)=O group, and a phenolic radical. The 

second reduction step, which is a complex reaction involving the protonated His42 residue 

and an electron transfer from a phenol substrate, regenerates the Fe(III) and forms a second 

phenolic radical with water as a leaving group. Thus, a catalytic cycle of HRP consumes one 

H2O2 molecule, converts two phenols into phenolic radicals and produces two water leaving 

groups. The phenol radicals couple with each other through either a more common C-C 

linkage between the ortho-carbons of the aromatic ring or a C-O linkage between the ortho-

carbon and the phenolic oxygen [25].  

 

Fig. 2-1. Coupling of phenols by HRP and H2O2. 
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2.3.3. Rheology, swelling ratio and SEM characterization of HA-Tyr hydrogels 

HA-Tyr hydrogels were formed via the oxidative coupling of tyramine moieties in the 

presence of HRP and H2O2 (Fig. 2-2). The formation of HA-Tyr hydrogels was studied using 

oscillatory rheometry. Fig. 2-3a shows the typical evolutions of storage modulus (G’), loss 

modulus (G’’) and phase angle (δ) of HA-Tyr hydrogels formed with 728 µM of H2O2 and 

0.025 U/ml of HRP. At the beginning of the crosslinking process, G’’ was two orders of 

magnitude greater than G’ and the phase angle was at 90°, indicating a predominantly viscous 

material. As time progressed, both G’ and G’’ increased and crossover of the two moduli 

occurred at 45° phase angle. This point is defined as the gel point which is known as the 

transition point from a viscoelastic liquid to a viscoelastic solid [26]. Herein, the time required 

to reach the gel point is used as an indicator of the gelation rate. After the gel point, G’ 

continued to increase and eventually reached plateau at which the phase angle was close to 

zero, indicating a solid-like elastic material.  

 

Fig. 2-2. Formation of hydrogel composed of HA-Tyr conjugates by HRP-mediated oxidation reaction. 

Based on the catalytic mechanism of HRP, increase in the feed amount of H2O2 would 

generate more tyramine radicals, which in turn would form more crosslinkages. Indeed, when 
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the concentrations of HRP (0.062 U/ml) and HA-Tyr conjugates (1.75 % w/v) were kept 

constant, increasing the feed amount of H2O2 from 146 μM to 1092 μM resulted in the 

increase in the G’ of the hydrogel, which indicates an increase in the crosslink density [13, 27] 

(Fig. 2-3b). The gel point remained unchanged at about 130 seconds, indicating that gelation 

rate was independent of H2O2 concentration. The time required for G’ to reach plateau, i.e. the 

time needed to form all the possible tyramine crosslinks, also increased with H2O2 

concentration, suggesting that HRP was continuously oxidized by H2O2 and reduced by 

tyramine until all H2O2 has been depleted. G’ peaked at 1092 μM of H2O2, and further 

increase in H2O2 concentration resulted in the decline of G’. This was likely due to an excess 

amount of H2O2 reacting with HRP, resulting in two different types of catalytically inactive 

compounds being formed, namely, Compound III and IV [28]. Compound III is a reversible 

intermediate which will slowly revert back to the native enzyme, leading to the restoration of 

catalytic activity. On the other hand, Compound IV is an irreversible compound which cannot 

regain its catalytic activity. HRP might also be inactivated via attack on the protoporphyrin by 

phenoxyl radicals, which led to heme destruction [29]. As a result of HRP inactivation, the 

crosslinking reaction was inhibited.  

Fig. 2-3c shows the effects of HRP concentration on hydrogel formation while H2O2 

concentration was fixed at 728 µM. Both the gel point and the time required for G’ to reach 

plateau decreased concomitantly as HRP concentration increased, indicating an inverse 

relationship between HRP concentration and gelation rate. At 0.124 U/ml of HRP, gelation 

happened so quickly that the gel point was reached within 60 seconds. At an even higher 

concentration of HRP (1.24 U/ml), hydrogel was formed within one second (data not shown). 

Interestingly, G’ remained in the same order of magnitude when the HRP concentration was 

0.032 U/ml and above.   

To gain further understanding of the mechanical property of HA-Tyr hydrogels, the 

effects of frequency and strain on G’ of the hydrogels were investigated. Frequency sweeps 

were performed on HA-Tyr hydrogels formed with various concentrations of H2O2 but fixed 

HRP concentration (0.062 U/ml) (Fig. 2-3d). Except for the weakest hydrogel, G’ remained 

independent of frequencies, indicating rigid and elastic networks. Fig. 2-3e shows the strain 

sweeps of HA-Tyr hydrogels. G’ of hydrogels formed with H2O2 concentrations between 146 

and 437 μM were independent of strain, demonstrating that these hydrogels are physically 

stable. Above 582 μM of H2O2, the hydrogels showed a slight increase in G’ at high strain. 

Furthermore, the hydrogel formed with 728 μM of H2O2 showed a sudden decrease in G’ 
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beyond 60% strain, indicating a yield stress where the hydrogel was deformed irreversibly. 

The observed yielding is ascribed to the inherent brittle structure of hydrogels possessing high 

G’. 

 

Fig. 2-2. Rheological characterization of HA-Tyr hydrogels. (a) Typical evolutions of the storage modulus 

G’ (), loss modulus G’’ () and phase angle δ () of HA-Tyr hydrogel formed with 0.025 U/ml of HRP 

and 728 µM of H2O2. Measurement was taken with a constant deformation of 1% at 1 Hz, 37 °C. Effects 

of (b) H2O2 and (c) HRP concentration on the G’ (), the gel point () and the time needed for G’ to 

reach plateau (). HRP and H2O2 concentrations are fixed to 0.062 U/ml for (b) and 728µM for (c), 

respectively. (d) Frequency sweep and (e) amplitude sweep of hydrogels formed with 0.062 U/ml of HRP 

and 146 (), 160 (), 291 (), 437 (), 582 (), and 728 () µM of H2O2.  
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Fig. 2-4. (a) Swelling ratios of hydrogels formed with 0.062 U/ml of HRP and various concentrations of 

H2O2 (n = 3). (b) SEM images of HA-Tyr hydrogels formed with 0.124 U/ml of HRP and 437, 582 and 728 

µM of H2O2. Scale bar = 100 µm. 

The swelling ratio of HA-Tyr hydrogels formed with different concentrations of H2O2 is 

shown in Fig. 2-4a. As expected, the swelling ratio decreased with increasing concentration of 

H2O2, indicating that the swelling capacity was reduced due to more crosslinks. SEM images 

of freeze-dried hydrogels revealed that the pore size decreased with increasing H2O2 

concentration, which supported the swelling ratio results (Fig. 2-4b). The rheological data, 

swelling ratio studies and morphological analysis demonstrated that the crosslink density and 

gelation rate of HA-Tyr hydrogels could be controlled independently by H2O2 and HRP 

concentration, respectively. The independent control of crosslink density and gelation rate 

allows the formation of hydrogel with different mechanical strengths at the same gelation rate.  

2.3.4. Effects of gelation rate on hydrogel formation and protein encapsulation  

Fluorescent-labeled HA-Tyr solutions with 728 µM H2O2 and different concentrations of 

HRP were injected subcutaneously to the back of mice. Two hours post-injection, 

fluorescence images were taken to detect the position of the HA-Tyr hydrogels (Fig. 2-5a, b 
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and c). When HA-Tyr solution was injected without HRP (Fig. 2-5a), no gel was formed and 

the injected solution spread out from the administered site, suggesting that the polymer 

solution diffused readily in the subcutaneous environment. As HRP concentration increased 

from 0.031 to 0.124 U/ml (gelation rate: 0.031 < 0.124 U/ml), the surface area detected with 

fluorescence decreased while the fluorescence intensity increased, indicating a more localized 

hydrogel formation at the injection site due to a faster gelation rate. Notably, the hydrogel 

formed with 0.124 U/ml of HRP had a more defined 3-dimensional structure compared to the 

hydrogel formed with 0.031 U/ml of HRP (Fig. 2-5g and h).  

 

Fig. 2-5. Effects of HRP on the subcutaneous formation of fluorescent HA-Tyr hydrogels formed with 728 

µM of H2O2 and a) 0, b) 0.031 and c) 0.124 U/ml of HRP. Top (d, e and f) and side view (g and h) of the 

hydrogels formed with d) 0, e) and g) 0.031, and f) and h) 0.124 U/ml of HRP. 
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Fig. 2.6. In vivo formation of HA-Tyr hydrogels containing BSA. H2O2 concentration was fixed to 728 µM 

while the concentration of HRP increased from 0 (a, d) to 0.031 (b, e) to 0.124 (c, f) U/ml. The upper row 

(a-c) shows the locations of HA-Tyr and the lower row (d-f) shows the location of BSA. Color bar has the 

unit of 109 photons/sec/cm2/steradian.  

It is crucial for an injectable hydrogel system to crosslink rapidly because slow gelation 

could result in delocalized gel formation due to diffusion of the gel precursors away from the 

injection site [13, 30]. It could also cause undesired leakage of the proteins to the surrounding 

tissues and compromise the therapeutic outcome. Fig. 2-6 shows the formation of HA-Tyr 

hydrogels containing proteins in the subcutaneous environment. Immediately after the 

addition of HRP (final concentration: 0, 0.031 or 0.124 U/ml) to an aqueous solution of 

fluorescent HA-Tyr conjugates containing H2O2 and Alexa Fluor 680-labelled BSA, the 

mixture was injected subcutaneously on the back of nude mice. In the absence of HRP, no 

network was formed and both the HA-Tyr conjugates (Fig. 2-6a) and the proteins (Fig. 2-6d) 

spread from the injection site, suggesting that the components diffused readily in the 

subcutaneous environment. When 0.031 U/ml of HRP was added, the areas detected with HA-

Tyr did not reduce, suggesting that the crosslinking reaction was not sufficiently fast to 

confine the network at the injection site (Fig. 2-6b). It was determined that 0.124 U/ml of 

HRP, which had a gel point of around 1 min, was the highest concentration suitable for 

injection without clogging of the needle. By injecting the mixture solution containing 0.124 
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U/ml of HRP, both of the areas detected with HA-Tyr (Fig. 2-6c) and proteins (Fig. 2-6f) 

reduced, indicating that rapid gelation was required to not only localize the formation of the 

hydrogels and but also effectively encapsulate the proteins within the network.  

2.3.5. Effects of crosslink density of HA-Tyr hydrogels on the rate of protein release 

Crosslink density is one of the key parameters in modulating the release rate of drugs from 

hydrogel-based carriers [31]. As the crosslink density increases, the average molecular 

distance between adjacent crosslinks reduces, hence the diffusivity of drugs through the 

hydrogel decreases. Variations in the gel precursor concentration [2, 20, 32, 33], the 

molecular weight of the polymer [34, 35] and the degree of substitution of the crosslinking 

moiety [36]  are some of the common methods to control the crosslink density. As discussed 

above, the crosslink density of enzymatically crosslinked HA-Tyr hydrogels could be tuned 

by the H2O2 concentration [13]. To examine the effect of crosslink density on protein release, 

HA-Tyr hydrogels incorporating α-amylase (55 kDa, pI = 5.09 [37]) were prepared by mixing 

the protein with the gel precursors before the additions of HRP and H2O2. Hydrogels with slab 

geometry were formed and immersed in 20 ml of PBS at 37°C. The aim was to investigate 

whether changes in the crosslink density of HA-Tyr hydrogels, through variations in H2O2 

concentration, could affect the release rate of proteins. Herein, low, medium and high 

crosslinked hydrogels referred to HA-Tyr hydrogels formed with 0.124 U/ml of HRP and 437, 

582 and 728 µM of H2O2, respectively (Table 2-1).  

The release of α-amylase from HA-Tyr hydrogels exhibited a rapid release at the 

beginning, which was likely due to the protein concentration gradient inside and outside of the 

hydrogel that caused the proteins near the surface of the gel to diffuse rapidly out of the 

matrix (Fig. 2-7a) [38]. The release rate of proteins in the first two hours decreased 

significantly as the swelling ratio of the hydrogel decreased (Table 2-1). By plotting the 

release of α-amylase during the first few hours as a function of the square root of time, a 

linear plot was obtained, which indicated first order release that was typical of Fickian 

diffusion (Fig. 2-7a inset) [32, 33]. This was true for the low, medium and high crosslinked 

hydrogels up to 60, 40 and 30 % of release, respectively. After the rapid release, the release 

rate decreased, and 90 % of α-amylase was released in 6 h for the low crosslinked hydrogels, 

while approximately 75 and 41 % of proteins were released from the medium and high 

crosslinked hydrogels at 24 h, respectively.  
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Table 2-1. Rheological property, swelling ratio and release rate of HA-Tyr hydrogels 

incorporated with α-amylasea 

Sample H2O2  
(µM) 

G’  
(Pa) 

Gel point  
(s)b 

Swelling 
ratio 

Release rate 
(% / h)c 

Low crosslinked 437 848 ± 19 54 ± 5 52.7 ± 0.1 37.0 ± 1.0 

Medium crosslinked 582 1675 ± 21† 60 ± 8   43.6 ± 0.4†  25.8 ± 0.5† 

High crosslinked 728 2602 ± 92†‡ 61 ± 4   35.8 ± 0.5†‡  16.9 ± 0.2†‡ 
aAll samples contained 1.75 % (w/v) of HA-Tyr conjugates, 0.124 U/ml of HRP and 0.25 mg/ml of proteins. 
bGel point is defined as the time at which the crossover of storage modulus (G’) and loss modulus (G’’) occurred. 
Herein, it is used as an indicator of the rate of gelation. There was no significant difference between the gel 
points of hydrogels formed with different concentrations of H2O2 (n = 2). cRelease rate is estimated by taking the 
slope of the linear fit of cumulative release in the first two hours (n = 2-3). †Indicates that the value is 
significantly different from that of the low crosslinked gel (p < 0.05). ‡Indicates that the value is significantly 
different from that of the medium crosslinked gel (p < 0.05). 

 

 

Fig. 2-7. a) Cumulative release of α-amylase from HA-Tyr hydrogels formed with 0.124 U/ml of HRP and 

() 473, () 582 and () 728 µM of H2O2 (n = 2, mean ± SD). The inset shows the cumulative release as a 

function of the square root of time. b) Activities of α-amylase recovered from HA-Tyr hydrogels formed 

with different concentrations of H2O2. The proteins were recovered from the hydrogels by degradation of 

the hydrogel network in the presence of 200 U/ml of hyaluronidase for 24 h (n = 3, mean ± SD). 

It is important that a hydrogel system for protein delivery not only delivers the proteins at 

a controlled release rate but also maintains the activity of the proteins from the time of 

hydrogel preparation to the point of release. In addition, degraded products from the delivery 

system might cause protein denaturation, as in the case of poly(lactic-co-glycolic acid) 

(PLGA)-based systems [39, 40]. Ideally, both the gel-forming process and the degraded 

products of hydrogel system should not compromise the therapeutic effects of the 
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encapsulated proteins. Fig. 2-7b shows the activity of α-amylase recovered from HA-Tyr 

hydrogels with different crosslink densities by degrading the hydrogels in hyaluronidase 

solution. More than 95 % of the activities of α-amylase were retained regardless of the 

crosslink density, indicating that the enzyme-mediated crosslinking reaction and the degraded 

products of the hydrogels did not compromise the activity of the proteins.  

2.3.6. Delivery of IFN-α2a using HA-Tyr hydrogels 

Having established that the release rate of proteins could be tuned by controlling the 

crosslink density of HA-Tyr hydrogels, we proceeded to examine the delivery of a therapeutic 

protein using HA-Tyr hydrogels, namely, INF-α2a. Type I IFNs, such as interferon-alpha 

(IFN-α), are produced by host cells in response to viral infection. Binding of IFN-α to cell 

surface receptors leads to the activation of several interferon-stimulated genes which interfere 

with viral replication, protein synthesis and assembly, thus protecting the cells from viral 

infection [4]. IFN-α also enhances immune response by activating immune cells. Because of 

its anti-viral activity, IFN-α is recommended for the treatment of chronic hepatitis C [4, 5]. 

IFN-α is also known to induce tumor regression in cancer patients [3], and inhibit the 

proliferation of liver cancer cells in vitro [17, 18]. 

Two different H2O2 concentrations were used (437 and 728 µM) to form hydrogels with 

different crosslink densities. The effective crosslink density (νe) and mesh size (ξ) were 

determined based on the swelling ratios of the hydrogels (Table 2-2). Hydrogels formed with 

437 µM of H2O2 had a lower crosslink density and a greater mesh size compared to hydrogels 

formed with 728 µM of H2O2. Incorporation of IFN-α2a into the hydrogel did not affect the 

G’, crosslink density and mesh size of the hydrogels. Hydrogels incorporated with IFN-α2a 

were immersed in PBS solution and the amount of proteins released over time was determined. 

Similar to the release profiles of α-amylase, the release rate depended on the crosslink density 

of the hydrogel (Fig. 2-8a). The hydrodynamic radius of IFN-α2a (2.73 nm [41]) was 

considerably smaller than the mesh size of HA-Tyr hydrogel (577 and 407 nm for the low and 

high crosslinked gels, respectively), suggesting that IFN-α2a could diffuse freely within the 

gel matrix. This was confirmed by plotting the release of IFN-α2a during the first 8 h as a 

function of the square root of time. A linear plot was obtained, which suggested Fickian 

diffusion with first order release kinetics (Fig. 2-8a inset). The cumulative release of IFN-α2a 
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from the low and high crosslinked hydrogels at 8 h were 78.5 ± 1.4% and 46.0 ± 1.7%, 

respectively. After which no detectable levels of proteins were released.  

Table 2-2. Characterization of HA-Tyr hydrogels incorporated with or without IFN-α2aa 

Sample H2O2  

(µM) 
G’  

(Pa)  QM QV 

νe  
(10-6 

mol/cm3) 

ξ 
(nm)  

Low crosslinked 437 990 ± 49 46.1 ± 0.5 56.4 ± 0.7 1.8 ± 0.04 546.8 ± 7.6 

Low crosslinked + IFN 437 898 ± 122b 48.3 ± 2.5 59.1 ± 3.0 1.7 ± 0.1c 576.8 ± 34.6d 

High crosslinked 728 3078 ± 184 39.3 ± 1.5 48.1 ± 1.9 2.4 ± 0.2 453.2 ± 20.7 

High crosslinked + IFN 728 3028 ± 199b 35.8 ± 2.3 43.8 ± 2.8 2.8 ± 0.3c 406.5 ± 30.5d 
Note. Results are shown as the mean values ± SD (n = 3). Abbreviations: storage modulus (G’), mass swelling 
ratio (QM), volumetric swelling ratio (QV), effective crosslink density (νe) and mesh size (ξ). 
aHydrogels were formed with 1.75% (w/v) of HA-Tyr conjugates and 0.124 U/ml of HRP with or without 2.5 x 
105 IU/ml of IFN-α2a. bG’, cνe and dξ of HA-Tyr hydrogels with IFN-α2a were not significantly different from 
those of HA-Tyr hydrogels without IFN-α2a (p > 0.05). 

 

Fig. 2-8. (a) Cumulative release of IFN-α2a from HA-Tyr-IFN hydrogels (n = 3, mean ± SD). The inset 

shows the cumulative release of protein as a function of the square root of time. (b) The viability of HAK-

1B cells was measured after 4-day treatment of HA-Tyr hydrogels with or without 4 × 105 IU/ml of IFN-

α2a (*p < 0.05). (c) Quantitative measurement of caspase 3/7 activity in cells. The results were presented 

as fluorescence intensity (FI) normalized with the total protein amount (µg) in each sample (n = 3, mean ± 

SD). 
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Next, we examined whether the IFN-α2a released from HA-Tyr hydrogels could inhibit 

the growth of HAK-1B cells. HAK-1B cells were established from a single nodule of 

hepatocellular carcinoma and have been confirmed to retain the morphological and functional 

characteristics of the original tumor [21]. As shown in Fig. 2-8b, after 4 days of treatment 

with HA-Tyr hydrogels alone (without IFN-α2a), the viability of HAK-1B cells was more 

than 90%, indicating that the hydrogels were non-cytotoxic. In contrast, cell viability 

decreased to 25% after treatment with IFN-α2a solution. Cell viability after treatment with 

IFN-α2a incorporated in low and high crosslinked HA-Tyr hydrogels were 42 and 59%, 

respectively, indicating that the released IFN-α2a negatively affect cell viability. To 

investigate the mechanism of decreased cell viability, Apo-ONE capspase-3/7 assay kit was 

used to quantify caspase-3/7 activity in HAK-1B cells after treatment. As shown in Fig. 2-8c, 

cells without any treatment showed low fluorescence intensity, indicating a minimal amount 

of active caspase-3/7. Cells treated with IFN-α2a in solution form or delivered by hydrogels 

showed elevated levels of caspase-3/7. Cells treated with IFN-α2a delivered from the low 

crosslinked hydrogels showed a higher level of caspase-3/7 compare with those treated with 

IFN-α2a delivered from the high crosslinked hydrogels. The results suggested that IFN-α2a 

delivered from hydrogels induced apoptosis in HAK-1B cells.  

2.3.7. Effect of IFN-α2a delivered by hydrogels on tumor regression and 

pharmacokinetics study  

The anti-cancer effect of IFN-α2a delivered by HA-Tyr hydrogels was examined in vivo 

using a nude mouse xenograft model of human liver cancer. The mice (n = 7) received a 

single subcutaneous injection of PBS, IFN-α2a solution, HA-Tyr hydrogels, or HA-Tyr 

hydrogel containing IFN-α2a once a week for two weeks. None of the mice died throughout 

the entire course of the experiment. Fig. 2-9a shows that HA-Tyr hydrogels alone had no 

effect on tumor regression, as the average tumor size was not significantly different from the 

control (PBS-treated). Treatment with IFN-α2a solution also failed to prevent tumor growth 

as the average tumor size was not significantly different from the PBS-treated group at day 20 

(Fig. 2-9b). In contrast, the groups treated with HA-Tyr hydrogels containing IFN-α2 showed 

remarkable tumor regression. For the group treated with low crosslinked hydrogels containing 

IFN-α2a, the average tumor size was significantly lower than that of PBS group from day 11 

onwards (p < 0.05). A similar trend of decreasing tumor size was also observed in mice 
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treated with high crosslinked hydrogel containing IFN-α2, albeit the tumor size was not 

statistically different from the PBS group. The results demonstrated that the delivery of IFN-

α2a using low crosslinked hydrogels was more effective in inhibiting tumor growth than 

administering IFN-α2a as a solution.  

Pharmacokinetics study of circulating IFN-α2a in the plasma was performed (Fig. 2-9c). 

At 1 h post-injection of IFN-α2a solution, the concentration of IFN-α2a in the plasma of mice 

was 105 ng/ml. In contrast, the concentrations of IFN-α2a in the plasma of mice treatment 

with low and high crosslinked hydrogels were 35 and 47 ng/ml, respectively. From 1 h to 4 h, 

the concentration of IFN-α2a in the plasma of mice administered with IFN-α2a solution 

decreased rapidly (65 ng/ml at 2 h and 8 ng/ml at 4 h). However, the decrease in plasma IFN-

α2a concentrations was much slower when the proteins were delivered using hydrogels (low 

crosslinked: 30 ng/ml at 2 h and 26 ng/ml at 4 h; high crosslinked: 32 ng/ml at 2 h, 17 ng/ml 

at 4 h). At 8 h, the plasma concentration of IFN-α2a became negligible in mice injected with 

IFN-α2a solution, whereas the concentration was 8 ng/ml for mice treated with hydrogels. 

The amount of IFN-α2a delivered to the tumor was determined for the different treatment 

groups. At 8 h post injection, the amount of IFN-α2a delivered to the tumor by low 

crosslinked hydrogels was around 1.2 ng per gram of tumor tissue, which was three times 

higher than the amount found in the tumors of mice injected with IFN-α2a solution (Fig. 2-

9d). The amount of IFN-α2a delivered to tumor by high crosslinked hydrogels was two-fold 

higher than that of injection with IFN-α2a solution alone. Taken together, the results showed 

that the delivery of IFN-α2a from HA-Tyr hydrogels resulted in a longer circulating life and a 

higher accumulation of the protein at the tumor site, which contributed to the greater anti-

tumor effect compared to IFN-α2a administered as a solution. 
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Fig. 2-9. Tumor regression study in Balb/c nude mice xenograft model of human liver cancer. The mice 

were treated with (a) PBS or HA-Tyr hydrogels without IFN-α2a, and (b) IFN-α2a solution or HA-Tyr 

hydrogels containing IFN-α2a (n = 7, mean ± SEM). (c) Pharmacokinetics of IFN-α2a in the plasma of 

Balb/c nude mice. (n = 3, mean ± SEM; *p < 0.05.) (d) Amount of IFN-α2a delivered to tumor tissues, 

which was normalized to the weight of the tumor (n = 4, mean ± SEM). 

2.4. Conclusions 

Injectable and biodegradable HA-Tyr hydrogels were formed by the in situ oxidative 

coupling of tyramine moieties in the presence of HRP and H2O2. The crosslink density and 

gelation rate were tuned by H2O2 and HRP, respectively. At a constant HA-Tyr concentration, 

the G’ could be varied from 10 to 4000 Pa by increasing H2O2 concentration while 

maintaining a constant and rapid gelation rate. The gelation time could be varied from 20 min 

to less than 1 s by increasing HRP concentration. By forming HA-Tyr hydrogels rapidly using 

an optimal concentration of HRP, localized hydrogel formation and efficient encapsulation of 

proteins were achieved. By controlling the crosslink density of HA-Tyr hydrogels through the 
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concentration of H2O2, the release rate of proteins could be varied. IFN-α2a released from 

HA-Tyr hydrogels inhibited the proliferation of HAK-1B liver cancer cells, and induced 

apoptosis through caspase-3/7 pathway. Comparing with IFN-α2a administered as a solution, 

the delivery of IFN-α2a using low crosslinked hydrogels improved the pharmacokinetics, 

increased the amount of IFN-α2a delivered to the tumor site, and more effectively inhibited 

tumor growth in vivo. 
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3.1. Introduction 

Hydrogels have attracted much attention for the delivery of therapeutic proteins [1-3]. By 

preserving the native structure of proteins in a water-abundant matrix, hydrogels are ideal 

reservoirs for protein drugs. Injectable hydrogels are especially useful in clinical applications, 

as surgeries are not required for administration. In addition to injectability, a hydrogel should 

also be biodegradable because the fibrous capsules that often formed around non-

biodegradable materials in vivo could hinder the release of drugs and potentially cause chronic 

inflammation [4]. Moreover, after the drugs have been released, biodegradable hydrogels do 

not require surgical retrieval. Importantly, the degradation rate of biodegradable hydrogels 

should be tunable because it can affect the rate of drug release.  

In Chapter 2, an injectable hyaluronic acid-tyramine (HA-Tyr) hydrogel system formed 

through the oxidative coupling of Tyr moieties by horseradish peroxidase (HRP) and 

hydrogen peroxide (H2O2) was described. It was shown that HRP controls the gelation rate, 

while H2O2 controls the crosslink density. The release rate of proteins from HA-Tyr hydrogels 

could be controlled by tuning the crosslink density. Furthermore, it was demonstrated that the 

delivery of interferon-α2a (IFN-α2a) using HA-Tyr hydrogels not only resulted in a better 

pharmacokinetic profile compare to IFN-α2a administered in solution form, but also more 

effectively inhibited tumor growth in a mice xenograft model of liver cancer.  

In this study, we examined the effect of crosslink density and hyaluronidase concentration 

on the degradation rate of HA-Tyr hydrogels. Hyaluronidase catalyzes the hydrolysis of α-N-

acetyl-D-glucosaminidic linkages of HA. Then we incorporated lysozyme, a positively 

charged protein (14.3 kDa [5], isoelectric point (pI) = 11 [6]), in HA-Tyr hydrogels, and 

examined the protein release profiles in the presence and absence of hyaluronidase. It was 

found that a portion of the proteins were immobilized within the hydrogel through 

electrostatic interaction with the negatively charged HA. The immobilized proteins could only 

be released upon enzymatic degradation of the hydrogel network by hyaluronidase. 

Capitalizing on the electrostatic interactions between proteins and HA, we designed an 

injectable HA-Tyr hydrogel system for the sustained delivery of trastuzumab for breast cancer 

treatment (Fig. 3-1).  

Trastuzumab, also known as Herceptin, is a therapeutic antibody widely used for the 

treatment of breast cancers [7-9] that are human epidermal growth receptor 2 (HER2)-positive 
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[10, 11]. It is administered once every three weeks over a period of one year for patients 

diagnosed with early-stage breast cancer [12]. Since trastuzumab has an pI of 8.45 [13], it can 

interact electrostatically with the negatively charged HA backbone under physiological 

conditions. The interaction is expected to minimize the initial burst release of trastuzumab 

from HA-Tyr hydrogels, and the release dependent on the degradation of the hydrogel 

network. Although hyaluronidase is present in the human body, its concentration in the 

plasma is only 60 ng/ml [14]. Therefore a small amount hyaluronidase was incorporated in the 

hydrogel to promote the hydrogel degradation, which in turn would facilitate the release of 

trastuzumab. The anti-proliferation effect of trastuzumab released from the hydrogels was 

evaluated in vitro using a HER2-overexpressing human breast cancer cell line, BT-474. The 

inhibitory effect of trastuzumab released from HA-Tyr hydrogels on tumor growth was 

assessed in a nude mouse xenograft model of BT-474 breast cancer. Pharmacokinetic study 

was performed to measure the plasma concentration of trastuzumab delivered by HA-Tyr 

hydrogels containing hyaluronidase. Histological and immunohistochemical analyses were 

utilized to examine the proliferation and apoptosis of cancer cells in the tumor tissue.  

 

Fig. 3-1. Design of an injectable hyaluronic acid-tyramine (HA-Tyr) hydrogel system for the sustained 

release of trastuzumab. Trastuzumab is immobilized in the hydrogel via electrostatic interaction with HA. 

Hyaluronidase is incorporated in the gel to promote the degradation of the hydrogel network, which 

facilitates the sustained release of trastuzumab.  

3.2. Materials and methods 

3.2.1. Materials and cell culture 

HA (90 kDa) was kindly donated by JNC Corporation (Tokyo, Japan). HA-Tyr conjugates 

were synthesized as described previously in Section 2.2.2 of Chapter 2. The degree of 
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substitution (DS, the number of tyramine molecules per 100 repeating units of HA) was 6 as 

determined by 1H NMR [15]. Hyaluronidase from bovine testes, lysozyme from chicken egg 

white, bovine serum albumin (BSA), polyoxyethylene-sorbitan monolaurate (Tween 20) and 

Micrococcus lysodeikticus were all purchased from Sigma-Aldrich. Horseradish peroxidase 

(HRP, 100 U/mg) was obtained from Wako Pure Chemical Industries. Polyclonal antibody to 

chicken lysozyme (biotin) was purchased from United States Biological. Streptavidin alkaline 

phosphate conjugated and p-nitrophenyl phosphate (p-NPP) were purchased from Chemicon. 

Alexa Fluor 680 carboxylic acid succinimidyl ester, fetal bovine serum (FBS) and alamarBlue 

assay kit were purchased from Life Technologies (Singapore). Trastuzumab was purchased 

from Roche (Basel, Switzerland). Human IgG ELISA kit was purchased from ICL lab (OR, 

USA). Phosphate buffer saline (PBS, 150 mM, pH 7.3) was supplied by media preparation 

facility in Biopolis, Singapore. Human hepatic cancer cell line (HAK-1B) was obtained from 

Prof. Hirohisa Yano, Kurume University, Japan, and was grown in DMEM media with 2.5% 

FBS [16]. BT-474 was grown in RPMI-1640 containing 10% FBS. All cells were cultured in 

a humidified incubator at 37 °C, 5% CO2. 

3.2.2. Enzymatic degradation of HA-Tyr hydrogels 

HA-Tyr hydrogel disks were prepared as described in Section 2.2.5 of Chapter 2. The 

disks were swollen in PBS for 24 h to reach swelling equilibrium and then sandwiched 

between plastic nets to facilitate retrieval of the hydrogels during degradation experiment. The 

hydrogels were immersed in 20 ml of PBS containing hyaluronidase (0, 2.5, 25 or 125 U/ml) 

at 37 °C in an orbital shaker at 100 rpm. The extent of degradation of the hydrogels was 

estimated by measuring both the residual hydrogel weight and the amount of uronic acid (a 

degradation component of HA) in the degradation solution at specific time points. To measure 

the residual weight, the hydrogels were removed from the degradation solution with a pair of 

forceps, gently blotted dry with Kimwipe and weighed. To measure the amount of uronic acid 

eroded from the hydrogel, 350 µl of the degradation solution was removed and stored in 

microcentrifuge tubes at 4 °C until analysis. Three hundred and fifty µl of freshly prepared 

degradation solution were then added to maintain the total volume of 20 ml. Degradation 

experiments were continued until no visible signs of gel remained. It was determined that the 

activity of hyaluronidase remained 90 percent for 2 days (data not shown). The amount of 

uronic acid released from the hydrogel into the degradation medium were assayed using the 

previously established carbazole assay [17] with the following modifications. Three hundred 
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µl of samples were added to 1.5 ml of 0.025 M sodium tetraborate in sulfuric acid and heated 

at 100 °C for 10 minutes. After cooling to room temperature, 100 µl of carbazole (0.125% 

(w/w) in ethanol) was added, mixed and heated at 100 °C for 15 minutes. After cooling to 

room temperature, 200 µl of the solution was transferred to a 96 well plate and the absorbance 

of the solution was measured at 530 nm. The amount of uronic acid in each sample was 

estimated by comparing to the D-glucuronic acid standards. 

In order to determine the swelling ratios of HA-Tyr hydrogels undergoing enzymatic 

degradation, hydrogels formed with 728 µM of H2O2 were swollen in PBS for 24 h to reach 

swelling equilibrium and then immersed in different concentrations of hyaluronidase. After 

incubation for 37 h in 2.5 U/ml, 10 h in 25 U/ml and 4 h in 125 U/ml of hyaluronidase, the 

hydrogels were removed from the degradation solution and rinsed extensively with water 

before swelling in MilliQ water for 2 days. Hydrogels without exposure to hyaluronidase 

were used as controls. The swollen disks were then gently blotted dry with Kimwipe and 

weighed to obtain the swollen weight. The disks were then lyophilized to obtain the dry 

weight. The swelling ratio is defined as a ratio of the swollen weight to the dried weight. The 

swelling ratio is defined as a ratio of the swollen weight to the dried weight. 

3.2.3. Rheological measurement 

Rheological measurements were performed with a HAAKE Rheoscope 1 rheometer 

(Karlsruhe, Germany) using a cone and plate geometry of 3.5 cm diameter and 0.949° cone 

angle. Briefly, 210 µl of gel precursors was applied to the bottom plate of the rheometer. The 

upper cone was then lowered to a measurement gap of 0.025 mm and a layer of silicon oil was 

carefully applied around the cone to prevent solvent evaporation during the experiment. The 

measurements were taken at 37 °C in the dynamic oscillatory mode with a constant 

deformation of 1% and frequency of 1 Hz. To avoid slippage of samples during the 

measurement, a roughened glass bottom plate was used.  

3.2.4. Release of lysozyme from HA-Tyr hydrogels 

HA-Tyr hydrogels loaded with 0.25 mg/ml of lysozyme were prepared by mixing 500 µl 

of HA-Tyr (3.5 % (w/v)) with 500 µl of protein solution (0.5 mg/ml). Then 5 µl each of HRP 

and H2O2 (final concentrations of HRP: 0.124 U/ml and H2O2: 437, 582 or 728 µM) was 

added and the mixture was vortexed gently before injected between two parallel glass plates 
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clamped together with 1 mm spacing. Gelation was allowed to proceed at 37 °C for one hour 

at which G’ would have reached plateau according to the rheology results. Round gel disks 

with diameter of 1.6 cm were then cut out from the hydrogel slab using a circular mold.  Each 

disk was sandwiched between a plastic net and immersed in 20 ml of release medium 

composed of PBS with or without 2.5 U/ml of hyaluronidase. The samples were incubated at 

37 °C on an orbital shaker at 100 rpm. At selected time points, 200 µl of the release medium 

was drawn and stored in a microcentrifuge tube containing 200 µl of 0.1 mg/ml BSA in PBS 

to prevent non-specific adsorption of the model proteins to the plastic surface of the 

microcentrifuge tubes. Two hundred µl of solution with or without hyaluronidase was added 

to maintain the total release medium at 20 ml. The collected samples were stored at -20 °C. 

Protein concentrations were determined by enzyme-linked immunosorbant assay (ELISA). 

One hundred µl of the samples thawed to room temperature was added to the wells of a 96-

well MaxiSorb ELISA plate (NUNC). The proteins in the samples were bound to the well by 

incubation for 1.5 h and then the wells were washed three times with 300 µl of washing buffer 

(100 mM PBS containing 0.05 % Tween-20). After washing, the wells were blocked with 200 

µl of blocking buffer (BSA 2 % (w/v) in PBS) for 30 minutes to saturate the protein-binding 

sites and then the wells were washed. Then, 100 µl of either biotinylated anti-lysozyme (1.67 

µg/ml) antibodies diluted in blocking buffer were added to the wells and incubated for 1 h. 

After washing, 100 µl of streptavidin-alkaline phosphatase diluted in PBS was added and 

incubated for 1 h and then the wells were washed. Finally, 100 µl of p-NPP was added to each 

well and the plate was incubated for approximately 35 min. The absorbance at 405 nm was 

measured using Tecan Infinite 200 microplate reader. The amount of proteins contained in 

each sample was calculated by comparing to a set of protein standards.  

3.2.5. Effect of ionic strength on lysozyme release 

To study the effects of ionic strength of the medium on the release of lysozyme, hydrogel 

disks (thickness: 1 mm, diameter: 8 mm) containing 0.25 mg/ml of lysozyme were immersed 

in 1 ml of NaCl solution (0, 0.05, 0.15, 0.5 or 1 M) at 37 °C on an orbital shaker at 100 rpm. 

After four hours of incubation, 100 µl of the release medium was collected and the amount of 

proteins contained in the sample was measured using the micro bicinchoninic acid protein 

assay (microBCA, Pierce) according to the manufacturer’s protocol.  

3.2.6. Activities of lysozyme released from HA-Tyr hydrogels 
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Hydrogel disks (thickness: 1 mm, diameter: 8 mm) containing 5 mg/ml of lysozyme were 

degraded in 5 ml of 200 U/ml of hyaluronidase in PBS with 0.05 % (w/v) NaN3 at 37 °C on 

an orbital shaker at 150 rpm. After 24 h, no visible sign of the hydrogels was observed. The 

activity of the released lysozyme was evaluated by mixing 20 µl of lysozyme and 100 µl of 

Micrococcus lysodeikticus (0.15 % (w/v) in PBS) in the well of a 96-well UV-starplate 

(Greiner Bio-one, Germany). The plate was incubated for 15 minutes on an orbital shaker at 

50 rpm at room temperature. Then the absorbance at 450 nm was measured using the 

microplate reader. The activities retained were determined by comparing to the activities of 

control protein solutions which had been incubated for 24 h at 37 °C.  

3.2.7. Incorporation and release of trastuzumab from HA-Tyr hydrogels 

A mixture solution containing 1.75 % (w/v) HA-Tyr conjugates, 0.3 mg/ml trastuzumab, 

hyaluronidase of varying concentrations (0, 2.5 and 5 U/ml), 0.124 U/ml HRP and 437 µM 

H2O2 were gently mixed by pipetting and then injected between two parallel glass plates 

clamped 1.5 mm apart. Gelation was allowed to proceed at 37oC for 2 h. Hydrogel disks with 

a diameter of 1.6 cm, were then cut from the hydrogel slab using a circular mold. For 

cumulative release studies, hydrogel disks were placed in a plastic net and immersed in 20 ml 

of PBS buffer containing 0.05% sodium azide and 0.5% bovine serum albumin (BSA). At 

selected time points, 200 µl of the release medium was withdrawn and stored in LoBind tubes 

(Eppendorf, Germany) at 4 °C. Then 200 µl of fresh buffer solution was added to the release 

medium to maintain a constant volume. The amount of trastuzumab contained in the samples 

was measured using a human IgG ELISA kit.  

To measure the percentage of trastuzumab that can be recovered from hydrogels, another 

set of hydrogel disks were immersed in 3 ml PBS buffer containing 200 U/ml of 

hyaluronidase. Hydrogels were degraded overnight at 37oC, and trastuzumab concentration 

was measured by ELISA.  

To examine the effect of ionic strength on the release of trastuzumab from HA-Tyr 

hydrogels, hydrogel disks were incubated with 20 ml of buffer containing 0.05% sodium 

azide, 0.5% bovine serum albumin (BSA) and 0.05 or 1M NaCl. The release amount of 

trastuzumab at 4 h was measured by ELISA. 

3.2.8. Cell proliferation assay 
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To examine the effect of trastuzumab released from HA-Tyr hydrogels on cell 

proliferation, 200 µl of BT-474 cell suspension containing 30,000 cells was added into a 24-

well plate and incubated overnight. Next day, 50 µl of hydrogels (final composition: 1.75% 

(w/v) of HA-Tyr conjugates, 0.05 mg/ml of trastuzumab, 0, 2.5 or 5 U/ml of hyaluronidase, 

0.124 U/ml of HRP and 437 µM of H2O2) were prepared in cell culture inserts and allowed to 

gel for 2 h. The hydrogel-loaded inserts were then placed into the cell-seeded wells and an 

additional 500 µl of culture media was added into the insert. After 4 days of incubation, cell 

viability was measured by alamarBlue assay according to the manufacturer’s instruction. 

Fluorescence measurement was performed with the Infinite M200 (Tecan, Switzerland). 

Excitation and emission wavelengths were set at 545 and 590 nm, respectively. The results 

were expressed as a percentage of viability compared with untreated cells. 

3.2.9. Tumor regression study 

To examine the anti-tumor effect of trastuzumab delivered by HA-Tyr hydrogels, 200 µl 

of BT-474 cells (5 × 107 cells/ml) suspended in Matrigel (BD, USA) were subcutaneously 

injected to the backs of 6-week-old female NCr-Fixb1nu (NCr) mice that were implanted with 

17β-estradiol (0.72 mg/pellet, Innovative Research of America, USA). Fourteen days later, 

when diameter of the tumor reached 5-10 mm, the mice were divided into 5 groups (n = 7) 

with similar average tumor size between the groups. Each mouse (~25 g) received a single 

subcutaneous injection of 200 µl of hydrogels (final composition: 1.75% (w/v) of HA-Tyr 

conjugates, 0.63 mg/ml trastuzumab, 0.124 U/ml HRP, hyaluronidase (0, 2.5 and 5 U/ml), 

0.124 U/ml of HRP and 473 µM of H2O2). The remaining two groups received a single 

subcutaneous injection of 200 µl of PBS or 0.5 mg/ml trastuzumab solution. The site of 

injection was at least 2 cm away from the tumor. Tumors were measured with a as described 

above. In a separate study, the effect of the hydrogels alone on tumor growth was assessed by 

subcutaneous injection of mixture solutions containing all the components but no trastuzumab. 

Subcutaneous injection of mixture solution containing 0.63 mg/ml of trastuzumab and 5 U/ml 

of hyaluronidase was also performed to assess the combination effect of trastuzumab and 

hyaluronidase on tumor growth. The care and use of laboratory animals were performed 

according to the protocol approved by the Institutional Animal Care and Use Committee 

(IACUC) at the Biological Resource Center (BRC) in Biopolis, Singapore. 

3.2.10. Histology and immunohistochemistry 
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Tumor tissues were collected, fixed and stained by hematoxylin and eosin (H&E), Ki67 

antibodies, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) as 

described previously [18]. The tissue slides were then examined with an Olympus microscope 

IX71. For Ki67 staining and TUNEL assay, three representative images were acquired from 

each group and the percentage of positive cells were quantified.  

3.2.11. Degradation of hydrogels containing trastuzumab and hyaluronidase  

For the degradation of hydrogels in vitro, hydrogel disk was placed in a plastic net and 

immersed in 20 ml PBS buffer containing 0.05% sodium azide and 0.5% BSA. At selected 

time points, the hydrogel disk was retrieved and blotted dry. The gel disks were weighed and 

then returned to the buffer solution.  

For in vivo degradation, 200 µl of hydrogel (1.75% (w/v) of HA-Tyr, 0.63 mg/ml of 

trastuzumab, hyaluronidase (0, 2.5 and 5 U/ml), 0.124 U/ml of HRP, and 437 µM of H2O2) 

were injected into NCr mice subcutaneously. After 1, 3, 6, 14, 28 days, the remaining 

hydrogels retrieved and weighed.  

3.2.12. Pharmacokinetics study 

To examine the pharmacokinetics of trastuzumab released from HA-Tyr hydrogels, 6 NCr 

nude mice of ~25 g weight were divided into two groups (n = 3). One group received a 

subcutaneous injection of 200 µl hydrogels (final composition: 1.75% (w/v) of HA-Tyr 

conjugates, 0.63 mg/ml of trastuzumab, 5 U/ml of hyaluronidase, 0.124 U/ml of HRP and 437 

µM of H2O2). The other group received a subcutaneous injection of 200 µl of 0.63 mg/ml 

trastuzumab solution in PBS. Blood collection, preparation and storage were performed as 

described above. The plasma concentration of trastuzumab was measured by a human IgG 

ELISA kit.  

3.2.13. Statistical analysis 

Data from in vitro studies are expressed as mean ± standard deviation (SD). Data from 

animal studies are expressed as mean ± standard error of the mean (SEM). Differences 

between the values were assessed using one-way ANOVA and student’s t-test, while p < 0.05 

was considered statistically significant.  

3.3. Results and discussion 
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3.3.1. Enzymatic degradation of HA-Tyr hydrogels by hyaluronidase  

Biodegradable hydrogels eliminate the need for surgical retrieval. It is important to 

characterize the degradation profile of hydrogels because it can affect the release rate of 

encapsulated drugs. Hydrogels formed with a fixed HRP concentration (0.124 U/ml) but 

various H2O2 concentrations (G’ of the hydrogels: 437 < 582 < 728 µM of H2O2) were used to 

study the relationship between crosslink density and degradation rate. Degradations of HA-

Tyr hydrogels were carried out in the presence of 2.5, 25 and 125 U/ml of hyaluronidase, and 

analyzed by the measurement of uronic acid production and hydrogel weight loss. Bovine 

testes hyaluronidase was used as the hydrolytic enzyme. Fig. 3-2 shows the amount of uronic 

acids in the degradation medium measured by the carbazole assay. No uronic acid was 

detected in the medium of the hydrogels immersed in PBS only, indicating that degradation 

did not occur without hyaluronidase (data not shown). In the presence of hyaluronidase, 

degradation rate depended on the mechanical strength of the hydrogel: stronger hydrogels 

degraded slower than weaker hydrogels at the same hyaluronidase concentration (degradation 

rate: 437 > 582 > 728 µM of H2O2). This demonstrated that the degradation rate of HA-Tyr 

hydrogels can be tailored by simply changing the H2O2 concentration. Furthermore, a higher 

concentration of hyaluronidase resulted in a faster degradation rate (degradation rate: 2.5 < 25 

< 125 U/ml of hyaluronidase).  

In order to investigate the degradation mode in detail, the weight of the hydrogels was 

measured at selected time points during the degradation period (Fig. 3-3). At 125 U/ml of 

hyaluronidase, the hydrogels lost weight linearly with time, in line with the trend of uronic 

acid production observed in the carbazole assay, suggesting surface degradation. Interestingly, 

at lower concentrations (2.5 and 25 U/ml) of hyaluronidase, the hydrogels swelled (negative 

weight loss) initially before starting to lose weight (note that all hydrogels were swollen in 

PBS for 24 h to reach swelling equilibrium before the degradation experiments). Swelling was 

most notable for the weakest hydrogel (437 µM of H2O2) at the lowest concentration (2.5 

U/ml) of hyaluronidase (Fig. 3-3a). Since the hydrogels had slab geometries, the observed 

swelling behavior suggested the decrease in crosslink density with time as a result of bulk 

degradation.  
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Fig. 3-2. Uronic acids released from HA-Tyr hydrogels in the presence of 2.5 (), 25 () or 125 () U/ml 

of hyaluronidase. Hydrogels were formed with 0.124 U/ml of HRP and a) 437, b) 582 and c) 728 µM of 

H2O2 (n = 2). 



Chapter 3 

74 

 

Fig. 3-3. Weight loss of HA-Tyr hydrogels in the presence of 2.5 (), 25 () and 125 () U/ml of 

hyaluronidase. Hydrogels were formed with 0.124 U/ml of HRP and a) 437, b) 582 and c) 728 µM of H2O2 

(n = 2). 

We postulated that hyaluronidase diffused into the hydrogel network and hydrolyzed HA 

not only from the surface but also from the interior, causing a decrease in crosslink density 

which leads to increased water absorption by the loosened network. If the hypothesis is true, 

the swelling ratio of hydrogels should increase with degradation degree. The swelling ratios 



Chapter 3 

75 

of hydrogels which had lost 50% of initial weight after incubation at different concentrations 

of hyaluronidase were measured (Fig. 3-4). As expected, the swelling ratios of all hydrogels 

incubated with hyaluronidase were greater than the control which had not been exposed to 

hyaluronidase, proving that the swelling of hydrogels during degradation was resulted from 

the decrease in crosslink density due to bulk degradation. The swelling ratio increased with 

decreasing hyaluronidase concentration. These results implied that bulk degradation occurred 

in concurrence with surface degradation, the latter was more dominant at high concentrations 

of hyaluronidase. At low concentrations of hyaluronidase, the effect of surface degradation 

diminished, which allowed more time for hyaluronidase to diffuse into the hydrogel network, 

hence bulk degradation became more dominant.  

 

Fig. 3-4. Swelling ratios of hydrogels under degradation conditions. The swelling ratios of hydrogels that 

had lost 50% of initial weight after incubation at different concentrations of hyaluronidase were measured. 

Hydrogels formed with 728 µM of H2O2 and 0.124 U/ml of HRP were incubated in PBS containing 

hyaluronidase at 2.5 U/ml for 37 h, 25 U/ml for 10 h and 125 U/ml for 4 h (n = 3).  

3.3.2. Release of lysozymes from HA-Tyr hydrogels in the absence and presence of 

hyaluronidase 

HA is negatively charged under physiological pH due to the presence of carboxylic 

groups. This suggests that it can interact electrostatically with positively charge proteins. 

Lysozyme has a pI value of 11 [6], which means it is positively charged under physiological 

pH. Lysozymes were incorporated in HA-Tyr hydrogels formed with different concentrations 

of H2O2 (Table 3-1). When the hydrogels were immersed in PBS, a rapid release rate was 

observed in the first two hours (Fig. 3-5a), with the release rate decreased significantly as the 

swelling ratio of the hydrogel decreased (Table 3-1). When plotted against the square root of 
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time, the release in the first two hours was linear, indicating first order release that is typical 

of Fickian diffusion (Fig. 3-5a inset). Interestingly, after the initial phase of rapid release, the 

release discontinued for all the hydrogels, suggesting that the remaining lysozymes were 

immobilized in the HA network through electrostatic interactions. To verify this hypothesis, 

HA-Tyr hydrogels encapsulated with lysozymes were immersed in NaCl solutions with 

different ionic strengths, and the percentages of proteins released were measured by BCA 

protein assay. Indeed, the release of lysozyme increased together with the ionic strength of the 

medium, which was attributed to the disruption of electrostatic interactions (Fig. 3-5b). The 

hydrogels swelled at low ionic strength (0 and 0.05 M NaCl), but shrunk at high ionic strength 

(0.5 and 1 M NaCl) (data not shown). However, despite the swelling of hydrogels in 

deionized water, only 16 and 10 % of lysozymes were released from the low and high 

crosslinked hydrogels, indicating a strong electrostatic interaction between lysozymes and HA 

at low ionic strength. Similar observations of ionic strength-dependent release of lysozymes 

were also reported in synthetic hydrogels containing phosphate groups [19].  

Table 3-1. Rheological property, swelling ratio and release rate of HA-Tyr hydrogels 

incorporated with lysozymea 

Sample H2O2  
(µM) 

G’  
(Pa) 

Gel point  
(s)b Swelling ratio Release rate 

(% / h)c 

Low crosslinked 437 1162 ± 121 55 ± 3 44.0 ± 1.0 20.7 ± 1.8 

Medium crosslinked 582 2029 ± 141† 57 ± 3 41.0 ± 0.3† 11.9 ± 0.5† 

High crosslinked 728 3068 ± 84†‡ 58 ± 2 36.8 ± 0.1†‡ 5.3 ± 0.5†‡ 
aAll samples contained 1.75 % (w/v) of HA-Tyr conjugates, 0.124 U/ml of HRP and 0.25 mg/ml of proteins. 
bGel point is defined as the time at which the crossover of storage modulus (G’) and loss modulus (G’’) occurred. 
Herein, it is used as an indicator of the rate of gelation. There was no significant difference between the gel 
points of hydrogels formed with different concentrations of H2O2 (n = 2). cRelease rate is estimated by taking the 
slope of the linear fit of cumulative release in the first two hours (n = 2-3). †Indicates that the value is 
significantly different from that of the low crosslinked gel (p < 0.05). ‡Indicates that the value is significantly 
different from that of the medium crosslinked gel (p < 0.05). 
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Fig. 3-5. Release of lysozyme from HA-Tyr hydrogels formed with 0.124 U/ml of HRP and () 473, () 

582 and () 728 µM of H2O2. a) Cumulative release against time, the inset shows cumulative release as a 

function of the square root of time (n = 2-3, mean ± SD). b) Percentage of lysozyme released when the 

hydrogels were incubated in various concentrations of NaCl for 4 h (n = 3, mean ± SD). 

In order to release all the lysozymes incorporated in HA-Tyr hydrogels, another set of 

hydrogels were prepared and degraded in 2.5 U/ml of hyaluronidase solution (Fig. 3-6a). 

Rapid release similar to the release profiles of hydrogels without enzymatic degradation was 

observed during the initial hours, after which lysozymes were released continuously from the 

hydrogels due to degradation of the matrix network. Complete release of all the lysozyme 

loaded in the hydrogels were achieved within one day for the low crosslinked hydrogels and 

two days for the medium and high crosslinked hydrogels, these time points corresponded to 

the time required to fully degraded the hydrogels as determined above. The activity of 

lysozymes released from hydrogels were found to decrease from 90 to 70 % as the H2O2 
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concentration increased from 437 to 728 µM, indicating that the enzymatic coupling reaction 

might have adverse effect the lysozyme structure (Fig. 3-6b). Hence, a low crosslinked 

hydrogel formed by a low concentration of H2O2 is better for maintaining the protein activity.   

 

Fig. 3-6. Cumulative release of lysozyme from HA-Tyr hydrogels in the presence of 2.5 U/ml of 

hyaluronidase. The hydrogels were formed with 0.124 U/ml of HRP and () 473, () 582 and () 728 µM 

of H2O2 (n = 2, mean ± SD). b) Activities of lysozyme recovered from HA-Tyr hydrogels after degradation 

of the hydrogel network in the presence of 200 U/ml of hyaluronidase for 24 h (n = 3, mean ± SD). 

3.3.3. Release of trastuzumab from HA-Tyr hydrogels containing hyaluronidase 

Having confirmed that electrostatic interactions exist between negatively charged HA-Tyr 

hydrogel and positively charged proteins, we proceeded to incorporate trastuzumab, a 

therapeutic antibody with a pI of 8.45 [13], in HA-Tyr hydrogels for breast cancer treatment. 

Clinically, the route of administration of trastuzumab is intravenous (IV) infusion, which 

requires trained personnel and a dedicated infusion facility. It usually takes 30 to 90 minutes 

for one infusion and additional time is required for post-infusion observation. Recently, 

subcutaneous (SC) injection of trastuzumab was explored as an alternative method of 

administration. Ismael et al. reported in a phase III clinical trial that SC administration of 

trastuzumab, with human recombinant hyaluronidase (rHuPH20) [20] as an excipient, resulted 

in a pharmacokinetic profile with efficacy and safety that were non-inferior to intravenous 

administration [21]. The findings are significant because SC administration is less technically 

demanding compared with IV infusion and takes less than 5 minutes. Furthermore, according 

to one study, 88.9% of patients preferred SC administration as compared with only 9.6% that 

preferred IV infusion [22]. To further enhance the efficacy of trastuzumab through the SC 
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route, we utilized the HA-Tyr hydrogels as a delivery vehicle. Electrostatic interactions 

between HA and trastuzumab is expected, which could minimize the burst release and achieve 

the sustained release of trastuzumab through hyaluronidase-mediated degradation of the 

hydrogels. Towards this end, a small amount of hyaluronidase was incorporated into the 

hydrogel during gel preparation to promote subsequent gel degradation, as the hyaluronidase 

concentration in human is only is only 60 ng/ml [14]. 

HA-Tyr hydrogels incorporating trastuzumab and different concentrations of 

hyaluronidase (0, 2.5 and 5 U/ml) were abbreviated as HA-Tyr-TZB-0, HA-Tyr-TZB-2.5 and 

HA-Tyr-TZB-5, respectively, as shown in Table 3-2. The gel point was around 1 min for all 

three hydrogels. Although the G’ values of the different hydrogels were not statistically 

different, a decrease in G’ with increasing hyaluronidase concentration was observed, 

suggesting that the incorporation of hyaluronidase resulted in hydrogel degradation during the 

gel formation process. When freshly prepared hydrogels were immersed in 200 U/ml of 

hyaluronidase solution, the hydrogels were degraded after overnight incubation. More than 

90% of trastuzumab was detected in the degradation solution by ELISA for all the hydrogels 

(Fig. 3-7), confirming that the majority of the incorporated trastuzumab can be recovered via 

hydrogel degradation. 

Table 3-2. Characterization of HA-Tyr hydrogels incorporated with trastuzumab and 

hyaluronidasea 

Sample Hyaluronidase 
(U/ml) 

Gel point 
 (min) 

Time for G’ to reach 
plateau 
(min) 

G’  
(Pa) 

HA-Tyr-TZB-0 0 0.93 ± 0.15 8.97 ± 0.32 500 ± 30 
HA-Tyr-TZB-2.5 2.5 0.95 ± 0.21b 8.85 ± 0.49b 476 ± 43b 
HA-Tyr-TZB-5 5 1.07 ± 0.08c 8.80 ± 0.14c 452 ± 19c 
aAll hydrogels were formed with 1.75 % (w/v) of HA-Tyr conjugates, 0.124 U/ml of HRP and 437 µM of H2O2. 
Results are shown as mean ± SD (n = 3). bIndicates that the value is not significantly different from that of HA-
Tyr-TZB-0  (p > 0.05). cIndicates that the value is not significantly different from that of HA-Tyr-TZB-0 and  
HA-Tyr-TZB-2.5 ( p > 0.05). 
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Fig. 3-7. Percentage of trastuzumab retrieved from HA-Tyr hydrogels incorporated with trastuzumab and 

hyaluronidase (0, 2.5 and 5 U/ml).  

The release profiles of trastuzumab in PBS solution were shown in Fig. 3-8a. For HA-Tyr-

TZB-0, 25% of trastuzumab was released in the first two days, after which no more protein 

was release. The incomplete release of trastuzumab from HA-Tyr-TZB-0 suggests 

electrostatic interactions between trastuzumab and the HA network. In contrast, when 

hyaluronidase was incorporated in the hydrogels, trastuzumab was released from HA-Tyr-

TZB-2.5 and HA-Tyr-TZB-5 continuously for 4 weeks. The release of trastuzumab was faster 

from HA-Tyr-TZB-5 hydrogels compared with HA-Tyr-TZB-2.5 hydrogels. Moreover, the 

release of trastuzumab from the hydrogels containing hyaluronidase was accompanied by a 

gradual loss of hydrogel weight (Fig. 3-8b), indicating that the degradation of the hydrogel 

network by hyaluronidase facilitated the release of trastuzumab. When HA-Tyr-TZB-0 was 

immersed in 20 ml of buffer at different ionic strengths (0.05M NaCl, PBS or 1M NaCl), the 

amount of trastuzumab released increased with the ionic strength (Fig. 3-8c). The results 

confirmed that trastuzumab were immobilized in the HA-Tyr hydrogels through electrostatic 

interactions, and degradation of the hydrogel network was required to release the proteins. 
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Fig. 3-8. (a) Cumulative release of trastuzumab from HA-Tyr hydrogels incorporating both trastuzumab 

and hyaluronidase. (b) Degradation of the corresponding hydrogels. (c) The effect of ionic strength on the 

release of trastuzumab from HA-Tyr-TZB-0 (n = 3, *p < 0.05, **p < 0.01). 
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3.3.4. Inhibition of BT-474 cell proliferation by HA-Tyr hydrogels incorporating 

trastuzumab and hyaluronidase 

The inhibition on cell growth by trastuzumab-incorporated HA-Tyr hydrogels was 

examined in vitro using BT-474 breast cancer cells, which overexpresses human epidermal 

growth factor-2 (HER-2) receptor [23]. HA-Tyr hydrogels containing hyaluronidase (0, 2.5 

and 5 U/ml), but no trastuzumab, did not affect cell proliferation (Fig. 3-9), which suggested 

that hyaluronidase and the degraded products of the hydrogels had no effect on cell growth. In 

contrast, hydrogels containing trastuzumab inhibited the proliferation of BT-474 cells. The 

percentage of growth inhibition increased further when hyaluronidase was incorporated in the 

hydrogels. HA-Tyr-TZB-5 inhibited cell proliferation as effectively as trastuzumab solution. 

The results confirmed the anti-proliferative activity of trastuzumab released from HA-Tyr 

hydrogels.  

 

Fig. 3-9. Proliferation of BT474 cells after treatment hydrogels containing hyaluronidase, hydrogels 

containing both trastuzumab and hyaluronidase, and trastuzumab solution alone. *p < 0.05. NS denotes 

not significant (p > 0.05). 

3.3.5. Tumor regression study and pharmacokinetic profile of trastuzumab delivered 

by HA-Tyr hydrogels  

The anti-cancer effect of trastuzumab released from HA-Tyr hydrogels was examined in 

vivo using a mice xenograft model of BT-474 breast cancer cells. First, the effects of the drug 

carrier, i.e. the hydrogel, and hyaluronidase were examined. When mice were treated with a 

single administration of hydrogels incorporated with 0 or 5 U/ml of hyaluronidase (HA-Tyr-0 

and HA-Tyr-5), but no trastuzumab, no significant tumor growth inhibition was observed (Fig. 
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3-10a). When mice were treated with a mixture solution of trastuzumab (5 mg/kg) and 

hyaluronidase (5 U/ml), tumor growth inhibition was observed, albeit the effect was not 

statistically significant. Similarly, statistically significant inhibition on tumor growth was not 

observed when the mice were treated with a single administration of HA-Tyr-TZB-0 or HA-

Tyr-TZB-2.5 hydrogels (Fig. 3-10b). In contrast, when mice were treated with a single 

administration of HA-Tyr-TZB-5, starting from 15 days post-injection, tumor growth was 

significantly inhibited compared with PBS-treated group (p < 0.05). Mice of all treatment 

groups maintained their body weight throughout the duration of the experiment. 

 

Fig. 3-10. (a) Tumor growth in BT474-inoculated mice after treatment with PBS, HA-Tyr-0, HA-Tyr-5 

and a mixture solution of trastuzumab and hyaluronidase (TZB+Hase). (b) Inhibition of tumor growth 

after treatment with trastuzumab solution (TZB) or HA-Tyr hydrogels incorporated with trastuzumab 

and hyaluronidase. (c) In vivo degradation of HA-Tyr hydrogels incorporated with trastuzumab and 

hyaluronidase. (d) Pharmacokinetics of trastuzumab in the plasma of mice after subcutaneous treatment 

of trastuzumab solution or HA-Tyr-TZB-5. 

Fig. 3-10c shows the degradation of hydrogels in vivo in terms of hydrogel weight loss. 

Similar to the in vitro degradation profiles, the weight of hydrogels increased to about 150% 
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in the first few days due to swelling, after which the weight started to decrease due to 

degradation. The weight of HA-Tyr-TZB-0 hydrogels declined slowly and returned to 100% 

by week 4. In contrast, HA-Tyr-TZB-2.5 hydrogels were completely degraded in 4 week, 

while HA-Tyr-TZB-5 hydrogels were degraded in 2 weeks. The degradation results supported 

the observed effect on tumor growth. The faster rate of degradation of HA-Tyr-TZB-5 

ensured the continuous and complete release and trastuzumab, which in turn inhibited the 

growth of tumors more effectively than HA-Tyr-TZB-0 and HA-Tyr-TZB-2.5. The 

pharmacokinetics of trastuzumab delivered by HA-Tyr hydrogels were investigated (Fig. 3-

10d). Starting from day 3, the plasma concentration of trastuzumab in mice treated with HA-

Tyr-TZB-5 was consistently higher than that of mice treated with trastuzumab solution alone. 

Moreover, the plasma concentration was significantly higher on day 6 for mice treated with 

HA-Tyr-TZB-5 than trastuzumab solution. Taken together, the results indicated that the 

degradation-triggered release of trastuzumab from HA-Tyr hydrogels containing 

hyaluronidase resulted in the effective inhibition of tumor growth in a mice xenograft model 

of human breast cancer.  

Tumor tissues were further analyzed by histology and immunohistochemistry (Fig. 3-11a). 

In hematoxylin and eosin (H&E) staining, we observed that tumor cells were densely packed 

in mice treated with PBS or trastuzumab solution, whereas cells were loosely packed in some 

region of tissues after the HA-Tyr-TZB-5 treatment. In immunohistochemical analyses, Ki67 

and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays were 

performed to detect proliferating and apoptotic cells in the tumor tissues, respectively. Ki67 is 

a cell proliferation marker and shows high expression in proliferating cells [24]. The Ki67 

positive cells, indicated by the brown color in Fig. 3-11a, were abundant in mice treated with 

PBS or trastuzumab solution, whereas few cells were Ki67 positive after treatment of HA-

Tyr-TZB-5. The percentage of Ki67 positive cells in HA-Tyr-TZB-5 group was significantly 

lower than those in PBS and HA-Tyr-TZB-0 groups (Fig. 3-11b). In the TUNEL assay [25], 

we did not observe any apoptotic cells in the PBS and trastuzumab solution groups; in 

contrast, clusters of brown-colored cells were obviously visible in the HA-Tyr-TZB-5 treated 

mice. The percentage of TUNEL positive cells in HA-Tyr-TZB-5 group was significantly 

higher than those in PBS and HA-Tyr-TZB-0 groups (Fig. 3-11c). These results confirmed 

that the HA-Tyr-TZB-5 treatment inhibited the proliferation and induced apoptosis of tumor 

cells. 
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Fig. 3-11. (a) Histological (H&E) and immunohistochemical analyses (TUNEL, brown; Ki67, brown) of 

tumor tissues from mice bearing BT474 tumors. The mice were treated subcutaneously with PBS, 

trastuzumab alone (TZB Solution) or HA-Tyr hydrogels that incorporated both trastuzumab and 

hyaluronidase (HA-Tyr-TZB-5U). Scale bar, 100 µm. The percentages of cells that were positive for Ki67 

(b) and TUNEL (c) were quantified in the tumor tissue (** p < 0.01). 

3.4. Conclusion 

In this study, the enzymatic degradation of HA-Tyr hydrogels by hyaluronidase was 

characterized. It was shown that the degradation rate decreased with the crosslink density of 

the hydrogel as well as the concentration of hyaluronidase. The injectable HA-Tyr hydrogel 

system was employed for the sustained delivery of positively charged proteins. It was 

demonstrated that proteins could interact with the negatively charged HA network via 

electrostatic interactions, resulting in protein immobilization within the hydrogel network. 

Hence, the release of incorporated proteins was dependent upon degradation of the hydrogel 

network by hyaluronidase. When positively charged trastuzumab was incorporated in the HA-
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Tyr hydrogels, 25% of trastuzumab was released in the first two days, after which no more 

protein was release due to electrostatic interactions with the HA network. When 

hyaluronidase was incorporated in the hydrogels to promote gel degradation, trastuzumab was 

released continuously. The rate of trastuzumab release depended on the concentration of 

hyaluronidase incorporated in the hydrogel. HA-Tyr hydrogels containing 5 U/ml of 

hyaluronidase released trastuzumab at a faster rate, and showed a greater efficacy in inhibiting 

the proliferation of BT-474 cells, compared to HA-Tyr hydrogels 2.5 U/ml of hyaluronidase. 

Moreover, a single subcutaneous administration of HA-Tyr hydrogels incorporating both 

trastuzumab and 5 U/ml of hyaluronidase resulted in a significant inhibition of tumor growth 

over a period of 4 weeks. In contrast, trastuzumab administered as a solution at the same 

dosage failed to significantly inhibit tumor growth. The results demonstrated that the 

degradation-triggered release of positively charged proteins from HA-Tyr hydrogels is a 

promising strategy to deliver proteins over a prolonged period of time.  
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4.1. Introduction 

 Therapeutic proteins are an important class of drugs in today’s medicine. They are 

administered mainly through the parenteral routes via intravenous, subcutaneous or 

intramuscular injections. One of the drawbacks of therapeutic proteins is their short biological 

half-lives, as they are rapidly cleared from the blood stream through proteolysis and renal 

filtration [1]. In order to prolong the circulating half-life of therapeutic proteins in the blood 

stream, covalent attachment of poly(ethylene glycol) (PEG) to proteins, a process known as 

PEGylation, has been developed. PEGylation extends the half-life of proteins by protecting 

them from enzymatic degradation, reducing renal filtration and avoiding recognition by the 

host’s defense system [2, 3]. For instance, the half-life of native IFN-α2a is only 3-8 hours. In 

contrast, the half-life of PEGylated interferon-α2a (PEG-IFN-α2a) is 65 hours. In spite of the 

prolonged half-life, the use of PEG-IFN-α2a for hepatitis C treatment requires weekly 

injections for 12-48 weeks [1]. Frequent injection increases the cost of treatment and the risk 

of adverse drug reactions, and causes patient discomfort. Therefore, there exists a need for a 

protein delivery system that can release PEG-IFN-α2a over an extended period of time, while 

not compromising the therapeutic outcome.  

Hydrogels are suitable candidates for the sustained delivery of proteins. As described in 

Chapter 2, interferon-α2a (IFN-α2a) incorporated in hyaluronic acid-tyramine (HA-Tyr) 

hydrogels were released sustainably for several hours, and the release rate could be tuned by 

the crosslink density of the hydrogel. In order to prolong the release over several days or 

weeks, it is necessary to introduce physical interactions between the proteins and the hydrogel 

networks, without which the proteins will diffuse rapidly out of the hydrogel network as the 

diameter of proteins is smaller than the mesh size of most hydrogels. As described in Chapter 

3, electrostatic interactions between postiviely charged trastusumab and negatively charged 

HA-Tyr hydrogels immobilized the proteins within the hydrogels network, and the release 

was dependent on the degradation the hydrogel network. In addition to the short release 

duration, the release profiles of proteins from hydrogels typically exhibit a rapid or “burst” 

release at the initial phase [4], which leads to a sudden increase in the plasma concentration of 

the proteins that may causes side effects and results in ineffective treatments [5]. Burst release 

of proteins can be suppressed to some extent by increasing the crosslink density of the 

hydrogel. However, complete elimination is difficult to achieve. In this chapter, a novel 

strategy to deliver proteins using hydrogels for an extended period of time and without burst 
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release is described. Specifically, a dextran hydrogel system containing micrometer-sized 

PEG domains was designed for the sustained delivery of PEG-IFN-α2a.  

Dextran (Dex) is used clinically as a plasma volume expander and an antithrombotic agent. 

Dex is also widely used to form hydrogels for drug delivery applications due to its 

hydrophilicity and biocompatibility [6]. When Dex is mixed with PEG at an appropriate 

concentration and temperature in aqueous condition, a cloudy mixture is formed as the two 

water-soluble polymers are not miscible with each other. Given enough time, the mixture 

solution will eventually separate into two distinct phases (Fig. 4-1), a phenomenon known as 

aqueous two-phase system (ATPS) [7]. We proposed that by crosslinking the Dex phase 

immediately after mixing the two polymers, a Dex hydrogel containing PEG microdomains 

could be formed. Towards this end, dextran-tyramine (Dex-Tyr) conjugates were synthesized. 

In the presence of horseradish peroxidase (HRP) and H2O2, a transparent Dex-Tyr hydrogels 

was formed through the coupling of tyramine moieties. In contrast, when PEG was mixed 

with Dex-Tyr conjugates prior to the addition of HRP and H2O2, an opaque Dex-Tyramine 

hydrogel containing PEG microdomains (Dex-Tyr/PEG) was formed. Moreover, when 

PEGylated proteins were present during the crosslinking process, the proteins were found to 

preferentially partition in the PEG microdomains rather than the Dex matrix (Fig. 4-2a). The 

PEG microdomains served not only as reservoirs for PEGylated proteins, but also regulated 

their release from hydrogels. It was shown that Dex-Tyr/PEG hydrogels released PEG-IFN-

α2a over 3 months in vitro in a burst-free manner, and substantially extended its circulation 

half-life from 1.5 to 15.6 days in vivo. In a humanized mouse model of hepatitis C, a one-time 

administration of PEG-IFN-α2a-loaded Dex-Tyr/PEG hydrogels prevents HCV-induced liver 

injury as effectively as the clinically relevant formulation that requires eight weekly injections 

of PEG-IFN-α2a. The present hydrogel system can be applied for the long-term delivery of 

other PEGylated therapeutics for the treatment of chronic diseases. 

 

Fig. 4-1. Phase separation of an aqueous mixture of Dex and PEG solution. 
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4.2. Materials and Methods  

4.2.1. Materials and cell culture   

 Dex (MW = 500 kDa), PEG (MW = 10 kDa), tyramine, 4-nitrophenyl chloroformate 

(PNC), pyridine, dextranase, bovine serum albumin (BSA), fluorescein isothiocyanate 

(FITC)-labelled BSA (FITC-BSA) and FITC-labelled dextran (MW = 500 kDa) were 

purchased from Sigma-Aldrich (Minnesota, USA). PEG-sulforhodamine (MW = 10 kDa) was 

purchased from Creative PEGWorks (Winston-Salem, USA). HRP (190 U/mg) was 

purchased from Wako Pure Chemical Industries (Osaka, Japan). H2O2 was obtained from 

Lancaster Synthesis (Lancashire, UK). PEG-IFN-α2a was obtained from Roche (Basel, 

Switzerland). Human IFN-α ELISA kit (PBL InterferonSource, USA) and luciferase assay 

system (Promega, Singapore) were used according to the manufacturer’s instructions.   

Huh-7 human hepatoma cells carrying subgenomic HCV replicon I389luc-ubi-neo/NS3-

3/5.1 with adaptive mutation (E1202G, T1280I, K1846T) were obtained from Prof. Ralf 

Bartenschlager (Heidelberg University, Germany). These cells were grown in DMEM media 

supplemented with 10% (v/v) fetal bovine serum, 1 mM non-essential amino acid and 500 

μg/ml G418 (Geneticin, Merck). Adult human dermal fibroblast (Lonza, Singapore) was 

grown in DMEM media supplemented with 10% (v/v) fetal bovine serum and 1% 

penicillin/streptomycin. All cells were cultured at 37 °C in a 5% CO2 atmosphere. 

4.2.2. Synthesis of Dex-Tyr conjugate 

Dex-Tyr conjugate was synthesized according to the previous report with some 

modifications [8]. Briefly, Dex (5 g, 92.5 mmol -OH) was dissolved in 100 ml of 

DMSO/pyridine mixture (1:1, v/v) for 24 h at 25 ºC. The Dex solution was then cooled at 4 ºC. 

PNC (1.1 g, 5.5 mmol) was slowly added into 25 ml of pyridine stirred in an ice bath. To this 

solution, 25 ml of DMSO was added with continuous stirring. The resulting PNC solution was 

added drop-wise into the Dex solution stirred in an ice bath. The reaction mixture was stirred 

for 24 h at 4 ºC. After the solution was added drop-wise into cold ethanol with continuous 

stirring, the precipitate was washed with cold ethanol, and then dried in a vacuum oven for 24 

h at 25 ºC. The structure of the product was confirmed by 1H NMR spectroscopy. The degree 

of substitution (DS) is defined as the number of substituents per 100 anhydroglucose units in 

Dex. DS was determined to be 1.3 by comparing the relative peak area of aromatic protons of 

a nitrophenyl moiety (δ = 6.97 and 8.19, 4 H) and anomeric protons of Dex (δ = 5.00 and 5.35, 
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1 H). Yield: 98%. 1H NMR (400 MHz, D2O, δ): 3.30–4.10 (m, 6 H, CH and CH2), 5.00 and 

5.35 (s, 1 H, CH), 6.97 and 8.19 (m, 4 H, Ar H). 

The dried Dex-PNC conjugate (5 g) was dissolved in 350 ml of DMSO for 3 h at 25 ºC. 

To this solution, tyramine (175 mg, 1.25 mmol) dissolved in 30 ml of DMSO was added in a 

drop-wise manner. The mixture was stirred for 24 h at 25 ºC. Then, the solution was added 

drop-wise to 300 ml of cold deionized water stirred in an ice bath. The resultant Dex-Tyr 

conjugate was transferred to dialysis tubes with a molecular weight cutoff of 3,500 Da. The 

tubes were dialyzed against deionized water and then lyophilized. DS was determined to be 

1.03 by comparing the relative peak area of aromatic protons of a tyramine moiety (δ=6.86 

and 7.17, 4 H) and anomeric protons of Dex (δ=5.00 and 5.35, 1 H). Yield: 98%. 1H NMR 

(400 MHz, D2O, δ): 3.30–4.10 (m, 6 H, CH and CH2), 5.00 and 5.35 (s, 1 H, CH), 6.86 and 

7.17 (m, 4 H, Ar H).   

4.2.3. Preparation and characterization of Dex-Tyr/PEG hydrogels 

Dex-Tyr conjugate and PEG were dissolved in 10 mM phosphate-buffered saline (PBS, 

pH 7.4) at a concentration of 10% and 30% (w/v), respectively. To prepare Dex-Tyr/PEG 

hydrogels, 270 µl of 10% (w/v) Dex-Tyr solution, 30 µl of 30% (w/v) PEG solution, and 6 µl 

of either PBS or PEG-IFN-α2a solution (360 µg/ml) were mixed in LoBind tubes (Eppendorf, 

Germany). Subsequently, 3 µl each of HRP and H2O2 solution in varying concentrations was 

added. The final concentration of HRP and H2O2 used to form Dex-Tyr/PEG hydrogels was 

0.13-0.21 U/ml and 2.42 mM, respectively. The mixture was immediately vortexed and 210 

µl of which was injected between two parallel glass plates clamped together with 1.5 mm 

spacing to prepare disk-shaped hydrogels. Gelation was allowed to proceed for 1 h at 37 °C 

on an orbital shaker at 50 rpm. For comparison, Dex-Tyr hydrogels loaded with PEG-IFN-α2a 

were prepared using 30 µl of PBS instead of PEG solution. Typically, 0.21 U/ml of HRP and 

1.46 mM of H2O2 were used to produce Dex-Tyr hydrogels, which have storage moduli 

similar to that of Dex-Tyr/PEG hydrogels.  

To characterize the swelling and physical properties, each hydrogel disk (12 mm diameter 

× 1.5 mm thick) was immersed in 10 mM PBS solution (pH 7.4) for 7 days. The swollen disks 

were weighed and then dried in a vacuum oven to obtain the dry weight. The mass swelling 

ratio and water content of hydrogels were calculated by the following equations:  
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where Ms is the weight of the swollen disk and Md is the weight of the dried disk.  

The volumetric swelling ratio (Q), effective crosslink density (νe) and average mesh size 

(ξ) of hydrogels were then calculated as described in the literature [9, 10]. The rheological 

measurement was performed as reported previously [11]. Briefly, 270 µl of Dex-Tyr solution, 

30 µl of PEG solution and 6 µl of either PBS or PEG-IFN-α2a solution (360 µg/ml) were 

mixed in LoBind tubes (Eppendorf, Germany). Subsequently, 3 µl each of HRP and H2O2 

solution in varying concentrations was added. The mixture was immediately vortexed and 210 

µl of which was applied to the bottom plate of a HAAKE Rheoscope 1 rheometer (Karlsruhe, 

Germany). Rheological measurement was carried out at 37 ºC in the dynamic oscillatory 

mode with a constant deformation of 1% and a frequency of 1 Hz, using a cone and plate 

geometry of 3.5 cm diameter and 1.029° cone angle. The evolution of storage modulus (G’) 

and loss modulus (G’’) was monitored as a function of time. The gel point was determined as 

the time at which crossover of the two moduli occurred.   

4.2.4. Analysis of partition of proteins in Dex-PEG two-phase solution 

PEGylated FITC-BSA was synthesized according to the previously reported method [12]. 

To determine the partition coefficient, 810 µl of 10% (w/v) Dex solution, 90 µl of 30% (w/v) 

PEG solution and 36 µl of protein solution were mixed in LoBind tubes. Tested proteins are 

listed as follows: FITC-BSA (10 mg/ml), PEGylated FITC-BSA (10 mg/ml), IFN-α2a (0.72 

µg/ml) and PEG-IFN-α2a (2.16 µg/ml). The mixture was left to settle for 1 h at 4 ºC to induce 

phase separation. The concentration of FITC-BSA and PEGylated FITC-BSA in the PEG-rich 

and Dex-rich phases was assessed by measuring the fluorescence of FITC dye at an emission 

wavelength of 520 nm using a microplate reader (Tecan Group Ltd., Switzerland). The 

concentration of IFN-α2a and PEG-IFN-α2a in each phase was measured by using a human 

IFN-α ELISA kit. The partition coefficient of a protein was determined by dividing its 

concentration in the PEG-rich phase with its concentration in the Dex-rich phase. For 

comparison, a two-phase mixture composed of Dex-Tyr and PEG was prepared using 810 µl 

of 10% (w/v) Dex-Tyr solution instead of Dex solution, and then analyzed as described above.  
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4.2.5. Observation of protein partitioning and PEG domain structures in hydrogels 

To examine the partition behavior of fluorescently tagged proteins in Dex-Tyr/PEG 

hydrogels, FITC-BSA and PEGylated FITC-BSA (2 mg) were dissolved in 270 µl of 10% 

(w/v) Dex-Tyr solution. To this solution, 30 µl of 30% (w/v) PEG solution and 6 µl of PBS 

were added. Subsequently, 3 µl each of HRP and H2O2 solution was added. The final 

concentration of HRP and H2O2 was fixed to 0.13 U/ml and 2.42 mM, respectively. The 

mixture was immediately vortexed and 80 µl of which was applied to glass-bottom microwell 

dishes (MatTek Corporation, USA). Gelation was allowed to proceed for 1 h at 37 °C on an 

orbital shaker at 50 rpm. The hydrogels were then observed by using a Zeiss LSM 5 DUO 

confocal laser scanning microscope (Carl Zeiss, Germany). For comparison, Dex-Tyr 

hydrogels were prepared using 30 µl of PBS instead of PEG solution. To observe PEG 

domain structures, FITC-labelled Dex and PEG-sulforhodamine were first dissolved in PBS at 

a concentration of 10% and 30% (w/v), respectively. Typically, 264 µl of 10% (w/v) Dex-Tyr 

solution, 6 µl of FITC-labelled Dex solution, 24 µl of 30% (w/v) PEG solution, 6 µl of PEG-

sulforhodamine solution and 6 µl of PBS were mixed in a microcentrifuge tube in a dark place. 

Subsequently, 3 µl each of HRP and H2O2 solution in varying concentrations was added. The 

mixture was immediately vortexed and 80 µl of which was applied to microwell dishes. The 

produced hydrogels were observed by using a Zeiss LSM 5 DUO confocal laser scanning 

microscope. The average diameter of PEG domains was determined by measuring more than 

250 domains in transmitted light images with an Image-Pro Plus software (Media Cybernetics, 

USA).  

4.2.6. Measurement of antiviral activity of PEG-IFN-α2a incorporated in hydrogels 

The antiviral activity of PEG-IFN-α2a was determined by using Huh-7 cells carrying 

HCV replicon, as described previously [13, 14]. Briefly, hydrogels loaded with PEG-IFN-α2a 

were treated with 3 ml of 10 mM PBS (pH 7.4) containing dextranase (10 U/ml) and 0.05% 

(w/v) BSA. The complete degradation of the hydrogels was achieved after incubation for 24 h 

at 37 ºC. The resultant solution was filtered through a 0.22 µm sterile syringe filter. The 

amount of PEG-IFN-α2a in each sample was measured by using a human IFN-α ELISA kit. 

The percent recovery was determined by dividing the amount of recovered proteins with the 

amount of proteins added to each hydrogel. For antiviral activity assay, Huh-7 cells were 

seeded in 6-well plates at a density of 1 × 105 cells per well. After 24 h, the cells were treated 

with 2 ml of DMEM media (without G418) mixed with samples at an equivalent PEG-IFN-
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α2a concentration (250 pg/ml). After 72 h, the cell lysate was collected and a luciferase assay 

was carried out to measure the value of relative luminescence units (RLU) for each sample. 

The antiviral activity of PEG-IFN-α2a was calculated by the following equation:    

100
)(Log)(Log
)(Log)(Log(%)activity  antiviral Relative

1010

1010 ×
−
−

=
PCNC
SNC n  

where NC is the value of RLU after incubation with the negative control (DMEM media 

alone), PC is the value of RLU after incubation with the positive control (PEG-IFN-α2a 

solution at a final concentration of 250 pg/ml), and Sn is the value of RLU after incubation 

with samples at an equivalent IFN-α2a concentration.  

4.2.7. In vitro protein release studies 

Hydrogels loaded with PEG-IFN-α2a were immersed in 20 ml of 10 mM PBS (pH 7.4) 

containing BSA and sodium azide at a concentration of 0.05% (w/v). The samples were 

incubated at 37 ºC on an orbital shaker at 50 rpm. At definite time intervals, 200 µl of the 

release medium was collected and stored at – 20 ºC. To keep a total volume constant, 200 µl 

of fresh buffer solution was added to the vial. The concentration of PEG-IFN-α2a in the 

collected samples was measured by using a human IFN-α ELISA kit. The cumulative 

percentage of protein release was determined by dividing the amount of released proteins with 

the amount of proteins added to each hydrogel. To investigate the kinetics of protein release, 

the obtained release data were fitted to the zero-order, first-order and Higuchi models, 

respectively, as follows [15]:    

tKQQt 00 −=  

tKQQt 10lnln −=  

2/1tKQ ht =  

where Q0 is the initial amount of proteins in the hydrogels, Qt is the amount of proteins in the 

hydrogels at time t; K0, K1 and Kh are the respective rate constants.  

The protein release mechanism was analyzed by fitting the obtained release data to the 

Ritger-Peppas equation [16] represented as follows:   



Chapter 4 

97 

n
t

kt
M
M

=
∞

 

where Mt and M∞ are the amounts of proteins released at time t and at equilibrium, 

respectively, k is a proportionality constant, and n is the diffusional exponent. 

The antiviral activity of PEG-IFN-α2a released from hydrogels was measured as 

described in Section 4.2.6. 

4.2.8. Preparation of humanized mice 

Humanized mice were established by adoptive transfer of human CD34+ fetal liver cells 

into NOD-scid Il2rg-/- (NSG) mice. Human CD34+ cells were freshly isolated from aborted 

fetuses at 15 to 23 weeks of gestation, in accordance with the institutional ethical guidelines 

of the KK Women’s and Children’s Hospital, Singapore. Fetal liver tissues were processed as 

described previously [17]. CD34+ cells were purified by magnetic-activated cell sorting using 

the EasySep CD34 positive selection kit (Stemcell Technologies) under sterile conditions, 

following manufacturer’s protocol. The purity of the CD34+ cells was >95%. NSG mice were 

purchased from Jackson laboratory and bred in a specific pathogen-free facility at the 

Biological Resource Centre in Agency for Science, Technology and Research (A*STAR), 

Singapore. One to three days old NSG pups were sub-lethally irradiated at 1 Gy and 

transplanted with 2 × 105 CD34+ human fetal liver cells by intra-hepatic injections. The mice 

were bled 8 weeks post-transplantation to determine the human immune reconstitution level 

and serum human albumin level. All experimental procedures were in accordance to protocols 

approved by the International Animal Care and Use Committee (IACUC) at the Biological 

Resource Centre in A*STAR, Singapore.     

4.2.9. Pharmacokinetics studies in humanized mice 

Hydrogel disks loaded with PEG-IFN-α2a were prepared under sterile conditions 

according to the procedures described above. Dex-Tyr/PEG hydrogels with 3 µm domains 

were formed at a final concentration of 0.16 U/ml of HRP and 2.42 mM of H2O2. In the case 

of Dex-Tyr hydrogels, 0.21 U/ml of HRP and 1.46 mM of H2O2 were used to produce 

hydrogels with G’ that was similar to Dex-Tyr/PEG hydrogels. Ten-week-old male 

humanized mice weighting approximately 25 g each were randomly divided into 3 groups 

consisted of 3 mice each. One group received a one-time subcutaneous (s.c.) injection of 50 µl 

of PEG-IFN-α2a solution at a dose of 57.6 µg/kg of body weight. The second and last group 
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received a one-time s.c. implantation of a Dex-Tyr and Dex-Tyr/PEG hydrogel disk 

containing equal amount of PEG-IFN-α2a (57.6 µg/kg) in the lateral side of mice, 

respectively. At selected time points, blood (30 μl) was taken from the tail vein of each mouse 

into microcentrifuge tubes containing 3 μl of sodium citrate solution (37 mg/ml). The blood 

samples were centrifuged at 7,000 × g for 10 min at 4 °C, and the plasma were stored at -20 

°C. The concentration of PEG-IFN-α2a in the plasma was measured by using a human IFN-α 

ELISA kit. Pharmacokinetic parameters were analyzed by using a two-compartment model 

with the PKSolver software [18]. 

4.2.10. In vivo drug testing in a humanized mouse model of hepatitis C 

To establish a humanized model of hepatitis C, ten-week-old humanized mice weighting 

approximately 25 g each were infected with 1 × 106 FFU of HCV (genotype 2a) by 

intravenous injection (day 0). These mice were randomly divided into 5 groups consisting of 5 

mice each. On day 1 post-infection, the treatment of the infected mice was initiated. As 

untreated control, one group received a one-time s.c. injection of 50 µl of PBS solution. The 

second group received a one-time s.c. injection of 50 µl of PEG-IFN-α2a solution at a dose of 

240 µg/kg of body weight. The third group received 2 doses of monthly s.c. injections of 50 

µl of PEG-IFN-α2a solution (2 × 120 µg/kg) at day 1 and 29 post-infection. The fourth group 

received 8 doses of weekly s.c. injections of 50 µl of PEG-IFN-α2a solution (8 × 30 µg/kg). 

The last group received a one-time s.c. implantation of PEG-IFN-α2a-loaded Dex-Tyr/PEG 

hydrogel disks (240 µg/kg) in the lateral side of mice. All groups received the same total dose 

of PEG-IFN-α2a (240 µg/kg). A group of age-and-donor matched mice without HCV 

infection were used as a negative control. The blood and liver samples were harvested 8 

weeks after infection. Sera were prepared from the blood samples by centrifugation at 7,000 × 

g for 10 min at 4 °C. The concentrations of human IFN-γ in the sera were measured by 

ELISA (BioLegend, USA). Serum ALT levels were measured using Cobas C111 Analyzer 

(Roche) in the comparative medicine in-house veterinary diagnostic laboratory, National 

University of Singapore (NUS). The livers were fixed with 10% formalin and embedded in 

paraffin. For histology, sections of 3 µm thickness were prepared from the livers. Rehydrated 

liver tissue sections were stained with H&E or Fast-green (Sigma) & Sirius Red (Sigma). The 

slides were mounted and scanned using a MIRAX MIDI system with bright field illumination 

(Carl Zeiss). Images were analyzed using the MIRAX viewer software. 

4.2.11. Statistical analysis  
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Data are expressed as mean ± SD or mean ± SEM as indicated in the figure legends. 

Statistical analysis was performed using a standard Student’s t-test. Statistical significance 

was determined, p < 0.05 is considered statistically significant. 

4.3. Results and Discussion 

4.3.1. Rational design of microstructured Dex hydrogels 

Dex is a branched polysaccharide synthesized by bacteria. It is composed of 

glucopyranose units linked together through α-1,6 glycosidic bonds with branching via α-1,3 

linkages (Fig. 1-4c, Chapter 1). Dex-Tyr conjugate was synthesized by conjugating the 

primary amine group of tyramine to the hydroxyl group of Dex which has been activated with 

p-nitrophenyl formate groups [8]. The DS determined by 1H NMR spectroscopy was 1.03. 

Dex-Tyr/PEG hydrogels were formed by enzyme-mediated crosslinking of Dex-Tyr 

conjugates in the presence of PEG and PEGylated proteins (Fig. 4-2a). First, Dex-Tyr 

conjugates, PEG, and PEGylated proteins were dissolved separately in PBS before mixing 

together to obtain a homogenous solution that did not show phase separation at room 

temperature (22 °C) (Fig. 4-2b). Subsequent addition of HRP and H2O2 catalyzed the 

oxidative coupling of tyramine moieties [19] (Fig. 4-2c). Although the aqueous mixture of 

Dex-Tyr conjugates and PEG initially existed as a single phase, intermolecular crosslinking of 

Dex-Tyr conjugates induced phase separation by condensing PEG molecules into PEG-rich 

droplets. As a result, discrete micrometer-sized PEG domains were formed in a continuous 

Dex phase. While Dex-Tyr hydrogels were transparent, Dex-Tyr/PEG hydrogels were opaque 

(Fig. 4-2d) because of light scattering by the PEG domains [20]. Micrometer-sized spherical 

PEG domains were clearly visible in the Dex-Tyr/PEG hydrogels when observed under an 

optical microscope (Fig. 4-2e). Disk-shaped hydrogels with identical thickness were 

fabricated for the rest of the study. 
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Fig. 4-2. a) Schematic of a microstructured hydrogel for sustained release of PEGylated proteins. b-c) 

Photographs of aqueous solution containing Dex-tyramine (Dex-Tyr) conjugates, PEG and PEGylated 

proteins (b) before and (c) after addition of HRP and H2O2. d) Photograph and (e) optical microscopic 

image of Dex-Tyr/PEG hydrogel disks. Scale bars represent 5 mm (d) and 20 µm (e).   

4.3.2. Partition behavior of PEGylated proteins in microstructured hydrogels  

We examined the partition behavior of proteins in the Dex-PEG two-phase solution. It is 

known that aqueous solutions of PEG and Dex form two immiscible phases when mixed at an 

appropriate concentration and temperature [7]. We found that the aqueous mixture of PEG 

and Dex was separated into an upper PEG-rich phase and a lower Dex-rich phase at 4 °C (Fig. 

4-3a). The partition coefficient of a protein was determined as the ratio between the 

concentration in the PEG-rich and Dex-rich phase. The partition coefficient of IFN-α2a was 

smaller than 1, indicative of its preferential distribution in the Dex-rich phase. In contrast, 

PEG-IFN-α2a was partitioned more to the PEG-rich phase as evidenced by the large partition 

coefficient (7.6 ± 0.9). The presence of a PEG segment on a PEG-IFN-α2a molecule was 
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responsible for its partition favoring the PEG-rich phase. The observed partition behavior was 

in agreement with the previous report, in which PEG-modified streptavidin was highly 

accumulated in the PEG-rich phase within a lipid vesicle [21].  

We hypothesized that the PEG domains inside Dex-Tyr/PEG hydrogels would serve as a 

reservoir for PEGylated proteins by encapsulating these proteins through their preferential 

partitioning. To test this hypothesis, we utilized FITC-BSA for fluorescent visualization of its 

partition behavior. As a model PEGylated protein, PEGylated FITC-BSA was prepared by 

conjugating FITC-BSA with PEG-succinimidyl propionate. FITC-BSA and PEGylated FITC-

BSA exhibited preferential partition in the Dex-rich and PEG-rich phase, respectively (Fig. 4-

3b). We then investigated the distribution of these proteins within Dex-Tyr/PEG hydrogels by 

confocal laser scanning microscopy. Green fluorescent FITC-BSA molecules were distributed 

throughout the crosslinked polymer network of Dex-Tyr/PEG hydrogels (Fig. 4-3c). On the 

other hand, the hydrogels containing PEGylated FITC-BSA showed intense green 

fluorescence from the PEG domains (Fig. 4-3d). These results revealed that PEGylated FITC-

BSA was highly localized to the PEG domains via its preferential partitioning in the PEG-rich 

phase (Fig. 4-3e). Taken together, the results demonstrated that PEGylated proteins could be 

stably encapsulated in the reservoir structure of the PEG domains.  
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Fig. 4-3. a) Partition coefficients of IFN-α2a and PEG-IFN-α2a in the Dex-PEG two-phase solution. The 

lower Dex-rich phase appears blue due to the addition of Blue Dex dyes (inset). b) Partition coefficients of 

FITC-BSA and PEGylated FITC-BSA in Dex-PEG two-phase solution. The inset shows a fluorescence 

image of the Dex-PEG two-phase solution containing FITC-BSA (left) and PEGylated FITC-BSA (right) 

under UV light. The green fluorescence visualizes the location of fluorescently tagged BSA proteins. c-d) 

Transmitted light (left) and fluorescence (right) images of Dex-Tyr/PEG hydrogels containing (c) FITC-

BSA and (d) PEGylated FITC-BSA. Scale bars, 5 µm. e) Schematic illustration of the distribution of 

FITC-BSA (top) and PEGylated FITC-BSA (bottom) inside Dex-Tyr/PEG hydrogels. The thin blue lines 

show the crosslinked polymer network of Dex-Tyr/PEG hydrogels. The yellow circles represent PEG 

domains within the polymer network.  

4.3.3. Tunable PEG domain structures of microstructured hydrogels 

The gelation kinetics and stiffness of Dex-Tyr/PEG hydrogels were investigated using 

oscillatory rheology experiments. Fig. 4-4a shows the evolution of the G’ of Dex-Tyr/PEG 
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hydrogels prepared with various concentrations of HRP. When HRP was added at a 

concentration of 0.13 U/ml, the G’ of Dex-Tyr/PEG hydrogels gradually increased and 

reached a plateau at about 22 min, indicating that the crosslinking reaction has completed. 

Increasing the concentration of HRP accelerated the rate of the crosslinking reaction, as 

evident from the shorter time required for G’ to reach plateau. Although the gelation rate 

increased with HRP concentration, the G’ at plateau were similar. Moreover, the hydrogels 

had similar degree of swelling and water content regardless of the HRP concentrations used 

(Fig. 4-4b). These results revealed that the gelation rates of Dex-Tyr/PEG hydrogels could be 

regulated by varying the concentration of HRP without affecting their stiffness and swelling 

properties.  

We investigated the domain structures of Dex-Tyr/PEG hydrogels formed at various 

concentrations of HRP by confocal laser scanning microscopy. Green fluorescent FITC-

labelled Dex and red fluorescent PEG-sulforhodamine dyes were used to visualize the Dex 

hydrogel matrix and PEG domains, respectively. As the HRP concentration increased from 

0.13 to 0.21 U/ml, the diameter of PEG domains gradually decreased from 5.1 ± 0.9 to 2.1 ± 

0.5 µm (Fig. 4-4c), with a concomitant reduction in the gel point at which crossover between 

G’’ and G’ occurs (Fig. 4-4d). The observed relationship suggests that gelation rate plays a 

crucial role in controlling the size of PEG domains. If gelation is slow, large PEG domains are 

formed because the PEG-rich droplets were allowed to grow in the continuous Dex-rich phase 

for a longer period of time until the transition from a liquid to a gel occurs. In contrast, rapid 

gelation inhibits the growth of the PEG-rich droplets, resulting in the formation of small PEG 

domains. Therefore, the above results demonstrated that the size of PEG domains could be 

tuned by HRP concentration.  
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Fig. 4-4. a) Time course of changes in the storage modulus of Dex-Tyr/PEG hydrogels prepared with 

various HRP concentrations (0.13, 0.16 and 0.21 U/ml). The final concentration of H2O2 was 2.42 mM. b) 

Mass swelling ratio and water content of Dex-Tyr/PEG hydrogels immersed in PBS solution for 7 days. c) 

Confocal microscopic (top panel) and transmitted light images (bottom panel) of PEG domains in Dex-

Tyr/PEG hydrogels formed with various HRP concentrations (0.13, 0.16 or 0.21 U/ml). PEG domains 

appear red while a hydrogel matrix appears green in the confocal microscopic images. Scale bars, 20 µm. 

d) Diameters of PEG domains and gel points as a function of HRP concentration.  

4.3.4. Burst-free sustained release of PEG-IFN-α2a from microstructured hydrogels 

We studied the release kinetics of PEG-IFN-α2a from Dex-Tyr/PEG hydrogels with 

various domain sizes (ca. 2, 3 and 5 µm). Dex-Tyr hydrogels formed with 1.46 mM of H2O2 

had G’ values similar to those of Dex-Tyr/PEG hydrogels, and were used as comparisons. The 

incorporation of PEG-IFN-α2a had minimal effect on the G’ and gel points of these hydrogels. 

For Dex-Tyr hydrogels, burst release was observed, with around 20% of PEG-IFN-α2a 

liberated on the first day (Fig. 4-5a). It is known that burst release can be reduced by 

increasing the crosslink density of hydrogels. Therefore, the crosslink density of Dex-Tyr 

hydrogels was varied by changing the concentration of H2O2. As the concentration of H2O2 

was increased from 1.46 to 3.64 mM, the average mesh size of Dex-Tyr hydrogels decreased 
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from 51.2 ± 3.9 to 37.5 ± 0.7 nm (Table 4-1). Nonetheless, decreasing the mesh size was not 

effective in suppressing the burst release, as more than 15% of PEG-IFN-α2a was released on 

the first day (data not shown). In contrast, the amount of PEG-IFN-α2a liberated from Dex-

Tyr/PEG hydrogels on the first day was ~2%, suggesting that the preferential partition of 

PEG-IFN-α2a in PEG domains suppressed the burst release of PEG-IFN-α2a. Moreover, Dex-

Tyr/PEG hydrogels with 2 and 3 µm domains released PEG-IFN-α2a in a sustained manner 

for 3 months (Fig. 4-5a). The observed sustained release can be explained by the repeated 

partitioning of PEG-IFN-α2a in the PEG domains (Fig. 4-5b). When a PEG-IFN-α2a 

molecule is released from a PEG domain into the Dex-rich phase, it diffuses into another PEG 

domain and become partitioned there. The process is repeated until the PEG-IFN-α2a 

molecule finally reaches the edge of the hydrogel and escapes from gel matrix. As a result, the 

release of PEG-IFN-α2a from Dex-Tyr/PEG hydrogels is retarded. In contrast, PEG-IFN-α2a 

molecules in Dex-Tyr hydrogels do not undergo repeated partitioning, and were released 

quickly from the gel matrix.  

Table. 4-1. Physical properties of Dex-Tyr and Dex-Tyr/PEG hydrogels. 

Hydrogel HRP 
(units/ml) 

H2O2 
(mM) Qa νe 

(10-6 mol/cm3) 
ξ 

(nm) 

Dex-Tyr 0.21 1.02 31.7 ± 0.4 4.7 ± 0.1 61.9 ± 1.0 
Dex-Tyr 0.21 1.46 27.0 ± 1.7 6.2 ± 0.7 51.2 ± 3.9 
Dex-Tyr 0.21 1.83 26.2 ± 0.08 6.5 ± 0.03 49.4 ± 0.2 
Dex-Tyr 0.21 3.64 20.6 ± 0.3 9.7 ± 0.2 37.5 ± 0.7 

Dex-Tyr/PEG 0.13 2.42 29.3 ± 0.4 5.4 ± 0.1 56.4 ± 0.9 
Dex-Tyr/PEG 0.16 2.42 28.0 ± 0.8 5.8 ± 0.3 53.3 ± 1.8 
Dex-Tyr/PEG 0.21 2.42 27.1 ± 0.2 6.1 ± 0.1 51.5 ± 0.5 

aThe volumetric swelling ratio (Q), effective crosslink density (νe) and average mesh size (ξ) of Dex-Tyr and 
Dex-Tyr/PEG hydrogels are shown. The average mesh size represents the linear distance between two adjacent 
crosslinks in the hydrogel network. Error bars: SD, n = 3. 
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Fig. 4-5. a) Cumulative release of PEG-IFN-α2a from Dex-Tyr hydrogels or Dex-Tyr/PEG hydrogels with 

various domain sizes (ca. 2, 3 or 5 µm). Dex-Tyr hydrogels and Dex-Tyr/PEG hydrogels with 5 µm 

domains discontinued protein release after 15 and 17 days, respectively. The inset shows protein release 

profiles of hydrogels for 7 days. b) A proposed model for explaining the sustained release of PEG-IFN-α2a 

from Dex-Tyr/PEG hydrogels. The thin blue lines show the crosslinked polymer network of Dex-Tyr/PEG 

hydrogels (left) and Dex-Tyr hydrogels (right). The yellow circles represent PEG domains within the 

polymer network. The thick black lines show hypothetical trajectories of a PEG-IFN-α2a molecule in 

those hydrogels at a given time. c) Percent recovery of PEG-IFN-α2a after enzymatic degradation of 

hydrogels. d) The relative antiviral activity of PEG-IFN-α2a retrieved from hydrogels (solid bars) and the 

release medium collected for 2 weeks (striped bars). 

To understand the mechanism of protein release, we determined the diffusional exponent 

(n) by fitting the experimental release data to the Ritger-Peppas equation [16]. The Ritger-

Peppas equation relates the fractional release of drug, Mt/M∞, to the release time, t, in an 

exponential expression. The diffusional exponent, n, is indicative of the transport mechanism. 

Fickian diffusion is defined by n equal to 0.5 and non-Fickian by n greater than 0.5 [22]. The 

n values for Dex-Tyr hydrogels were approximately 0.5, indicating that the protein release 

was governed by Fickian diffusion (Table 4-2). This implies that PEG-IFN-α2a molecules 

would diffuse freely within the hydrogel network. Variation of the crosslink density did not 

affect the protein release mechanism presumably because the average mesh size of Dex-Tyr 

hydrogels was much larger than the hydrodynamic radius of a PEG-IFN-α protein (7.94 nm) 
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[23]. On the other hand, the n values for Dex-Tyr/PEG hydrogels were in the range between 

0.5 and 1. This result revealed that Dex-Tyr/PEG hydrogels exhibited non-Fickian, anomalous 

diffusion of PEG-IFN-α2a molecules. Notably, the average mesh size of these hydrogels (51.5 

± 0.5 to 56.4 ± 0.9 nm) was comparable to that of Dex-Tyr hydrogels (Table 4-1). The 

observed deviation from the Fickian diffusion behavior was attributed to the increased 

diffusional hindrance caused by repeated partitioning of PEG-IFN-α2a in the Dex-Tyr/PEG 

hydrogels. It is also noteworthy that Dex-Tyr/PEG hydrogels with 2 µm domains exhibited 

slower protein release than those with 3 µm domains. As PEG domains became smaller, the 

number of the domains in a given volume increased (Fig. 5-3c). The higher number of PEG 

domains might contribute to the delayed release by increasing the probability of PEG-IFN-

α2a moving between neighboring PEG domains.  

Table 4-2. Evaluation of the mechanism of protein release from hydrogels.  

Hydrogel HRP 
(units/ml) 

H2O2  
(mM) k a R2 n Protein release 

mechanism 

Dex-Tyr 0.21 1.02 0.232 ± 0.019 0.943 ± 0.012 0.495 ± 0.010 Fickian 
diffusion 

Dex-Tyr 0.21 1.46 0.188 ± 0.014 0.966 ± 0.010 0.493 ± 0.023 Fickian 
diffusion 

Dex-Tyr 0.21 1.83 0.173 ± 0.002 0.969 ± 0.002 0.498 ± 0.021 Fickian 
diffusion 

Dex-Tyr 0.21 3.64 0.132 ± 0.001 0.971 ± 0.016 0.507 ± 0.023 Fickian 
diffusion 

Dex-Tyr/PEG 0.13 2.42 0.092 ± 0.003 0.977 ± 0.023 0.561 ± 0.011 Non-Fickian 
transport 

Dex-Tyr/PEG 0.16 2.42 0.033 ± 0.001 0.986 ± 0.011 0.875 ± 0.005 Non-Fickian 
transport 

Dex-Tyr/PEG 0.21 2.42 0.026 ± 0.003 0.990 ± 0.003 0.792 ± 0.049 Non-Fickian 
transport 

aThe proportionality constant (k), diffusional exponent (n), correlation coefficient (R2) and corresponding release 
mechanism were analyzed by fitting the experimental release data to the Ritger-Peppas equation. Error bars: SD, 
n = 3. 

It was observed that Dex-Tyr hydrogels released approximately 60% of their payloads in 

15 days and then the release discontinued (Fig. 4-5a). To find the reason for the incomplete 

release, we retrieved PEG-IFN-α2a from freshly prepared Dex-Tyr hydrogels by degrading 

them in dextranase solution. Only 74% of the loaded proteins were recovered from these 

hydrogels (Fig. 4-5c), suggesting that the incomplete release was mainly caused by 

denaturation of PEG-IFN-α2a in the gel-forming process. It was reported previously that 

protein drugs might be susceptible to denaturation under the chemical stresses produced 

during encapsulation in hydrogels [24]. Notably, Dex-Tyr/PEG hydrogels with 2 and 3 µm 

domains liberated 100% of their payloads after enzymatic degradation. This result revealed 
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that PEG-IFN-α2a entrapped in the PEG domains was less susceptible to the chemical 

denaturation. This phenomenon was in agreement with literature describing the stabilizing 

effects of ATPS on the structure and bioactivity of the partitioned proteins [25]. Such 

protective effect of the PEG domains was responsible for the complete release of PEG-IFN-

α2a from Dex-Tyr/PEG hydrogels with 2 and 3 µm domains. On the other hand, incomplete 

protein release was observed from Dex-Tyr/PEG hydrogels with 5 µm domains. Since these 

hydrogels were formed at a lower concentration of HRP as compared to those with 2 and 3 

µm domains, the rate of H2O2 decomposition would be slower [8, 19]. The delayed 

decomposition of H2O2 likely contributed to the denaturation of PEG-IFN-α2a in the Dex-

Tyr/PEG hydrogels with 5 µm domains.  

The bioactivity of PEG-IFN-α2a was evaluated by measuring its inhibitory effects on the 

replication of HCV RNAs in human hepatoma cells [13]. PEG-IFN-α2a incorporated in Dex-

Tyr hydrogels maintained only 65% of the original bioactivity (Fig. 4-5d). This proved that 

PEG-IFN-α2a was partially denatured during encapsulation in Dex-Tyr hydrogels. Its 

antiviral activity further dropped to ~45% after 2 weeks of release. However, denaturation of 

PEG-IFN-α2a was inhibited when incorporated in Dex-Tyr/PEG hydrogels with 2 and 3 µm 

domains. Particularly, Dex-Tyr/PEG hydrogels with 3 µm domains encapsulated PEG-IFN-

α2a without compromising its bioactivity. Around 95% of antiviral activity was retained even 

after 2 weeks. Such protective effects of PEG domains were not observed for Dex-Tyr/PEG 

hydrogels with 5 µm domains, likely because the delayed decomposition of H2O2 caused 

protein denaturation [8]. Dex-Tyr/PEG hydrogels with 3 µm domains were chosen for in vivo 

experiments because these hydrogels enabled sustained release of PEG-IFN-α2a while 

preserving its bioactivity.  

4.3.5. In vivo performance of microstructured hydrogels in humanized mice 

We conducted pharmacokinetics and biocompatibility studies in humanized mice. These 

mice were established by adoptive transfer of human CD34+ fetal liver cells into NOD-scid 

Il2rg-/- mice [17]. Such humanized mice with a functional human immune system allow 

assessment of the efficacy and safety of human therapeutic proteins in a physiologically 

relevant manner [26, 27]. Following subcutaneous (s.c.) injection of PEG-IFN-α2a solution, 

its plasma concentration reached a peak within 1 day and declined to undetectable levels after 

2 weeks (Fig. 4-6a). The mice implanted with Dex-Tyr hydrogels showed a similar trend, 

suggesting that PEG-IFN-α2a were released quickly from Dex-Tyr hydrogels and cleared 
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from the bloodstream. In contrast, a one-time administration of Dex-Tyr/PEG hydrogels 

resulted in prolonged circulation of PEG-IFN-α2a for 7 weeks. Furthermore, these hydrogels 

significantly increased the plasma half-life of PEG-IFN-α2a from 1.5 ± 0.2 to 15.6 ± 1.4 days 

(Fig. 4-6b). Therefore, these results demonstrated that Dex-Tyr/PEG hydrogels enabled 

continuous release of the encapsulated PEG-IFN-α2a in vivo. 

Such sustained release formulations can improve therapeutic outcomes of PEG-IFN-α2a 

by maintaining its plasma concentration at therapeutically effective levels over an extended 

period of time [28]. These formulations can also improve patient compliance by reducing the 

frequency of injections and minimizing the risk of an adverse drug reaction. A substantial 

portion of patients receiving PEG-IFN-α2a experience harmful side effects, including flu-like 

symptoms, fatigue, depression and cytopenia, which necessitate dose reductions or early 

discontinuation of therapy [29]. In general, occurrence of such side effects is correlated with 

the maximum plasma concentration (Cmax). Dex-Tyr/PEG hydrogels exhibited remarkably 

lower Cmax (44.3 ± 13.3 ng/ml) compared to PEG-IFN-α2a solution (474.0 ± 10.7 ng/ml). 

These hydrogels have the potential to reduce the side effects of PEG-IFN-α2a by lowering 

Cmax below its maximum tolerable concentration. Indeed, PEG-IFN-α2a released from Dex-

Tyr/PEG hydrogels did not cause severe cytopenia and other hematological abnormalities in 

humanized mice (data not shown).  
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Fig. 4-6. Pharmacokinetics of PEG-IFN-α2a in humanized mice. a) Plasma concentration-time profiles 

following subcutaneous administration of PEG-IFN-α2a solution, Dex-Tyr hydrogels or Dex-Tyr/PEG 

hydrogels with 3 µm domains. b) Plasma half-life of PEG-IFN-α2a determined from pharmacokinetics 

analysis. Results are presented as means ± SD (n = 3). *p < 0.005 versus PEG-IFN-α2a alone and Dex-Tyr 

hydrogels. 

4.3.6. Therapeutic efficacy of microstructured hydrogels delivering PEG-IFN-α2a in 

HCV-infected humanized mice 

We evaluated therapeutic effects of PEG-IFN-α2a-loaded Dex-Tyr/PEG hydrogels in a 

humanized mouse model of hepatitis C. The humanized mice infected with HCV were 

randomly divided into 5 groups and then treated for 8 weeks with various formulations 

consisting of: a one-time s.c. injection of PBS as untreated control, a one-time s.c. injection 

(240 µg/kg), 2 doses of monthly s.c. injections (2 × 120 µg/kg) or 8 doses of weekly s.c. 

injections (8 × 30 µg/kg) of PEG-IFN-α2a solution, and a one-time s.c. implantation of PEG-
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IFN-α2a-loaded Dex-Tyr/PEG hydrogels (240 µg/kg). The total dose of PEG-IFN-α2a was 

fixed to 240 µg/kg for all formulations.  

HCV infection induced severe liver inflammation and fibrosis (Fig. 4-7a and b), 

characterized by massive infiltration of leukocytes and collagen deposition compared to 

uninfected mice. After 8 weeks of treatment, weekly injections of PEG-IFN-α2a solution 

effectively prevented HCV-induced liver damage. In contrast, a one-time injection and 

monthly injections of PEG-IFN-α2a solution were less effective. This indicates that frequent 

injections are required to sustain the therapeutic effect of PEG-IFN-α2a for the effective 

treatment of hepatitis C. Importantly, a one-time administration of PEG-IFN-α2a-loaded Dex-

Tyr/PEG hydrogels exhibited therapeutic effects comparable to the weekly injection 

formulation of PEG-IFN-α2a (i.e., 8-times repeated injection). We analyzed serum levels of 

alanine aminotransferase (ALT) and interferon-gamma (IFN-γ) to assess the extent of liver 

damage and pro-inflammatory immune responses, respectively [29]. Consistent with 

histological results, HCV-infected mice had elevated levels of serum ALT and IFN-γ, 

indicating that these mice had HCV-induced liver injury and inflammation (Fig. 4-7c and d). 

As expected, the serum levels of ALT and IFN-γ gradually decreased as the frequency of 

PEG-IFN-α2a injections increased. We found that the mice treated with 8-times repeated 

injection of PEG-IFN-α2a solution achieved normal ALT and IFN-γ levels. Impressively, a 

one-time administration of PEG-IFN-α2a-loaded Dex-Tyr/PEG hydrogels effectively 

normalized the serum levels of ALT and IFN-γ. The above results revealed that the sustained 

delivery of PEG-IFN-α2a using Dex-Tyr/PEG hydrogels significantly enhanced its 

therapeutic efficacy by prolonging the circulation half-life and duration of action. 

Consequently, our study demonstrated that Dex-Tyr/PEG hydrogels enabled the long-term 

sustained release of the incorporated PEG-IFN-α2a in vivo, resulting in the effective treatment 

of HCV-induced liver injury. Such sustained release formulations would be advantageous for 

improving patient convenience and compliance for hepatitis C therapy. The microstructured 

hydrogel system described here would have broad applicability for in vivo delivery of 

PEGylated protein drugs for more effective and safer treatments of diverse chronic diseases.  
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Fig. 4-7. Therapeutic effects of PEG-IFN-α2a-loaded microstructured hydrogels in a humanized mouse 

model of hepatitis C. (a) H&E and (b) Sirius Red stained liver sections from uninfected humanized mice 

and HCV-infected humanized mice treated with PBS, PEG-IFN-α2a (a one-time, monthly or weekly 

subcutaneous injection) or Dex-Tyr/PEG hydrogels (a one-time subcutaneous implantation). Scale bars, 

100 mm. Serum levels of (c) ALT and (d) IFN-γ in humanized mice with treatments. Results are presented 

as mean ± SEM (n = 5). Significance levels were set at: *p < 0.05 and **p < 0.005.  

4.4. Conclusions 

In this chapter, a Dex-Tyr hydrogel containing PEG microdomains was designed for the 

sustained release of PEG-IFN-α2a. The PEG microdomains served as a reservoir for PEG-

IFN-α2a via the preferential partition of the proteins in the PEG phase. It was demonstrated 

that the presence of PEG microdomains not only suppressed the burst release of PEG-IFN-

α2a from hydrogels, but also enabled the sustained release of PEG-IFN-α2a for over 3 months 

without loss of biological activity. Moreover, the release rates of PEG-IFN-α2a could be 

modulated simply by tuning the size of PEG domains through variation in the gelation rate. 

The microstructured hydrogel system is a useful platform for the delivery of other PEGylated 

pharmaceuticals for the treatments of various chronic diseases.  
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5.1. Introduction 

Hydrogels have been widely used as a scaffold material in tissue engineering [1]. Among 

the many different hydrogel systems, fibrin gels are one of the most widely used because they 

support cell adhesion, proliferation, stem cell differentiation and, importantly, capillary 

formation (angiogenesis) [2-4]. Fibrin gels are degradable by proteases such as plasmin and 

matrix matelloproteinases (MMPs), permitting scaffold remodeling, and eventually, 

resorption by the body. Moreover, fibrinogen, the building block of fibrin gel, can be isolated 

from a patient’s own blood, making possible to form an autologous scaffold. However, the 

poor mechanical properties of fibrin gels render them susceptible to contraction/compaction 

by cells and rapid degradation by proteases. Consequently, cell-seeded fibrin gels often shrink 

during in vitro culture [5-7] and/or degrade prematurely prior to or soon after transplantation 

[8, 9]. These drawbacks limit the use of fibrin gels for tissue engineering applications which 

require specific shape. 

Several strategies have been implemented to improve the mechanical properties of fibrin 

gels. The most straightforward approach involves optimization of the polymerization 

conditions, such as pH, ionic strength, and the calcium, fibrinogen and thrombin 

concentrations [10, 11]. Variations in these parameters alter the fibrin fiber thickness, 

resulting in gels with different pore sizes and mechanical strengths. Composite materials 

consisting of a porous scaffold filled with fibrin gel have also been developed to achieve 

mechanical stability [12-15]. Porous scaffolds, typically made from synthetic polymers such 

as polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL), 

provide structural support, while the fibrin gel acts as a cell carrier promoting cell adhesion 

and growth. Alternatively, fibrinolytic inhibitors, such as aprotinin [9, 16], ε-aminocaproic 

acid [17] and tranexamic acid [18], have been utilized to stabilize fibrin by reducing the rate 

of proteolytic degradation. The inhibitors are supplemented in culture medium, incorporated 

into the fibrin gel during polymerization or, in the case of aprotinin, conjugated directly onto 

the fibrin gel. While fibrinolytic inhibitors can lower the rate of degradation, they do not 

prevent cell-induced contraction of fibrin gels. Furthermore, the use of aprotinin in vivo has 

been associated with an increased risk of complications [18]. 

Recently interpenetrating polymer network (IPN) hydrogels consisting of fibrin and a 

synthetic or natural polymer network have been developed for tissue engineering and three-

dimensional (3-D) cell culture. IPNs are made of two or more polymer networks that are at 
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least partially interlaced on the molecular scale but without covalent bonds with each other 

which cannot be separated unless chemical bonds are broken [19]. Studies on IPN hydrogels 

composed of fibrin and poly(ethylene glycol) have demonstrated improved mechanical 

properties while maintaining cell growth [20]. Another study reported a fibrin-alginate IPN as 

a dynamic matrix for the growth of ovarian follicle cells [21]. The fibrin phase was degraded 

over time to facilitate follicle growth, while the alginate phase remained to provide structural 

support. The follicles cultured in IPN were shown to be more meiotically competent than in 

alginate alone. 

In this chapter, IPN hydrogels composed of fibrin and hyaluronic acid (HA) for tissue 

engineering applications are described. As described in Chapter 1, HA is a non-sulfated 

glycosaminoglycan found primarily in the extracellular matrix (ECM) and HA hydrogels have 

been widely used as tissue engineering scaffolds due to their low-immunogenic and 

biodegradable properties, as well as their versatility in chemical modification [22-24]. HA 

also plays important roles during the process of wound healing; an increase in HA 

concentration in the milieu of a fibrin clot during wound healing is hypothesized to stabilize 

the volume and physical structure of the fibrin gel [25]. Moreover, it was previously 

demonstrated that contraction of collagen gels by fibroblasts could be inhibited by introducing 

crosslinked HA into the collagen gel [26]. While HA has previously been incorporated within 

fibrin gels as a natural ECM component [27-29], its potential to stabilize the shape of fibrin 

through the formation of a crosslinked network has not been explored. We proposed that the 

formation of a fibrin-HA IPN hydrogel, with the HA network being chemically crosslinked, 

would result in a mechanically superior scaffold compared with fibrin gels alone. The HA 

network is expected to provide structural reinforcement, while the fibrin network promotes 

cell adhesion and proliferation, as well as capillary tube formation (Fig. 5-1). To this end we 

utilized the hyaluronic acid-tyramine (HA-Tyr) hydrogel system to form the HA network [30]. 

The formation of IPN hydrogels was characterized by rheological measurement and the 

storage modulus (G’) was tuned using the concentration of H2O2. The structure of the fibrin 

network in the IPN hydrogels was determined by turbidity measurement and confocal laser 

scanning microscopy. The ability of IPN hydrogels with different G’ to maintain the shape of 

the scaffold in the presence of plasmin and cells was examined. In addition, the effects of IPN 

hydrogel rigidity on viability, spreading, and proliferation of cells embedded within the IPNs, 

as well as capillary tube formation, were examined. 
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Fig. 5-15. Fibrin gel loses its shape in the presence of cells and proteases. Fibrin-HA IPN hydrogel 

maintains the structure while allowing cell proliferation and capillary formation.   

5.2. Material and methods 

5.2.1. Materials 

Fibrinogen from bovine plasma (76.5% protein, of which 91.2% was clottable), thrombin 

from bovine plasma (59 NIH U/mg solid), bovine serum albumin (BSA), hydrogen peroxide 

(H2O2), propidium iodide, hyaluronidase from bovine testes, papain from Papaya latex, 

ethylene diamine tetraacetic acid (EDTA), L-cysteine and paraformaldehyde were all 

purchased from Sigma–Aldrich (Singapore). HRP (190 U/mg) was purchased from Wako 

Pure Chemical Industries. Sodium hyaluronate (MW 90 kDa) was kindly donated by JNC 

Corp. (Tokyo, Japan). Alexa Fluor 488 succinimidyl ester, fetal bovine serum (FBS), 

penicillin/streptomycin, calcein AM and Quant-iT™ PicoGreen® dsDNA reagent were 

purchased from Life Technologies (Singapore). PD-10 desalting columns and Cytodex 3 

microcarriers were purchased from GE Healthcare Pte Ltd. (Singapore). Bicinchoninic acid 

(BCA) protein assay kits were purchased from Pierce. Mouse monoclonal primary antibody to 

CD31 (JC/70A) and goat F(ab′)2 polyclonal secondary antibody to mouse IgG-Fc (FITC-

conjugated) were purchased from Abcam (UK). Dulbecco’s modified Eagle’s medium 

(DMEM), trypsin and phosphate-buffered saline (PBS) (150 mM, pH 7.3) were supplied by 

Biopolis Media Prep (Singapore). 

5.2.2. Synthesis of HA-Tyr conjugates  
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HA-Tyr conjugates were synthesized as described in Chapter 2 [31] and the DS (the 

number of tyramine molecules per 100 repeating units of HA) was 6 as determined by 1H 

NMR.   

5.2.3. Preparation of fibrin gels and fibrin-HA-Tyr IPN hydrogels 

Thrombin was prepared at a stock concentration of 100 NIH U/ml in PBS containing 0.1% 

(w/v) BSA. HRP was prepared at a stock concentration of 25 U/ml in PBS. Stock fibrinogen 

solution was prepared by dissolving 39 mg/ml in PBS. HA-Tyr conjugates were dissolved at 

27.5 mg/ml in PBS. All stock solutions were sterile filtered, stored at −80 °C and used within 

2 weeks. To prepare 1 ml of fibrin gel, stock fibrinogen solution was first diluted to 3.6 or 

7.2 mg/ml with PBS. Three hundred and three μl of thrombin at 1.02 NIH U/ml was added to 

697 μl of diluted fibrinogen solution. The final concentrations of fibrinogen and thrombin 

were 2.5 or 5 mg/ml and 0.31 NIH U/ml, respectively. To form 1 ml of IPN hydrogels 

fibrinogens and HA-Tyr conjugates were mixed together at a final concentration of 3.6 mg/ml 

each. Eight μl of H2O2 of various concentrations was added to 689 μl of the fibrinogen–HA-

Tyr mixture, followed by 303 μl of a solution containing thrombin and HRP at 1.02 and 

0.53 U/ml, respectively. The final fibrinogen and HA-Tyr concentrations were 2.5 mg/ml 

each and the thrombin and HRP concentrations were 0.31 and 0.16 U/ml, respectively. Both 

the fibrin gels and the IPN hydrogels were allowed to form for 1 h at 37 °C. 

5.2.4. Rheological characterization 

Rheological measurements were performed with a HAAKE Rheoscope 1 rheometer 

(Karlsruhe, Germany) as described in Chapter 2 using a cone and plate geometry of 3.5 cm 

diameter and 1.029 cone angle. The measurements were taken at 37 °C in dynamic oscillatory 

mode with a constant deformation of 0.5% and a frequency of 0.1 Hz. Fibrin gels and IPN 

hydrogels were prepared as described above. Immediately after adding thrombin and HRP, 

210 μl of the mixture was transferred to the bottom plate. The upper cone was then lowered to 

a measurement gap of 0.03 mm and a layer of silicon oil was carefully applied around the 

cone to prevent solvent evaporation during the experiment. The measurement was allowed to 

proceed for 1 h at 37 °C. 

5.2.5. Swelling ratio study 
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Fibrin, HA-Tyr or IPN hydrogels were prepared as described above. Immediately after 

adding thrombin and HRP, 400 μl of the mixture was transferred to the center of a 60 mm 

dish, forming gels with a hemispherical geometry. After incubation for 1 h at 37 °C, 5 ml of 

PBS was added to the dish and the hydrogel was detached from the dish by gently nudging 

with a pipette tip. After incubation overnight at room temperature, the swollen hydrogels were 

weighed and then lyophilized. The mass swelling ratio (QM) was taken as the swollen mass 

divided by the dried mass (after lyophilization). For HA-Tyr hydrogels, the volumetric 

swelling ratio (Qv), average molecular weight between crosslinks (Mc) effective crosslink 

density (νe) and mesh size (ξ) were calculated as described in Chapter 2. 

5.2.6. Absorbance study 

Fibrin gels and IPN hydrogels were prepared as described above. Immediately after 

adding thrombin and HRP, 200 μl of the mixture was transferred to a 96-well plate. After 

incubation for 1 h at 37 °C the turbidity of the gels was determined by measuring the 

absorbance at 500 nm using a Tecan Infinite 200 microplate reader. 

5.2.7. Confocal laser scanning microscopy 

To visualize the structure of fibrin networks in the IPN hydrogels by confocal laser 

scanning microscopy fluorescent-labeled fibrinogens were prepared. Twenty-six mg of 

fibrinogen were dissolved in 1 ml of 0.1 M sodium bicarbonate buffer and then 0.5 mg of 

AlexaFluor 488 succinimidyl ester in 50 μl of DMSO was added. The mixture was incubated 

in the dark at room temperature for 1 h, after which the unbound fluorescent dye was removed 

from the labeled fibrinogen using a PD-10 desalting column following the manufacturer’s 

instructions, with PBS as the eluent. The concentration of purified fibrinogen was determined 

by BCA assay and the concentration of AlexaFluor 488 conjugated to fibrinogen was 

determined by absorbance at 495 nm. The fluorescent dye to protein ratio was 10. A weight 

ratio of 1:10 of labeled to unlabeled fibrinogen was used to form the fibrin gel and IPN 

hydrogels. Immediately after adding thrombin and HRP, 70 μl of the mixture was deposited at 

the center of a glass-bottomed dish (MatTek Corporation) and a coverslip (20 × 26 mm) was 

placed on top so that the gel was sandwiched between two coverslips. After 1 h incubation at 

37 °C the fibrin network was visualized by confocal laser scanning microscopy (Zeiss LSM 

510 META). 

5.2.8. Degradation by plasmin and hyaluronidase 
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Fibrin gels or IPN hydrogels were prepared as described previously. Immediately after 

adding thrombin and HRP, 200 μl of the mixture was deposited at the center of a 24-well 

plate (NUNC, untreated). The solution spread from the center and formed gels with a 

hemispherical geometry. The gels were left undisturbed for 5 min at room temperature before 

transfer to an incubator at 37 °C for 1 h. The diameters of the gels were then measured using a 

ruler (average diameter 11 mm). Then 700 μl of plasmin (0.1 U/ml) or hyaluronidase 

(50 U/ml) was added to the wells. PBS was added to a set of gels to serve as a control. The 

gels were then carefully detached from the wells by gently nudging with a pipette tip. After 

5 h incubation at 37 °C the solution was removed and the diameters of the gels were measured. 

Then the gels were washed extensively with water and lyophilized to obtain the dried mass. 

All samples were tested in triplicate. 

5.2.9. Cell culture 

Human umbilical vein endothelial cells (HUVECs), endothelial growth medium (EGM-2) 

BulletKit and adult human dermal fibroblasts were purchased from Lonza Bioscience 

Singapore. HUVECs were maintained in EGM-2 BulletKit while fibroblasts were maintained 

in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Both cell types were 

cultured in T75 tissue culture flasks and incubated at 37 °C in a 5% CO2 atmosphere. Media 

were replaced every 2–3 days and the cells were subcultured at 80% confluency. Fibroblasts 

between passages 3 and 6 and HUVECs at passage 3 were used in this study. 

5.2.10. Cell adhesion study 

Fibrin or fibrin-HA-Tyr IPN hydrogels with a volume of 60 μl were formed as describe 

above in a 96-wellplate. After incubation for 1 h at 37 ºC, 5000 fibroblasts in 100 μl of serum-

free medium were on top of the gels. The plate was then returned to the cell culture incubator 

and incubated overnight. The next day, the medium were removed and the cells were stained 

with 2 μM of calcein AM for 30 min in the dark at 37 ºC. Then, the staining solution was 

removed and the gels were washed with 100 μl of PBS for 5 min and imaged with a 

fluorescence microscope. 

5.2.11. Live/Dead staining 

Fibrin gels or IPN hydrogels were prepared as described previously, except that 

fibroblasts were included in the thrombin and HRP solution at a concentration of 
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3.3 × 105 cells/ml. The final cell density in the gel was 1 × 105 cells/ml. Immediately after 

adding thrombin, HRP and cells 100 μl of the mixture was transferred to a 96-well plate. 

After incubation for 1 h at 37 °C the gels were stained with 2 μM calcein AM and 1 μM 

propidium iodide for 45 min in the dark at 37 °C. Then the staining solution was removed and 

the gels were washed with 100 μl of PBS for 5 min and imaged with a fluorescence 

microscope. A second set of fibrin gels and IPN hydrogels was formed, and after gelation for 

1 h 100 μl of fibroblast growth medium was carefully added on top of the gel and incubated 

for 30 min before replacement with 100 μl of fresh medium. After 4 days culture the gels 

were stained and imaged as described. 

5.2.12. Cell-induced gel contraction 

Cell-embedded gels were prepared as described above. Immediately after adding thrombin, 

HRP and cells 100 μl of the mixture was carefully deposited at the center of a 24-well plate 

(untreated), forming gels with a hemispherical geometry. The gels were left undisturbed for 

5 min before transfer to a cell culture incubator for 1 h. The initial diameters of the gels were 

measured with a ruler (average diameter 9 mm), after which 1 ml of fibroblast growth 

medium was added and the gels were gently detached from the bottom of the well by nudging 

with a pipette tip. The growth media were replaced every 2–3 days and the gels were allowed 

to float freely throughout the whole experiment. On selected days the media were removed, 

the gels were photographed and the diameters measured, after which the gels were transferred 

to 1.5 ml centrifuge tubes and dried under vacuum overnight. All samples were tested in 

triplicate. 

5.2.13. DNA quantification 

Dried gel samples from the contraction study were degraded by first incubating with 

200 μl of 50 U/ml hyaluronidase in 100 mM phosphate buffer at pH 7 (sterile filtered) 

overnight at 37 °C. Next, 200 μl of 8 U/ml papain solution (5 mM EDTA, 5 mM L-cysteine in 

100 mM phosphate buffer, pH 7) was added and incubated overnight at 60 °C. The amount of 

DNA was quantified by PicoGreen dsDNA reagent according to the manufacturer’s protocol. 

Cell numbers were calculated from the amount of DNA by assuming 7.6 pg of DNA per 

fibroblast [5]. 

5.2.14. Capillary tube formation assay 
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To assess whether the IPN hydrogels permit formation of capillaries Cytodex 3 

microcarriers coated with HUVECs were embedded within the IPN hydrogels and the 

formation of vessels was examined. Microcarriers were hydrated and autoclaved according to 

the manufacture’s instruction. Attachment of HUVECs to the microcarriers was performed 

according to previously established protocols [32]. After overnight incubation of the HUVEC-

coated microcarriers they were resuspended at 375 microcarriers/ml in PBS. The 

microcarriers were then mixed with fibrinogen or a mixture of fibrinogen and HA-Tyr 

conjugate solution before adding thrombin, HRP and fibroblasts. Then 250 μl of the mixture 

was transferred to a 48-well plate. The final concentrations of microcarriers and fibroblasts in 

the gels were 200 microcarriers/ml and 1 × 105 cells/ml. After incubation for 1 h at 37 °C 

500 μl of EGM-2 was carefully added on top of the gels and replaced after 30 min incubation. 

The media were replaced every 2–3 days. Images of the microcarriers were captured on days 

2 and 7. After image capture on day 7 the HUVECs in the gels were immunostained for CD31. 

First, the gels were washed with 1 ml of PBS for 1 h and then fixed with 1 ml of 4% 

paraformaldehyde for 1 h at room temperature. Then the gels were blocked with 5% (w/v) 

BSA in PBS overnight at 4 °C. The next day 200 μl of mouse monoclonal antibody to CD31 

(1:100) in blocking buffer was added and incubated overnight at 4 °C. After washing with 

1 ml of PBS (3 cycles, 1 h each on orbital shaker) 200 μl of FITC-conjugated goat polyclonal 

antibody to mouse IgG (1:500) was added and incubated overnight at 4 °C. Next day the gels 

were washed extensively with PBS and imaged with an IX70 Olympus microscope equipped 

with a xenon lamp. The length and width of the vessels were measured manually using the 

software Image-Pro Plus. 

5.2.15. Statistical analysis 

All data are expressed as mean ± standard deviation (SD). Differences between the values 

were assessed using Student’s paired t-test. 

5.3. Results and discussion 

5.3.1. Rheological characterization 

Fibrin gels are formed from fibrinogen, which is composed of two sets of three 

polypeptides chains joined together by disulfide bridges [4, 33]. Cleavage of fibrinogen 

segments, known as fibrinopeptide A and B, by thrombin converts fibrinogen to fibrin 

monomer. The monomers polymerize to form fibrin protofibrils, which not only grow in 
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length but also undergo lateral associations to form fibrin fibers. Lateral association and 

branching of fibrin protofibrils give rise to a fibrin gel/clot [33]. The compositions of the 

fibrin gels and IPN hydrogels used in this study are shown in Table 5-1. The final 

concentrations of thrombin and HRP in the gels were 0.31 NIH U/ml and 0.16 U/ml, 

respectively, as these concentrations were found to form gels at a reasonable rate for 

manipulation. 

Table 5-3. Composition and physical properties of fibrin, semi-IPN and IPN hydrogels 

Sample Fibrinogen 
(mg/ml) 

HA-Tyr 
(mg/ml) 

H2O2 
(μM) 

G’ 
(Pa)a Swelling ratiob 

F-6Pa 2.5 0 0 6.0 ± 1.5 73.7 ± 0.5 
F-24Pa 5 0 0 24.2 ± 10.9 64.1 ± 1.0 

Semi-IPN 2.5 2.5 0 5.2 ± 0.3 61.4 ± 3.8 
IPN-5Pa 2.5 2.5 49 4.6 ± 1.3 86.3 ± 1.0 
IPN-31Pa 2.5 2.5 98 30.9 ± 6.5 71.6 ± 0.2 
IPN-78Pa 2.5 2.5 147 77.6 ± 3.7 65.4 ± 1.3 
IPN-55Pa 2.5 2.5 392 54.5 ± 6.5 67.9 ± 2.4 

an = 3-5 (mean ± SD).  
bn = 2-3 (mean ± SD).  

Fig. 5-2 shows the development of the G’ values of the fibrin gel, HA-Tyr hydrogel and 

IPN hydrogel composed of fibrin and HA-Tyr networks. The formation of fibrin networks 

started immediately after the addition of thrombin, as shown by the rapid increase in G’. On 

the other hand, the HA-Tyr hydrogel exhibited negligible change in G’ initially, but it 

increased rapidly at around the sixth minute; the rate of increase exceeded that of the fibrin 

gel, as shown by the steeper slope. Due to the differential onset of the change in G’ for the 

fibrin and HA-Tyr networks a two-phase increase was observed for the fibrin-HA-Tyr IPN 

hydrogel. The first phase of increase was attributed primarily to the formation of the fibrin 

network, while the second phase was due to the formation of both fibrin and HA-Tyr 

networks. 
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Fig. 5-16. Development of G’ of the fibrin gel (2.5 mg/ml) (□), HA-Tyr hydrogel (2.5 mg/ml) (∆) and fibrin-

HA-Tyr IPN hydrogel (2.5 mg/ml each) (○). Both the HA-Tyr hydrogels and IPN hydrogels were formed 

with 98 μM of H2O2. The thrombin and HRP concentrations were 0.31 NIH U/ml and 0.16 U/ml, 

respectively. 

After polymerization for 1h, the G’ of fibrin gel formed with 5 mg/ml fibrinogen was 

greater than that of 2.5 mg/ml (Table 5-1). When HA-Tyr conjugates were added during the 

polymerization of fibrin gel in the absence of H2O2, a semi-interpenetrating network (semi-

IPN) was formed and the G’ remained low. When H2O2 was added to crosslink the HA-Tyr 

conjugates, IPN hydrogels were formed, and G’ increased with increasing H2O2 concentration. 

H2O2 is an oxidant in the HRP-mediated coupling of tyramine moieties, hence, an increase in 

H2O2 concentration would increase the crosslink density of the HA-Tyr network (Table 5-2) 

[31, 34]. As a result of the increase in crosslink density, the swelling ratio of IPN hydrogels 

declined with increasing H2O2 concentration. However, a decrease in G’ was observed when 

the H2O2 concentration was increased to 392 μM. This was attributed to excess H2O2 which 

adversely affected the activity of HRP [35]. Based on the G’ values the fibrin gels formed 

with 2.5 and 5 mg/ml fibrinogen were termed F-6 Pa and F-24 Pa, respectively. Fibrin-HA-

Tyr IPN hydrogels formed with H2O2 concentrations of 49, 98 and 147 μM were termed IPN-

5 Pa, IPN-31 Pa and IPN-78 Pa, respectively. 

Table 5-4. Physical properties of HA-Tyr hydrogels in PBS 

Sample H2O2  
(μM) QM

a Qv
 Mc 

(106 g/mol) 
νe 

(10-7 mol/cm3) 
ξ 

(nm) 
HA-Tyr1 49 96.4 ± 9.4 118.3 2.33 5.27 1311 
HA-Tyr2 98 69.5 ± 0.8 85.2 1.35 9.09 895 
HA-Tyr3 147 62.8 ± 1.2 76.9 1.14 10.78 794 

an = 2-3 (mean ± SD).  
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5.3.2. Effects of HA-Tyr network formation on the structure of fibrin network 

Studies have shown that the turbidity of fibrin gels corresponds to the fibrin fiber 

thickness, i.e. turbid gels are made of thick fibrin fibers and contain large pores while clear 

gels have thin fibers and small pores [29, 36, 37]. To gain an insight into the structure of the 

fibrin network, the turbidities of the fibrin gels and IPN hydrogels were compared by 

determining the absorbance at 500 nm, at which the HA-Tyr network would not absorb (Fig. 

5-3A). The absorbance of the fibrin gel increased with increasing fibrinogen concentration. 

When HA-Tyr conjugates were added during the polymerization of fibrinogen the absorbance 

of the resulting semi-IPN was greater than that of the fibrin gel formed with the same 

concentration of fibrinogen (F-6 Pa). The increase in absorbance in the presence of HA-Tyr 

conjugates suggested an increase in fibrin fiber thickness. Indeed, previous studies have 

shown that HA increased the fibrin fiber thickness, resulting in turbid gels with large pores 

[29, 36, 37]. Thickening of the fibrin fiber by HA is thought to be caused by non-specific 

volume exclusion effects or a direct interaction between HA and fibrin that leads to increased 

association between fibrin protofibrils [36]. It was shown previously that fibrin gels composed 

of thick fibers promote the migration of endothelial cells, however, the cells migrated as 

single cells, which resulted in decreased intercellular adhesion and formation of capillaries 

[29]. Hence, fibrin scaffolds with thick fibers might not be suitable for the purpose of 

vascularization. Interestingly, when the HA-Tyr conjugates were crosslinked by addition of 

HRP and H2O2, the absorbance of the IPN hydrogels decreased to lower than that of the fibrin 

gel alone. A slight decrease in absorbance was observed with increasing H2O2 concentration, 

i.e. increasing crosslink density of the HA-Tyr network. These results suggested that 

crosslinking HA-Tyr conjugates hinders the lateral association of fibrin protofibrils, forming 

thin fibrin fibers. 
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Fig.  5-17. Fibrin structure in IPN hydrogels. (A) Turbidity of fibrin gel, fibrin-HA-Tyr semi-IPN and IPN 

hydrogels as determined by absorbance at 500 nm (n = 2). (B) Confocal laser scanning microscopy of the 

fibrin gel and IPN hydrogels containing fluorescent-labeled fibrinogen. The images were shown using a 

rainbow palette to highlight the differences in fluorescence intensity. Blue pixels have zero fluorescence 

intensity and red pixels have the strongest intensity. Scale bar 20 μm. 

To confirm that formation of a HA-Tyr network prevents lateral association of fibrin 

protofibrils, fluorescently labeled fibrinogen was included during gel formation and the fibrin 

networks were visualized by confocal laser scanning microscopy (Fig. 5-3B). The images are 

shown with a rainbow palette; blue pixels represent zero fluorescence intensity while red 

pixels have the strongest intensity. An interconnected network of non-blue pixels 

(fluorescence) containing blue holes (no fluorescence) was observed for the fibrin gel (F-6 Pa), 

indicating the formation of a fibrin network with pores. In contrast, formation of fibrin-HA-

Tyr IPN hydrogels decreased the size of the pores, indicating a shorter distance between 

adjacent fibrin fibers. The boundary of pores also became less defined as the G’ value of the 

IPN hydrogel increased. The results demonstrate that crosslinked HA-Tyr networks hinder the 

lateral associations of fibrin protofibrils, forming thin fibrin fibers (i.e. a fibrin network with 
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small pores). The thin fibers reduced light deflection; hence IPN hydrogels appeared less 

turbid than fibrin gels. 

5.3.3. Degradation of IPN hydrogels by plasmin 

To determine whether IPN hydrogels could better maintain the shape of a scaffold in the 

presence of proteases, fibrin gels and IPN hydrogels were incubated with plasmin. Fibrin gels 

were rapidly degraded by plasmin while IPN-5 Pa was dissolved after 5 h incubation, 

indicating that the HA-Tyr network present in IPN-5 Pa was too weak to provide structural 

support (Table 5-3). In contrast, the diameters of IPN-31 Pa and IPN-78 Pa did not decrease 

and even showed a slight increase. The dried mass of plasmin-challenged IPN-31 Pa and IPN-

78 Pa corresponded to the theoretical mass of HA-Tyr conjugates used to form the IPN 

hydrogels (0.5 mg), suggesting that the remaining gels consisted mainly of HA-Tyr network. 

The results indicate that proteolytic degradation of the fibrin network would not affect the 

geometry of IPN-31 Pa and IPN-78 Pa, as the HA-Tyr networks could provide structural 

support. 

Table 5-5. Degradation of fibrin gels and IPN hydrogels by plasmin 

Sample Time taken to 
degrade (h) 

Diameter remaining 
(%)a 

Mass remaining 
(mg)b 

F-6Pa 2.5 0 0 
F-24Pa 3.5 0 0 

IPN-5Pa 5.0 0 0 
IPN-31Pa - 112.1 ± 5.2 0.49 ± 0.13 
IPN-78Pa - 106.1 ± 5.2 0.53 ± 0.04 

aRemaining diameters are expressed as percentages of the initial diameters (n = 3, mean ± SD). bRemaining mass 
of degraded gels after lyophilization. The theoretical initial mass of HA-Tyr conjugates used to form the IPN 
hydrogels was 0.5 mg per gel (n = 3, mean ± SD). 

5.3.4. Viability and spreading of cells in fibrin gels and IPN hydrogels 

HA is known to have poor cell adhesive properties. Attachment and spreading of cells on 

or within HA hydrogels can be improved by incorporating cell-adhesive agents such as the 

RGD peptide [38, 39], fibronectin [40] or collagen [41] in the matrices. Fibrin-HA-Tyr IPN 

hydrogels demonstrated good cell adhesion as fibrinogen contains an endogenous RGD 

sequence [33] (Fig. 5-4). Furthermore, fibroblasts remained viable when embedded in the 

fibrin gels and IPN hydrogels (Fig. 5-5). Very few dead cells were observed and there was no 

notable difference in cell viability between the fibrin gels and IPN hydrogels with different G’ 
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values immediately after gel formation and after 4 days culture (Fig. 5-5). The results 

indicated that IPN formation does not affect cell viability. 

 

Fig. 5-18. Adhesion of human dermal fibroblasts on fibrin gels and fibrin-HA-Tyr IPN hydrogels of 

different G’. Fibroblasts were able to adhere and spread on the surfaces of IPN hydrogels after 24 

incubation in serum free medium. Cells adopted a dendritic morphology on the soft matrices of F-6Pa and 

IPN-5Pa. A mixture of both dendritic and elongated morphology was observed on F-24Pa. On stiffer 

matrices, i.e., IPN-31Pa and IPN-78Pa, all cells showed elongated morphology. Scale bar = 100 μm. 

 

Fig. 5-19. Live/dead staining of fibroblasts embedded within fibrin gels and IPN hydrogels immediately 

after gel formation (first row) and after 4 days culture (second row). The live cells were stained green 

while the dead cells were stained red. Scale bar 100 μm. 

However, it was observed that the number of cells that retained a spherical morphology 

after 4 days increased with increasing G’ value of the IPN hydrogels. In a 3-D environment 

the matrix surrounding a cell needs to be either displaced or degraded in order to create a 

space into which to spread [39]. An increase in the crosslink density of the HA-Tyr network 

in IPN hydrogels would form a more rigid surrounding matrix, making it harder for the cells 

to spread. Furthermore, the crosslinked HA-Tyr networks resulted in fibrin networks 

containing small pores (Fig. 5-3), which would require greater cell-derived proteolytic activity 

to degrade the surrounding matrix. Consequently, the increase in crosslink density of the HA-

Tyr network, together with the decrease in pore size of the fibrin network, resulted in a more 

rigid matrix that impeded matrix remodeling and cell spreading. 
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5.3.5. Contraction of fibrin gels and IPN hydrogels and cell proliferation 

Fibrin gels are known to rapidly contract on contact with cells [5, 6]. Over-contraction can 

be problematical for applications that require specific dimensions, such as tissue engineered 

heart valves [5, 13]. To evaluate the resistance to cell-induced contraction, fibrin gels and IPN 

hydrogels were embedded with fibroblasts and maintained in a floating culture system. On 

selected days the culture medium was removed and the gel diameters were measured (Fig. 5-

6A). F-6 Pa and F-24 Pa contracted to 35% and 65% of the initial diameter within 1 day, after 

which contraction continued, albeit at a slower rate. IPN-5 Pa swelled after 1 day due to 

hydration of the HA-Tyr networks, after which it contracted slowly, retaining 85% of its 

initial diameter on day 7. No contraction was observed for either IPN-31 Pa or IPN-78 Pa, and 

they retained a hemispherical geometry after 7 days culture (Fig. 5-6B). When comparing 

fibrin gels and IPN hydrogels with similar G’ values, i.e. F-6 Pa with IPN-5 Pa and F-24 Pa 

with IPN-31 Pa, IPN hydrogels were more resistant to contraction compared with fibrin gels. 

When comparing IPN hydrogels with different G’ values, those with higher G’ values showed 

reduced rates of contraction. The results indicate that the formation of IPN hydrogels could 

inhibit fibrin gel contraction in the presence of fibroblasts. Similar findings have been 

reported for collagen gels by Mehra et al. [26]. In the study, thiol-functionalized HA 

derivatives (HA-DTPH) were added to collagen gels and crosslinked with polyethylene glycol 

diacrylate (PEGDA). The resulting collagen–HA–DTPH–PEGDA gels significantly inhibited 

fibroblast-mediated contraction and the extent of contraction decreased with increasing 

crosslink density of the HA network. 
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Fig. 5-20. Floating culture of hydrogels containing fibroblasts. (A) Gel contraction by cells expressed as 

percentages of initial gel diameter for F-6Pa (■), F-24Pa (●), IPN-5Pa (∆), IPN-31Pa (∇) and IPN-78Pa (◊). 

(B) Photographs of the gels after culture for 7 days. (C) Corresponding proliferation of fibroblasts as 

measured by DNA quantification (n = 3).    

The contracted gels were collected and sequentially degraded with hyaluronidase and 

plasmin to recover the cells. Fig. 5-6C shows the total cell number based on DNA 

quantification using the PicoGreen assay. After 1 day culture, both F-6 Pa and F-24 Pa 

showed a decrease in cell number, which could be due to cells falling out of the 

contracted/degraded gel matrix. After 7 days the cell number in F-6 Pa remained lower than 

day 0 but similar to day 1, indicating little or no cell growth. For F-24 Pa, although the cell 

number was higher on day 7 than day 1, the increase was small which suggested a slow rate of 

cell growth. The observation that contraction of fibrin gels inhibited cell growth has been 
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previously reported, and was also shown in contracted collagen, as well as interpenetrating 

collagen–fibrin matrices [7]. Based on previous studies with collagen gels, the decreased cell 

growth in contracted gels was due to the lack of tension generated within floating gel matrices 

in response to cell contractile forces. This resulted in fibroblasts with a stellate morphology, 

which not only became quiescent but might also undergo apoptosis due to changes in integrin 

engagement [42, 43]. 

In contrast, by maintaining the structure of the scaffold, IPN hydrogels retained the cells 

within the matrix and no decrease in cell number was observed after 1 day. The rate of cell 

proliferation in IPN hydrogels decreased as the value of G’ increased. On day 7, the number 

of cells in IPN-5 Pa and IPN-31 Pa had increased by 4 and 2 times, respectively. The cell 

number remained unchanged for IPN-78 Pa. It was observed that an increase in the G’ value 

of the IPN hydrogels prevented the embedded cells from spreading (Fig. 5-5); hence it is not 

surprising that cell proliferation would likewise be affected. The decrease in cell proliferation 

with increasing G’ was attributed to the increase in crosslink density of the HA-Tyr network. 

Based on the gel contraction and cell proliferation studies, it was concluded that IPN-31 Pa 

was the best candidate to maintain the scaffold shape when embedded with cells (seeding 

density 1 × 105 cells/ml), while at the same time allowing the cells to proliferate. 

5.3.6. Angiogenic sprouting and capillary tube formation in IPN hydrogels 

Vascularization of engineered tissues is crucial in ensuring the survival and function of a 

tissue construct after transplantation. In vitro prevascularization, i.e. formation of a capillary 

network within the tissue construct before transplantation, is one of the most promising 

strategies to achieve rapid blood infusion via anastomosis with the host vasculature [44]. To 

examine the ability of IPN hydrogels to support capillary formation in vitro Cytodex 

microcarriers coated with HUVECs were embedded in IPN hydrogels and the invasion of 

cells into the surrounding matrices were observed (Fig. 5-7). Human dermal fibroblasts, 

which provide pro-angiogenic factors, were co-cultured within the IPN hydrogels to minimize 

the change in diffusive transport due to the different matrix rigidity [45]. Only IPN-31 Pa and 

IPN-78 Pa were included in the study, as they demonstrated shape stability when challenged 

by plasmin or embedded with cells. 

Invasion of the gel matrices by HUVECs was observed on day 2 for both IPN hydrogels 

(Fig. 5-7A and B). By day 7, the capillary sprouts developed into vessels with lumens, 
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indicating that the IPN hydrogels could promote capillary tube formation (Fig. 5-7C and D). 

Immunostaining with CD 31 antibodies confirmed that these vessels were composed of 

endothelial cells rather than fibroblasts (Fig. 5-7E and F). A more extensive network of 

capillaries was observed in IPN-31 Pa compared to IPN-78 Pa. The number of vessels formed 

per bead, the average length and width of the vessels were significantly greater in IPN-31 Pa 

compared to IPN-78 Pa (Table 5-4). 

 

Fig. 5-21. HUVEC vessel formation in IPN hydrogels. Representative images of beads coated with 

HUVECs and embedded in IPN-31Pa (A, C, and E) and IPN-78 Pa (B, D, and F). (A and B) Sprouts 

appeared on day 2 for both IPN hydrogels (arrows). (C and D) Vessels with lumens were observed on day 

7. (E and F) Immunostaining of CD31 on day 7. Scale bar 100 μm. 

Table 5-6. Quantification of vessel morphology 

Sample Vessels per beada Vessel length (μm)b Vessel width (μm)c 

IPN-31Pa 7.7 ± 2.5d 104.9 ± 13.3e 6.89 ± 1.7d 

IPN-78Pa 5.3 ± 1.1 68.3 ± 16.5 5.42 ± 1.0 
aTotal of 10 beads were counted per sample. bVessel length was determined by dividing the total vessel length 
with the number of vessels for each bead. 10 beads were measured. cVessel width was the width at the mid point 
of the longitudinal length of the vessel. dIndicates that the value is significantly greater than IPN-78Pa (p < 0.05). 
eIndicates that the value is significantly greater than IPN-78Pa (p < 0.01). 
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Although fibrin gels exhibit the unique ability to induce capillary network formation by 

endothelial cells [46, 47], the size of the vascularized fibrin gel shrank dramatically over time 

due to poor mechanical properties [15]. Moreover, it has been reported that tubular structures 

formed by microvascular endothelial cells in turbid and porous fibrin gels disintegrated after 

prolonged incubation due to extensive degradation of the fibrin gel [48]. In the present study 

the fibrin-HA-Tyr IPN hydrogels showed improved shape stability in the presence of cells, 

and were able to maintain the structure of the scaffold even when the fibrin networks were 

fully degraded. Hence, fibrin-HA-Tyr IPN hydrogels are a promising alternative for the 

formation of geometrically stable and vascularized tissue constructs. 

5.4. Conclusions 

IPN hydrogels consisting of fibrin and HA-Tyr networks were formed for the purpose of 

improving the mechanical properties of fibrin gels while retaining the ability to promote cell 

proliferation and capillary tube formation. The simultaneous formation of fibrin and HA-Tyr 

networks resulted in fibrin-HA-Tyr IPN hydrogels. It was found that the formation of HA-Tyr 

networks prevented lateral association of fibrin protofibrils, resulting in fibrin networks with 

smaller pores compared to fibrin only gels. By tuning the amount of H2O2 added, which 

controlled the crosslink density of the HA-Tyr network, IPN hydrogels with different G’ 

values were obtained. These IPN hydrogels demonstrated improved structural stability in the 

presence of plasmin and cell-contractile forces. The formation of IPN hydrogels did not affect 

the viability of the embedded cells, but cell proliferation and capillary tube formation were 

found to decrease with increasing G’ value of the IPN hydrogels. 
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6.1. Introduction 

Hydrogels are suitable materials for the encapsulation of cells because the aqueous three-

dimensional (3D) matrices permit the efficient exchange of nutrients and metabolites, which 

in turn promote the survival and proliferation of encapsulated cells. Moreover, hydrogels are 

also capable of presenting biological signals in the form of bioactive peptides grafted onto the 

gel networks, which recapitulate the extracellular matrix (ECM) of the tissue to be 

regenerated, and/or stimulate the encapsulated cells with specific biological cues. There are 

two main approaches to introduce bioactive peptides into a hydrogel network. The first is a 

step-wise approach in which the peptide is first conjugated to the gel precursors; then the 

peptide-polymer conjugates are crosslinked to form a hydrogel [1]. In the second approach, 

peptides containing reactive functional groups are designed for in situ conjugation into the 

hydrogel network during the crosslinking process [2-4]. For instance, exogenous bioactive 

peptides have been incorporated into fibrin gel in situ during the coagulation process by 

Factor XIIIa [3]. The exogenous peptides contained two different domains, a bioactive 

sequence of interest in one domain and a substrate for Factor XIIIa in the other domain. More 

recently, the HRP-mediated coupling of phenols has also been utilized for the in situ 

conjugation of bioactive peptides into a hydrogel network. Park et al. demonstrated the 

conjugation of an endothelial cell binding peptide, Ser-Val-Val-Tyr-Gly-Leu-Arg, into 

gelatin-PEG-tyramine (GPT) hydrogels by the enzymatic activity of HRP [5]. In the design of 

the endothelial cell binding peptide, a tyrosine residue was inserted at the terminus, which 

facilitated the coupling with tyramine moieties of GPT during the HRP-mediated crosslinking 

reaction.  

In this chapter, a cell-adhesive peptide was designed for in situ conjugation into 

hyaluronic acid-tyramine (HA-Tyr) hydrogels during the HRP-mediated crosslinking reaction. 

HA is known to resist cell adhesion, which limited the use of HA-based hydrogels for tissue 

engineering applications. Several methods have been developed to endow HA hydrogels with 

cell-adhesive property, including physical incorporation of collagen [6] and fibrin [7] to form 

interpenetrating hydrogel networks, and chemical conjugation of fibronectin [8] and Arg-Gly-

Asp (RGD) peptide [2, 9, 10] into the HA network. Among the different approaches, the use 

of RGD peptides is particularly attractive as RGD is a cell adhesion ligand that not only 

promotes integrin-mediated cell adhesion but also enhances endothelial cell migration and 

angiogenesis [1, 11, 12]. Herein, a RGD peptide bearing two phenol moieties (Ph2-PEG-RGD) 

was synthesized for the conjugation to HA-Tyr hydrogels to promote cell adhesion and 
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vascularization of the hydrogels (Fig. 6-1). Ph2-PEG-RGD was shown to conjugate into HA-

Tyr hydrogels during the crosslinking reaction mediated by HRP. The RGD-modified 

hydrogels (HA-Tyr-RGD) were characterized in terms of rheology and water uptake, and cell 

adhesion, proliferation and migration. In addition, the formation of capillary-like networks by 

human umbilical vein endothelial cells (HUVEC) within the modified and unmodified 

hydrogels was examined in vitro. Furthermore, cell-laden hydrogels were injected into the 

subcutaneous environment of mice to investigate whether functional vasculatures could be 

formed in the hydrogels in vivo.  

 

Fig. 6-1. Ph2-PEG-RGD was conjugated simultaneously onto HA-Tyr during in situ gel formation via the 

enzymatic oxidation reaction of HRP and H2O2. Cell could be embedded into the hydrogels to promote 

vascularization for tissue engineering applications.  

6.2. Materials and methods 

6.2.1. Materials  

Type I collagenase (246 U/mg) and Triton X-100 were purchased from Sigma-Aldrich. 

Dulbecco's modified Eagle medium (DMEM), fetal bovine serum (FBS), penicillin-

streptomycin, Quant-iT™ PicoGreen ® dsDNA Reagent and Kits and CellTracker Green 
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CMFDA were provided by Life Technologies (Singapore). Actin cytoskeleton and focal 

adhesion staining kit containing vinculin monoclonal antibody, TRITC-conjugated phalloidin 

and 4’,6-diamidino-2-phenylindole (DAPI) and human nuclei antibody (MAB 1281) were 

provided by Millipore (Singapore). Mouse monoclonal anti-CD31 antibody (ab9498) was 

obtained from Abcam. Anti-mouse HRP-DAB Cell & Tissue Staining Cell was purchased 

from R&D systems (USA). Pierce™ BCA protein assay kit was obtained from Thermo 

Scientific (Singapore). HA-Tyr conjugates were synthesized as described in Chapter 2. The 

DS was calculated from 1H NMR measurement and found to be 5. 

6.2.2. Synthesis of (S)-2,6-bis(3-(4-hydroxyphenyl)propanamido)hexanamide (Ph2-K) 

(S)-2,6-bis(3-(4-hydroxyphenyl)propanamido)hexanamide (Ph2-K) was synthesized by 

using an automatic synthesizer Titan 357 (AAPPTEC). Fifty mg of ChemMatrix® resins (0.48 

mmol/g) were swelled in N-methyl-2-pyrrolidone (NMP, 1 ml) for 5 min in a Reaction Vessel 

(RV). With the liquid drained, 20% piperidine in NMP (1 ml, v/v) was added and the RV was 

vortexed for 2 min. The liquid was drained and a fresh solution of 20% piperidine in NMP (1 

ml, v/v) was added and the RV was vortexed for another 10 min. The resulting beads were 

thoroughly washed by NMP (1 ml x 2), methanol (1 ml x 2) and dichloromethane (DCM, 1 

ml × 2), successively. With the resulting resins swelled with NMP (1 ml) for 15 min, Fmoc-

K(Mtt)-OH (2.5 equiv, 0.2 M solution in NMP) was added to the RV, as well as N,N,N′,N′-

tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate (TBTU, 2.5 equiv, 0.2 M solution 

in NMP) and diisopropylethylamine (DIEA, 5.0 equiv, 0.5 M in NMP). The resulting mixture 

was vortexed for 45 min. With the liquid drained, the resulting beads were thoroughly washed 

by NMP (1 ml × 3). The coupling step was repeated for the coupling of 3-(4-

hydroxyphenyl)propionic acid (HPA). Then, selective deprotection of 4-methyltrityl (Mtt) 

group was performed by reaction with 2 ml of trifluoroacetic acid (TFA)/triisopropylsilane 

(TIS)/DCM (3/3/94) for 2 min, 5 min and 30 min successively, using a fresh aliquot each time. 

Finally, another group of HPA was coupled to the exposed amine group at the residue of K. 

The resins were washed by NMP (1 ml × 3) and transferred in a 4 ml reactor equipped with a 

filter, using DCM (2 ml × 3). After the resins were dried under reduced pressure for 2 h, the 

peptide was cleaved in a cleavage cocktail of TFA-water-TIS (1.5 ml, 94/3/3, v/v) for 2 h on a 

180-degree shaker, while all the acid-labile protective groups in the residues were also 

detached. The solution was collected and concentrated in a continuous flow of nitrogen and 

the crude peptides were precipitated in diethylether. The resulting white solid was then 

purified to >98% in purity by a preparative HPLC (Gilson) on a C18 reversed phase 
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preparative column (Kromasil®, 21.2 mm x 250 mm) using water and acetonitrile with 0.1% 

trifluoroacetic acid as the mobile phase. The purified peptides showed >98% purity in high-

performance liquid chromatography (HPLC). Electrospray ionization mass spectrometry 

(ESI-MS) of the purified product gave peaks at m/z 442.3 for [M+H]+ 

6.2.3. Synthesis and characterization of Ph2-PEG-RGD 

Fifty mg of ChemMatrix® resins (0.48 mmol/g) was prepared following the steps 

described above. After the resins were swelled with NMP (1 ml) for 15 min, Fmoc-D-(OtBu)-

OH (2.5 equiv, 0.2 M solution in NMP) was added to the RV, as well as N,N,N’,N’-

tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate (TBTU, 2.5 equiv, 0.2 M solution 

in NMP) and N,N-diisopropylethylamine (DIEA, 5.0 equiv, 0.5 M in NMP). The resulting 

mixture was vortexed for 45 min. With the liquid drained, the resulting beads were thoroughly 

washed by NMP (1 ml × 3). The coupling step was repeated until the desired structure 

attained on beads, i.e., HPA-K(Mtt)-PEG2(13atm)-R(Pbf)-G-D(OtBu). Selective deprotection 

of 4-methyltrityl (Mtt) group was performed as described above and another group of HPA 

was coupled to the exposed amine group at the residue of K. The resins were washed by NMP, 

dried under reduced pressure and cleaved using TFA-water-TIS following the same method as 

described above. The solution was collected and concentrated in a continuous flow of 

nitrogen and the crude peptides were precipitated in diethylether. The resulting white solid 

was then purified to >98% in purity by a preparative HPLC. The absorbance of Ph2-PEG-

RGD (0.1 mM) was measured at 276 nm using a UV–visible spectrophotometer (U-2810, 

Hitachi, Japan) and was compared to that of HPA (0.1 mM).  

6.2.4. Formation and rheological properties of hydrogels 

HA-Tyr conjugates (final concentration: 1% (w/v)) were dissolved in PBS and mixed with 

HPA, Ph2-K or Ph2-PEG-RGD (final concentrations: 0.1, 0.2 or 0.3 mM). Then, 1.5 µl of 

HRP was added to 250 µl of the mixture solution (final concentration: 0.15 U/ml) and 

crosslinking was initiated by adding 1.5 µl of H2O2 solution (final concentration: 0.43 mM). 

Rheological measurements were performed with a HAAKE Rheoscope 1 rheometer 

(Karlsruhe, Germany) as described in Chapter 3 using a cone and plate geometry of 3.5 cm 

diameter and 1.029 cone angle. The measurement parameters were determined to be within 

the linear viscoelastic region in preliminary experiments. 
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6.2.5. Conjugation efficiency of HPA, Ph2-K and Ph2-PEG-RGD and water uptake of 

the resulting hydrogels 

To determine the amount of HPA or Ph2-K conjugated into the HA-Tyr network, the 

hydrogels were immersed in PBS overnight to allow the unconjugated phenolic compounds to 

diffuse out. Then UV absorbance of the PBS solution at 274 nm was recorded and the amount 

of Ph2-K or HPA leached out from the hydrogel was calculated based on a standard curve of 

HPA. To determine the percentage of Ph2-PEG-RGD conjugated into the hydrogel network, 

the hydrogels were immersed in PBS overnight and the amount of unconjugated Ph2-PEG-

RGD which had diffused out of the hydrogel into the PBS solution was measured by 

bicinchoninic acid (BCA) assay. For water uptake study, hydrogels were swollen in PBS for 

24 h. The swollen disks were then gently blotted dry with Kimwipe and weighed. Water 

uptake was calculated from the equation W=(Ms-Md)/Md, where Ms is the weight of the 

hydrogel in swollen state, and Md is the dry weight of the hydrogel after lyophilization. 

6.2.6. Cell culture 

Human umbilical vein endothelial cells (HUVECs) and endothelial growth medium 

(EGM-2) BulletKit were purchased from Lonza Bioscience Singapore. Human foreskin 

fibroblast (HFF-1) cells were obtained from ATCC (USA). HUVECs were maintained in 

EGM-2 BulletKit while fibroblasts were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 15% FBS and 1% penicillin/streptomycin. Both cell types were 

cultured in T75 tissue culture flasks and incubated at 37 °C in a 5% CO2 atmosphere. The 

media was changed every 2–3 days and the cells were subcultured at 80% confluency. 

Fibroblasts and HUVECs with passages number below 8 were used in this study. 

6.2.7. Cell attachment and proliferation on hydrogel surface (2D) 

For in vitro and in vivo studies, HA-Tyr, Ph2-PEG-RGD, HRP and H2O2 solutions were 

filtered through 0.2 µm syringe filters. To culture cells on the surface of hydrogels, the 

hydrogels were prepared in a 24 well-plate as described above and incubated for 4 h after the 

addition of HRP and H2O2. Then 250 µl of HUVEC (1 × 105 cells/ml) in complete growth 

medium was added on the hydrogels. HA-Tyr hydrogel without RGD conjugation was 

prepared to serve as a comparison. The culture medium was changed every 2-3 days. To 

visualize the focal adhesion and actin cytoskeleton, the cells were cultured for 2 days before 

fixing with 4% formaldehyde solution at room temperature for 20 min. After washing, the 
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cells were permeabilized using 0.5% Triton X-100 in PBS solution at room temperature for 5 

min then blocked in 0.05% Triton X-100 containing 1% bovine serum albumin at room 

temperature for 1 h. The samples were then incubated with anti-vinculin in blocking buffer 

solution at 4 °C overnight. After washing, the cells were incubated with the FITC-conjugated 

secondary antibody in the dark for 30 min. For double labeling, TRITC-conjugated phalloidin 

was incubated simultaneously with the secondary antibody. The cell nuclei were stained with 

DAPI (5 mg/ml stock solution diluted 1:15,000 in water). Confocal images were taken with a 

confocal laser scanning microscopy (Olympus FV300, Japan). For each sample, five regions 

of the hydrogel surface were randomly selected and the cell spreading area was estimated by 

ImagePro-Plus software. 

To examine the effect of RGD conjugation on cell proliferation, the cells attached to the 

hydrogel surfaces were harvested by incubation overnight at 37 °C with 200 µl of 

hyaluronidase solution (50 U/ml). The amount of DNA was quantified by PicoGreen dsDNA 

reagent according to the manufacturer’s protocol. Briefly, cell pellets were lysed by a freeze-

thaw cycle in 200 µl of DNA-free lysis buffer. Samples were then incubated with 200 μl of 

PicoGreen working solution and the fluorescence intensity was measured (λex = 480 nm and 

λem = 520 nm). Four replicates were performed for each sample and the number of cells in the 

sample was determined by comparing the fluorescence intensity to a set of standards of 

known cell concentrations. 

6.2.8. Cell migration, proliferation, capillary network formation within the hydrogel 

(3D) 

To access the migration of HUVEC in the hydrogels, HUVECs were pre-labeled with 

CellTracker Green CMFDA at 25 µM for 30 min. Then the cells were embedded (final cell 

density: 4 × 106 cells/ml) in hydrogels (final concentration of HA-Tyr: 1% (w/v)) with or 

without Ph2-PEG-RGD (final concentration: 0.1 or 0.2 mM). The hydrogels were prepared on 

the apical side of FuoroBlok inserts. EGM-2 medium with fresh VEGF and FGF (2 ng/ml) 

were added to lower chamber to act as chemoattractants and replaced every 24 h. EGM-2 

medium without growth factors was added to the inserts on top of the cell-laden hydrogels. At 

predetermined time intervals, fluorescence intensity on the basal side was measured using a 

microplate reader in bottom-reading mode (λex = 492 nm and λem = 517 nm). The 

fluorescence intensity relative to 0 h for each sample was recorded. The experiments were 
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performed in four replicates. The morphology of fluorescently labeled cells was accessed 

using a fluorescence microscope (Olympus, Japan).  

To determine the effect of RGD conjugation on HUVEC proliferation within the 

hydrogels, cell-laden hydrogels were prepared as described above. The culture medium was 

exchanged every 2-3 days. On selected days, the hydrogels were degraded by hyaluronidase 

and the cell number was determined by DNA quantification assay as described previously.  

To determine the effects of RGD conjugation on vascular network formation within the 

hydrogels, both mono and co-culture of HUVECs and HFF-1 were examined. For 

monoculture, only HUVECs were embedded within the hydrogels (final cell density: 4 × 106 

cells/ml). Two modes of co-culture were prepared, in the first mode, HUVECs were 

embedded within the hydrogel (4 × 106 cells/ml) while HFF-1 were seeded on top of the 

hydrogel (2D HFF-1/3D HUVEC); in the second mode, both HUVECs and HFF-1 (1:1) were 

embedded within the hydrogel (mixed co-culture, final cell density: 4 × 106 cells/ml). On 

selected days, the hydrogels were fixed and stained with FITC-conjugated secondary antibody 

against CD31 antibody. Confocal images were taken with a confocal laser scanning 

microscopy and the average length of the capillary-like network was measured. 

6.2.9. Formation of functional human vasculature in HA-Tyr-RGD hydrogels in vivo 

Nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice (Biological 

Resource Center (BRC) in Biopolis, Singapore) aged 6-8 weeks were used for this study. The 

cell-laden hydrogel was prepared as described above with slight modifications. Briefly, 

HUVEC and HFF-1 (1:1) were mixed with HA-Tyr or HA-Tyr-RGD hydrogel precursor 

solution at a final cell density of 1×106 cells/ml in a volume of 250 µl. Immediately before 

injection, predetermined amount of HRP and H2O2 was added to the precursor solution and 

then one hundred μl of the solution was injected subcutaneously through a 22-gauge needle 

into the backs of mice. On day 14 after the injection, 100 µl of rhodamine-dextran solution 

(1.5% (w/v)) was injected into the mice via the tail vein to illuminate the newly formed 

vessels in the hydrogels. The hydrogels were then harvested and photographed. Next, the 

hydrogels were fixed with 4% paraformaldehyde for 24 h at 4 °C and then immersed in 30% 

sucrose solution overnight. Next day, the samples were embedded in OCT cryostat 

embedding medium (Tissue-Tek®, Sakura Finetek, USA). Cryostat sections were collected on 

silane-coated slides and stained with hematoxylin and eosin (H&E) or immunohistostained 
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with human nuclei antibody. Chromogenic detection was employed to visualize the stained 

nuclei in brown using HRP-DAB staining kit according to manufacturer’s protocol. The care 

and use of laboratory animals was performed according to the approved protocol of the 

Institutional Animal Care and Use Committee (IACUC) at the BRC in Biopolis, Singapore.  

6.2.10. Statistical analysis 

All data were expressed as mean ± standard deviation (SD). Differences between the 

values were assessed using one-way analysis of variance (ANOVA) test using SigmaStat 

software (Systat Software, Inc.). In this analysis, p < 0.05 was considered statistically 

significant. 

6.3. Results and discussion 

6.3.1. Effects of in situ conjugation of phenol-containing compounds on hydrogel 

formation 

In the study reported by Park et al., an endothelial cell binding sequence that terminated 

with a tyrosine residue (SVVYGLRGGY) was conjugated into gelatin-poly(ethylene glycol)-

tyramine (GPT) hydrogel by the HRP-mediated coupling of the tyrosine residue with the 

tyramine moieties of GPT [5]. Peptide conjugation resulted in the decrease of G’ when the 

feed concentration of the peptide was increased. The decrease in G’ was attributed to the 

consumption of tyramine moieties as the peptides were incorporated into the hydrogel 

network, which reduced the amount of tyramine moieties available for the crosslinking 

reaction. We proposed that a peptide bearing two phenol moieties could potentially act as a 

crosslinker, minimizing the change in G’ of the hydrogel by maintaining the amount of 

phenols available for crosslinking. To test this hypothesis, a model compound composed of a 

lysine residue flanked by two phenols (Ph2-K) was synthesized (Fig. 6-2). The rheology of the 

hydrogels and the conjugation efficiency of Ph2-K into the HA-Tyr hydrogel network were 

studied. 3-(4-Hydroxyphenyl) propionic acid (HPA) (Fig. 6-2), which contains only one 

phenol moiety per molecule, was used as a comparison.  
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Fig. 6-2. Chemical structures of HPA and Ph2-K.  

When HPA was present in the HA-Tyr hydrogel system, the gel point (G’ = G’’) 

increased from 1.5 to 3.4 min as the feed concentration of HPA increased from 0.1 to 0.3 mM 

(Fig. 6-3a), indicating a decrease in gelation rate. Coupling between HPA and the tyramine 

moieties of the HA-Tyr conjugates reduced the number of tyramine moieties available for the 

crosslinking reaction; therefore the overall gelation rate decreased. Furthermore, the G’ of the 

hydrogel decreased with increasing HPA feed concentration (Fig. 6-3b). In contrast, when 

Ph2-K was added to the hydrogel system, the gel point remained below 1.5 min as the feed 

concentration of Ph2-K increased from 0.1 to 0.3 M. The maintenance of gelation rate was 

attributed to the di-phenol structure of Ph2-K. When one of the phenol moieties were coupled 

to HA-Tyr conjugates, the other phenol moiety would be available for crosslinking reaction. 

The G’ of hydrogels decreased with increasing feed concentration of Ph2-K. However, the G’ 

values of Ph2-K-conjugated hydrogels were higher than HPA-conjugated hydrogels at the 

same feed concentration. Water uptake results were in agreement with the G’ values of the 

hydrogels (Fig. 6-3c). Hydrogels conjugated with the HPA had higher water uptake than the 

ones conjugated with Ph2-K at the same feed concentration, indicating that the HPA-

conjugated hydrogels had lower crosslink density. 
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Fig. 6-3. Effects of HPA or Ph2-K feed concentration on (a) gel point, which is defined as the time at which 

the crossover of G’ and G’’ occurred, (b) G’ and (c) water uptake of hydrogels. (d) Conjugation efficiency 

of HPA or Ph2-K with different feed concentrations. All data is expressed as mean ± SD (n = 3). Difference 

between the values were assessed using one-way ANOVA . *p < 0.05 and **p < 0.01. 

Next, we examined the conjugation efficiency, defined as the percentage of the phenolic 

compound incorporated into the hydrogel network, of HPA and Ph2-K. The conjugation 

efficiency decreased from 85% to 65% as the feed concentration of HPA increased from 0.1 

to 0.3 mM (Fig. 6-3c). In contrast, the conjugation efficiency of Ph2-K remained constant at 

85%. The results indicated that Ph2-K was more efficiently conjugated into the hydrogel 

network than HPA, which was likely due to the presence of two phenol moieties. Taken 

together, Ph2-K was more efficiently conjugated into the HA-Tyr hydrogel network by HRP 

than HPA. Hydrogels conjugated with Ph2-K had higher G’ values and a more constant 

gelation rate compared to HPA-conjugated hydrogels. Therefore, a RGD peptide bearing two 

phenol moieties, Ph2-PEG-RGD, was designed for the in situ conjugation into HA-Tyr 

hydrogels.  

6.3.2. Synthesis and characterization of Ph2-PEG-RGD 



Chapter 6 

150 

The molecular structure of Ph2-PEG-RGD is shown in Fig. 6-4a. Its purity was found to 

be >98% as determined by HPLC (Fig. 6-4b). ESI-MS of the purified product showed peaks 

at m/z 487.4 for [1]2+ and 973.5 for [M+H]+, which further confirmed the successful synthesis 

of Ph2-PEG-RGD (Fig. 6-4c). The phenol content of Ph2-PEG-RGD was analyzed by UV-Vis 

absorbance spectroscopy. Between 250 and 280 nm, the absorbance value for Ph2-PEG-RGD 

was approximately doubled to that of HPA at the same molar concentration. For example, at 

276 nm (absorption maxima), the absorbance for Ph2-PEG-RGD was 0.381 compared to 

0.194 for HPA. This indicated that two HPA molecules were successfully inserted into Ph2-

PEG-RGD by amide bond formations between amine groups of lysine (K) residue and 

carboxyl groups of HPA.  

 

Fig. 6-4. Synthesis and characterization of Ph2-PEG-RGD.  (a) Chemical structure, (b, c) LC-MS analysis, 

and (d) UV-VIS spectroscopy of Ph2-PEG-RGD. 
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6.3.3. Formation and characterization of HA-Tyr-RGD hydrogels 

 HA-Tyr-RGD hydrogels consisting of HA-Tyr and Ph2-PEG-RGD were formed via the 

enzymatic coupling of phenol moieties catalyzed by HRP and H2O2 (Fig. 6-1). RGD peptide 

motifs were simultaneously conjugated into the hydrogel network during the gel formation 

process. Hydrogels without Ph2-PEG-RGD, with 0.1 or 0.2 mM feed concentrations of Ph2-

PEG-RGD were abbreviated as HA-Tyr, HA-Tyr-RGD-0.1 and HA-Tyr-RGD-0.2, 

respectively. The conjugation efficiency of Ph2-PEG-RGD was 74 and 71% for HA-Ty-RGD-

0.1 and HA-Tyr-RGD-0.2, respectively (Table 6-1). Similar to the observations made from 

the test compound, Ph2-K, the G’ of the hydrogels decreased, and the water uptake increased, 

when the feed concentration of Ph2-PEG-RGD was increased from 0 to 0.2 mM. The gel point 

of the hydrogels did not change significantly when the RGD feed concentration was increased 

from 0.1 to 0.2 mM. 

Table 6-7. Preparation and characterization of HA-Tyr-RGD hydrogelsa 

Sample 
Ph2-PEG-

RGD 
(mM) 

Conjugation 
efficiency of Ph2-
PEG-RGD (%) 

G’ 
(Pa) 

Gel point 
(min)b 

Water 
uptake 

HA-Tyr 0 - 1215 ± 31 1.6 ± 0.3 51.8 ± 3.4c 

HA-Tyr-RGD-0.1 0.1 74±4 941 ± 152 1.3 ± 0.2 53.8 ± 0.7c 

HA-Tyr-RGD-0.2 0.2 71±3 532 ± 36 1.3 ± 0.1 61.4 ± 1.1 
aAll hydrogels were prepared using 10 mg/ml of HA-Tyr conjugates, 0.15 U/ml of HRP and 0.43 mM of H2O2. 
Measurements were taken with constant deformation of 1% at 1Hz and 37 oC. Results are shown as mean ± SD 
(n = 4). bGel point is defined as the time at which the crossover of storage modulus (G’) and loss modulus (G’’) 
occurred. Herein, it is used as an indicator of the rate of gelation. cp < 0.05 when compared to the value of water 
uptake calculated for HA-Tyr-RGD-0.2 
 

6.3.4. Effect of the RGD conjugation on HUVEC attachment and proliferation on 

hydrogel surfaces 

The effects of Ph2-PEG-RGD conjugation into HA-Tyr hydrogels on cell attachment and 

proliferation were examined. Fig. 6-5a shows the confocal fluorescence images of vinculin 

(green) and F-actin (red) in HUVECs (nuclei in blue) seeded on the hydrogels. The cells on 

HA-Tyr hydrogel were round, indicating that the unmodified gel could not support cell 

adhesion. In contrast, the cells adhered well on the surface of HA-Tyr-RGD hydrogels with a 

spread-out morphology. Moreover, the focal contact and F-actin organization of cells attached 

on HA-Tyr-RGD hydrogels were found to be diffused, which corresponded to previous 

observations of cells attached on soft substrates (G’ = 0.6-2.5 kPa) [13]. 
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Fig. 6-22. Attachment and proliferation of HUVECs on hydrogel surfaces. Hydrogels formed with Ph2-

PEG-RGD (0.1 mM or 0.2 mM) are abbreviated as HA-Tyr-RGD-0.1 and HA-Tyr-RGD-0.2, respectively. 

(a) Confocal fluorescence microscopy of focal adhesion and actin cytoskeleton. Vinculin, F-actin, cell 

nuclei were labeled green, red and blue, respectively. (b) Spreading area of HUVEC on HA-Tyr and HA-

Tyr-RGD hydrogels after 24 h incubation. (c) HUVEC proliferation on the hydrogels. Results are shown 

as mean ± SD (n = 4). **p < 0.01. 

The cell spreading area was quantified using ImagePro-Plus software. The average cell 

spreading area of HUVECs on HA-Tyr-RGD hydrogels was four times higher (Fig. 6-5b) 

than the cells on unmodified HA-Tyr hydrogels. This indicated that conjugation of RGD 

significantly improved the cell-adhesive property of HA-Tyr hydrogels. Moreover, the 

improved cell adhesion led to a steady cell growth as shown in Fig. 6-5c. No statistically 

significant difference in cell spreading area and cell proliferation was observed between HA-

Tyr-RGD-0.1 and HA-Tyr-RGD-0.2.  

6.3.5. Effects of RGD conjugation on HUVEC migration in 3D 
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Fluorescence-labeled HUVECs were embedded in HA-Tyr-RGD hydrogels in situ by 

HRP and H2O2, and the migration of HUVECs from hydrogels was investigated using a 

Transwell® system as shown in Fig. 6-6a. The fluorescence intensity on the basal side of the 

insert, which correlated to the number of cells migrated out of the hydrogel and through the 

membrane, was recorded over a period of 48 h. Cells remained rounded in HA-Tyr hydrogels 

(Fig. 6-6b-i), but exhibited a more elongated morphology in HA-Tyr-RGD hydrogels (Fig.6-

6b-ii and iii). Moreover, the number of cells migrated out of the hydrogels and through the 

membrane was significantly increased by the conjugation of RGD (Fig. 6-6b-iv, v and vi). 

The number of cells that migrated through the membrane increased with time, with the cells 

embedded in HA-Tyr-RGD hydrogels migrated more quickly compared to the cells in HA-

Tyr hydrogels (Fig. 6-6c).  

 

Fig. 6-23. Migration of HUVECs in hydrogels. (a) Schematic illustration of migration study in vitro. (b) 

Representative fluorescence images of CellTracker™-labeled cells that remained in i) HA-Tyr, ii) HA-

Tyr-RGD-0.1 and iii) HA-Tyr-RGD-0.2 hydrogels, or migrated through FluoroBlok membrane from iv) 

HA-Tyr, v) HA-Tyr-RGD-0.1 and vi) HA-Tyr-RGD-0.2 hydrogels at 24 h. (c) Fluorescence intensity 
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(relative to 0 h) of fluorescently-labeled HUVECs which had migrated through FluoroBlok membrane. 

Results are shown as mean ± SD *p < 0.05 and **p < 0.01 between groups (n = 4). 

6.3.6. Effects of RGD conjugation on HUVEC proliferation and capillary-like network 

formation within the hydrogels 

HUVECs failed to proliferate in the unmodified HA-Tyr hydrogels. However, cell 

proliferation was observed during the first week of culture in RGD-modified hydrogels (Fig. 

6-7). There was no significant difference in cell proliferation between the HA-Tyr-RGD-0.1 

and HA-Tyr-RGD-0.2 (p > 0.05). A decline in cell number was observed in the HA-Tyr-RGD 

hydrogels when the culture was extended beyond 1 week for both RGD-modified hydrogels.  

 

Fig. 6-24. HUVEC proliferation in HA-Tyr and HA-Tyr-RGD hydrogels. Results are shown as mean ± SD 

*p < 0.05 and **p < 0.01 between groups (n = 6). 

Previous studies have reported that HUVECs alone was not sufficient to form stable 

capillary-like network, and fibroblasts and/or fibroblast-derived factors were essential in 

facilitating the formation and stability of capillary-like network [14, 15]. Hence, HUVECs 

were co-cultured with human fibroblasts (HFF-1) in the HA-Tyr-RGD hydrogels for the 

purpose of forming stable capillary-like networks. HA-Tyr-RGD-0.1 was used in this study 

and HA-Tyr hydrogel was used as a control. As shown in Fig. 6-8a, cells remained rounded in 

HA-Tyr hydrogels. In contrast, cells were elongated in HA-Tyr-RGD-0.1 hydrogels, and cell-

cell contacts that resemble capillary structures were observed (inset of Fig 6a-iii). To ascertain 

that the endothelial cells were capable of forming capillary-like network in the HA-Tyr-RGD 

hydrogels, anti-CD31 antibody was used to label the HUVECs. The results clearly 
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demonstrated that the capillary-like network was composed of CD31-positive HUVECs (Fig. 

6-8a-iv).  

 

Fig. 6-25. Formation of vascular network in the hydrogels. (a) Representative microscopic and 

fluorescence images of mixed co-culture of HFF-1 and HUVEC in HA-Tyr (i and ii) and  HA-Tyr-RGD-

0.1 hydrogels (iii and iv), respectively. Capillary-like structure with branches (black arrows) was found in 

HA-Tyr-RGD-0.1 hydrogels (inset in iii). Fluorescence images were acquired by labeling HUVECs with 

CD31 antibody. (b) Length of HUVEC capillary-like tube formed inside HA-Tyr and HA-Tyr-RGD 

hydrogels in three different culture modes, namely monoculture of HUVEC, 2D HFF-1/3D HUVEC and 

mixed co-culture of HFF-1 and HUVEC. Results are shown as mean ± SD *p < 0.05 and **p < 0.01 

between groups, #p < 0.01 when compared to the HA-Tyr group at the same experimental condition (n=6). 

Next, the effects of culture modes on HUVEC capillary-like network formation were 

examined. The different culture modes were monoculture, 3D culture of HUVEC with HFF-1 

on the surfaces of the hydrogels (2D HFF-1/3D HUVEC), and mixed co-culture (Fig. 6-8b). 
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The unmodified HA-Tyr did not support the formation of the capillary-like network in 3D 

regardless of the culture mode. In contrast, HA-Tyr-RGD hydrogels supported capillary-like 

network formation, and the network length increased with time in the 2D HFF-1/3D HUVEC 

as well as mixed co-culture modes, but not in the monoculture mode. The network length in 

the mixed co-culture modes was significantly greater at the end of 10 days than in the 

monoculture mode (p < 0.01). Moreover, between the two co-culture modes, the mixed co-

culture mode was found to be superior than 2D HFF-1/3D HUVEC in promoting capillary 

network formation and a significantly greater network length was obtained after 10 days (p < 

0.05). This was likely due to a closer proximity between the cells, hence a better diffusion of 

growth factors and cellular crosstalk. The finding was also observed in a previous report in 

which capillary network formation was enhanced when fibroblasts were distributed 

throughout the fibrin gel to overcome the diffusion restriction [16].  

6.3.7. In vivo vascularization of injectable HA-Tyr-RGD hydrogels 

To evaluate the effect of RGD conjugation and co-culture of HUVEC and HFF-1 on the 

vascularization of hydrogels in vivo, HA-Tyr-RGD-0.1 hydrogels embedded with HUVEC 

alone, or a mixture of HUVEC and HFF-1 (1:1), were injected into the subcutaneous tissue of 

mice (Fig. 6-9a). Unmodified HA-Tyr hydrogel containing HUVEC and HFF-1 was used as a 

comparison. Fourteen days after the injection, rhodamine-dextran was injection via tail-vein 

and the hydrogels were harvested. Upon visual inspection, vascular structures were observed 

in the RGD-modified hydrogels but not in the unmodified HA-Tyr hydrogels (Fig. 6-9b). The 

results indicated that RGD conjugation was crucial in promoting vascularization of HA-Tyr 

hydrogels. Furthermore, a higher vessel density was observed in the HA-Tyr-RGD-0.1 

hydrogel containing HUVEC and HFF-1 than in the hydrogel containing HUVEC alone, 

which underlines the importance of fibroblasts in promoting vascular formation. When the 

HA-Tyr-RGD-0.1 hydrogels were observed using a fluorescence microscopy, fluorescence 

was detected in the HA-Tyr-RGD hydrogels, indicating the presence of rhodamine-dextran 

(Fig. 6-9c, top row). No fluorescence was detected in the unmodified HA-Tyr hydrogels. 

H&E staining showed the presence of red blood cells, which were stained intensely red, in the 

HA-Tyr-RGD hydrogels but not in the unmodified HA-Tyr hydrogels (Fig. 6-9c, second row). 

The location of red blood cells observed in H&E staining corresponded to the location of 

fluorescent rhodamine-dextran. Immunohistochemistry analysis further confirmed that the 

vasculature was composed of cells of human origin (Fig. 6-9d, last row). Taken together, it 
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was evident that the in situ conjugation of Ph2-PEG-RGD by HRP and the embedding of 

HUVECs facilitated the formation of functional vasculatures in HA-Tyr hydrogels. 

 

Fig. 6-26. Effects of RGD conjugation on the formation of functional human vasculature in vivo. (a) 

Schematic representation of the experiment. (b) Photographic views of the harvested hydrogels. (c) 

Fluorescence images, H&E staining and immunostaining for human nuclei of hydrogel sections. 

6.4. Conclusions 

A RGD peptide containing two phenol moieties (Ph2-PEG-RGD) was synthesized for in 

situ conjugation into the HA-Tyr hydrogels by HRP. The resulting HA-Tyr-RGD hydrogels 

showed significant improvements in HUVEC adhesion, proliferation, migration, as well as 

capillary-like network formation in vitro. Moreover, functional vasculature was formed in 

HA-Tyr-RGD hydrogels that contained HUVECs. Vascularization was further improved 

when fibroblasts were embedded together with HUVECs in the hydrogels. The in situ 
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conjugation of RGD peptides by the enzymatic activity of HRP can be applied to introduce 

other bioactive peptides into HA-Tyr hydrogels for tissue engineering applications.  
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Chapter 7  
 
Enzymatically Crosslinked Hyaluronic 
Acid-Tyramine Hydrogel as a 3D Culture 
System for Controlled Propagation of 
Human Embryonic Stem Cells  
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7.1. Introduction 

Human embryonic stem cells (hESCs) have unlimited self-renewal capability in the 

pluripotent state [1], and they can differentiate into specialized cell types when stimulated 

with appropriate growth factors and/or chemical stimuli [2-6]. Thus hESCs are an ideal cell 

source for tissue engineering and regenerative medicine. Currently, the propagation of hESCs 

in vitro requires the use of either mouse embryonic fibroblasts (MEF) as feeder cells [7], or 

feeder-free extracellular matrix (ECM) such as Matrigel (a basement membrane extracted 

from Engelbreth-Holm-Swarm mouse sarcoma) [8-10]. These methods of hESC propagation 

are not suitable for large-scale production and clinical applications due to the requirement of 

animal-derived components. Therefore, the controlled propagation of hESCs without animal-

derived components remains a challenge. Recently, synthetic substrates with chemically 

defined compositions have been employed for the long-term self-renewal of human 

pluripotent stem cells [11-16]. However, stem cells that have been cultivated on 2D surfaces 

(i.e. petri-dish) need to adjust to the 3D environment after transplantation to the body, which 

may leads to variability in the therapeutic outcome [17]. Thus, 3D propagation systems for 

hESCs are preferred as they could facilitate convenience in transplantation and consistency in 

cell performance. In addition, 3D cultivation shows higher scalability in terms of cell numbers 

than 2D systems [18]. 

Hydrogels have been used as 3D systems for hESC propagation [19]. By attaching 

appropriate biomolecular clues on the polymeric networks, hydrogels could provide a 3D 

microenvironment that mimics the stem cell niche during embryogenesis [20]. Among the 

natural or synthetic hydrogel scaffolds that have been reported [21-28], hyaluronic acid (HA)-

based hydrogels have attracted much interests. HA is a major constituent during early 

embryogenesis [29], and regulates proliferation, adhesion, metastasis and morphogenesis of 

hESCs [30]. HA-based photo-crosslinked hydrogels have been shown to support the 

undifferentiated proliferation of hESCs in conditioned medium from MEF, and retain the 

ability of the cells to differentiate after releasing from the hydrogels [24]. However, the effect 

of hydrogel stiffness on 3D cultivation of hESCs has yet to be examined. Furthermore, it is 

critical to use chemically-defined medium for 3D propagation of hESCs in order to meet the 

safety requirement for clinical applications.  

In this chapter, the enzymatically crosslinked hyaluronic acid-tyramine (HA-Tyr) 

hydrogel system [31-33] was used for the encapsulation and propagation of hESCs together 
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with a chemically defined medium (Fig. 1). The advantage of HA-Tyr hydrogel system is the 

facile tuning of crosslink density and gelation rate, which is achieved by controlling the 

concentrations of H2O2 and HRP, respectively [34]. In addition, the hydrogel networks can be 

slowly degraded by hyaluronidase in vivo, leading to a smooth integration of the implants into 

the host tissue. The viability, proliferation and pluripotency of hESCs cultured in HA-Tyr 

hydrogels of different stiffness were studied and compared. Then, hESCs expanded in HA-

Tyr hydrogels with compressive modulus (E) of 350 Pa were further characterized by 

histology, immunostaining and the expression of CD44. The ability of the released hESCs to 

differentiate into cells of the three different germ layers was investigated in vitro and in vivo. 

Finally, the genetic integrity of hESCs propagated in HA-Tyr hydrogels was characterized. 

 

Fig. 7-1. Schematic illustration of encapsulation of human embryonic stem cells (hESCs) in HA-Tyr 

hydrogels. 

7.2. Materials and methods 

7.2.1. Materials 

Sodium hyaluronate (HA) (MW = 90 kDa, density = 1.05 g/cm3) was kindly donated by 

JNC Corporation (Tokyo, Japan). Dextran (MW = 500 kDa), hydrogen peroxide (H2O2) and 

hyaluronidase (439 U/mg) from bovine testes were purchased from Sigma-Aldrich 

(Singapore). Horseradish peroxidase (HRP, 100 U/mg) was obtained from Wako Pure 

Chemical Industries (Osaka, Japan). Dulbecco’s phosphate-buffered saline (DPBS), Hank’s 

balanced saline solution (HBSS), Dulbecco’s modified eagle medium (DMEM) and fetal 

bovine serum (FBS) were obtained from Life Technologies, Singapore. Hyaluronic acid-

tyramine (HA-Tyr) [34] and dextran-tyramine (Dex-Tyr) [35] conjugates were synthesized as 



Chapter 7 

164 

described previously. The degree of substitution (DS) was determined by 1H NMR. The DS 

(the number of tyramine molecules per 100 repeating units of HA) for HA-Tyr conjugates 

was 6. The DS (the number of tyramine molecules per 100 saccharide units of dextran) for 

Dex-Tyr conjugates was 1.3.  

7.2.2. Maintenance of hESCs in feeder free condition 

Human embryonic stem cell H1 (hESC) was purchased from WiCell (WI, USA) and 

maintained on a 60 mm dish pre-coated with Matrigel (hESCs qualified, BD Biosciences, 

USA) in chemically defined medium mTeSR1 (STEMCELL Technologies, Singapore). The 

hESCs were fed once a day with fresh pre-warmed medium and routinely passaged every 5 to 

6 days.  

7.2.3. Encapsulation and 3D culture of hESCs in HA-Tyr hydrogels 

When the cells reached 80-90% confluency on Matrigel, the hESCs were treated with 

dispase I (STEMCELL Technologies, Singapore) for 7 min, washed with DPBS and scored 

with a P1000 micropipette in a grid-like pattern. The cell clumps were scraped and collected. 

A small portion of cells were treated with Accutase (STEMCELL Technologies, Singapore) 

for cell counting. The remaining cells were washed with DPBS and suspended in 1% (w/v) 

HA-Tyr solution at a concentration of 1 million cells per milliliter. HA-Tyr hydrogels were 

formed after HRP and H2O2 of varying concentrations were added. Similarly, the Dex-Tyr 

hydrogels were prepared by mixing Dex-Tyr solution (1.5% (w/v)) with HRP and H2O2. 

Hydrogels containing 100,000 hESCs in 100 µl were prepared in the inserts of 24-well plate, 

which were then submerged in mTeSR1 medium and fed once a day with fresh media. After 

6–8 days, hESCs were harvested from HA-Tyr hydrogels. Briefly, hyaluronidase in HBSS 

(1000 U/ml) was utilized to degrade the HA-Tyr hydrogels in 2–4 h. The released hESCs can 

be encapsulated in HA-Tyr hydrogels again as the second passage. Up to five passages for 

hESCs have been studied for HA-Tyr hydrogels. In the case of Dex-Tyr hydrogels, the cells 

were retrieved by incubating the hydrogels in HBSS with dextranase (50 U/ml) for 4 h. 

7.2.4. Characterization of HA-Tyr hydrogels encapsulating hESCs  

Rheological measurements of the hydrogels were performed as described in Chapter 3 

using a HAAKE Rheoscope 1 rheometer (Karlsruhe, Germany) equipped with a cone and 

plate geometry (3.5 cm diameter and 0.949° cone angle). Measurements were taken at 37 °C 



Chapter 7 

165 

in dynamic oscillatory mode with a constant deformation of 1% and frequency of 1 Hz. 

Rheological measurement was allowed to proceed until the storage modulus (G’) reached a 

plateau. 

Compression tests of the hydrogels were performed with Instron microtester (Model 

5848P8600). Cylinder shaped hydrogels were prepared with a plastic mold, and gel 

dimensions were measured with calipers. Compression test was carried out with a 

compression module. A 50 N load cell was used with a compressive strain rate of 1 mm/min 

and no preload. Compressive modulus (E) was determined using the slope of the stress versus 

strain curve at low strains (< 20%). 

For swelling ratio measurement, disk-shaped hydrogels of 1 mm thickness were prepared 

between two parallel glass plates clamped together with 1 mm spacing. The hydrogels were 

swollen in 20 ml of DPBS for 24 h and weighed (Ms). After lyophilization, the dried weight 

was measured (Md). The mass swelling ratio (QM) was calculated by dividing Ms with Md. 

7.2.5. Viability and proliferation of hESCs in HA-Tyr hydrogels 

Calcein AM (Life Technologies, Singapore) was used to determine the viability of hESCs 

in the hydrogels. One, four and seven days after cell encapsulation, the hydrogels were 

subjected to live-dead staining with a solution of calcein AM (2 µg/ml) and propidium iodide 

(PI) (1 µg/ml) in mTeSR1 medium. The hydrogels were washed with DPBS three times and 

the fluorescence of cell clusters was observed by a confocal laser scanning microscope (Zeiss 

LSM 5 DUO).  

CyQuant® cell proliferation assay (Life Technologies, Singapore) was utilized to study the 

proliferation of hESCs in the hydrogels. Briefly, hydrogels encapsulated with hESCs were 

prepared in 24-well plates in triplicates. After 1, 4 and 7 days of culture, the hydrogels were 

degraded by hyaluronidase, and hESCs were collected and stored at -80 °C. Cell lysates were 

prepared by adding assay lysis buffer (200 µl) to the cells. Five µl of the cell lysate was added 

into 210 µl of dye/lysis buffer. The fluorescence of the mixture was measured by Infinite 

M200 (Tecan, Switzerland) with excitation and emission wavelengths of 480 nm and 520 nm, 

respectively. The cell number in each sample was calculated based on a standard curve of 

fluorescence intensity against known concentration of cells. 

7.2.6. Histological examination of hESCs in HA-Tyr hydrogels 



Chapter 7 

166 

HA-Tyr hydrogel-encapsulated hESCs were prepared in transwells in a 24-well plate. 

After 7 days of culture, hydrogels in transwells were embedded in OCT and sectioned. The 

sections were stained with hematoxylin & eosin (H&E). Antibody against Ki67 (cat # NCL-

Ki67-MM1, NOVOcastra, UK) and secondary antibody anti-mouse HRP conjugate 

(NOVOcastra, UK) were used for Ki 67 staining. Terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) apoptosis detection kit (Millipore, Singapore) was used to 

stain apoptotic cells. Samples were observed in bright field using an Olympus microscope 

IX71 and analyzed by the software Image-Pro Plus. 

7.2.7. Expression of CD44 and pluripotency markers of hESCs cultured in HA-Tyr 

hydrogels  

To measure the CD44 expression of hESCs in HA-Tyr hydrogels, hESCs were retrieved 

from HA-Tyr hydrogel by enzymatic degradation. Single cell suspension was prepared by 

treating the cell clusters with TrpLETM Express (Life Technologies, Singapore). Then the cells 

were counted and incubated with APC-conjugated CD44 antibody (BD Bioscience, Singapore) 

at r.t. for 15 min. The labelled cells were analyzed by a BD LSR II flow cytometer (BSF, 

Biopolis, Singapore).  

To determine the expression of pluripotency markers, cells retrieved from hydrogels at 

passage 1 (P1) and passage 5 (P5) were dissociated with Accutase at 37 °C for 10 min. Then 

the cell suspension was passed through a 40 µm nylon membrane and labelled with antibodies 

(Table 7-1). The labelled cells were analyzed by a BD LSR II flow cytometer. At least 10,000 

events were recorded and data were analyzed by FlowJo (Treestar, USA).  

Table 7-1. List of antibodies for immunocytochemistry and flow cytometry 

Antibody Type Vendor Dilution 
Nanog Polyclonal Santa Cruz 1:200 
Oct-4 Monoclonal Santa Cruz 1:200 
Sox-2 Monoclonal Abcam 1:200 
SSEA-4 Monoclonal Millipore 1:200 
TRA-1-60 Monoclonal Millipore 1:200 
TRA-1-81 Monoclonal Millipore 1:200 
Nanog   Alexa Fluor® 488 conjugated Millipore 1:50 
Oct-4 Alexa Fluor® 488 conjugated Millipore 1:50 
Sox-2 FITC-conjugated Millipore 1:50 
Smooth muscle actin (SMA)   Monoclonal LabSource 1:100 
Foxa2 Monoclonal Abcam 1:200 
βIII-tubulin Monoclonal Millipore 1:200 



Chapter 7 

167 

7.2.8. Immunofluorescence staining of pluripotency markers of hESCs cultured in 

HA-Tyr hydrogels 

After 7 days of culturing hESCs in HA-Tyr hydrogels, the hydrogels were degraded by 

hyaluronidase to retrieve the hESCs clusters. Cell clusters were plated on Matrigel and 

cultured for 3 days. Then the cells were fixed with 4% formaldehyde and immunostained as 

reported previously [36]. The primary antibodies used were listed in Table 7-1. The secondary 

antibodies were Alexa Fluor 488/568 anti-mouse and anti-rabbit secondary antibodies (Life 

Technologies, Singapore). The samples were observed with a Zeiss LSM 510 confocal 

microscope and processed with LSM image browser software. 

7.2.9. Real-time PCR analysis of pluripotency markers of hESCs cultured in HA-Tyr 

hydrogels 

HA-Tyr hydrogels encapsulated with hESCs were prepared in 24-well plates. After 7 days, 

cells were released from the hydrogels. Total RNA was isolated using Trizol reagent (Life 

Technologies, Singapore) according to manufacturer’s instructions. The isolated RNAs were 

treated with DNase (Promega, Singapore) to remove genomic DNA, and then reverse 

transcribed with random hexamers (Fermentas, Singapore) as primers. Real-time PCR (RT-

PCR) was performed by an iQ5 Real-Time PCR System (Bio-Rad) using TaqMan® Gene 

Expression assays (Life Technologies, Singapore) for Oct-4, Sox-2, Nanog and GAPDH. 

7.2.10. Spontaneous differentiation of hESCs in HA-Tyr hydrogels in vitro 

HA-Tyr hydrogels encapsulated with hESCs were cultured with mTeSR1 media for 7 

days. Spontaneous differentiation of hESCs was initiated by exposing the cells to DMEM 

medium containing 20% (v/v) FBS for 14 days. Subsequently, the hydrogels were degraded 

and cells were harvested. The differentiated cell clusters in HA-Tyr hydrogels were released 

and cultured on Matrigel-coated 24 well plates. The cells were fixed with formaldehyde and 

immunostaining was performed to examine the differentiation of hESCs towards the three 

germ layers Antibodies against smooth muscle actin (SMA), Foxa2 and βIII-tubulin were 

used to identify mesoderm, endoderm and ectoderm lineages, respectively. Details of the 

antibodies used are listed in Table 7-1. 

7.2.11. Assessment of pluripotency of hESCs cultured in HA-Tyr hydrogels by 

teratoma assay in vivo 
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hESCs cultured in HA-Tyr hydrogels for 7 days were released by hydrogel degradation. 

The cells were then mixed with Matrigel and injected into NOD-SCID mice subcutaneously 

to induce teratoma formation (5 million cells per mouse). After 8 weeks, the mice were 

euthanized and teratoma was collected. Histological analysis was performed by 

Histopathology Lab (Biopolis, Singapore). The care and use of laboratory animals were 

performed according to the approved protocols by the Institutional Animal Care and Use 

Committee (IACUC) at the Biological Resource Center (BRC) in Biopolis, Singapore, 

following the guidelines of the National Advisory Committee on Laboratory Animal Research 

(NACLAR). 

7.2.12. Karyotyping analysis of hESC  cultured in HA-Tyr hydrogels 

hESCs cultured in HA-Tyr hydrogels were released through enzymatic degradation and 

subsequently cultured on Matrigel-coated glass coverslips. Chromosomal rearrangement was 

evaluated by G-band analysis for the cells, with at least 20 metaphase spreads observed 

(ParkwayHealth Laboratory Services Ltd, Singapore).  

7.2.13. Statistical analysis  

Data are expressed as mean ± standard deviation (SD). The statistical significance 

between two groups was determined by the unpaired Student’s t-test. p < 0.05 was considered 

statistically significant.  

7.3. Results and discussion 

7.3.1. Encapsulation of hESCs in hydrogels and characterization of hESC-

encapsulated hydrogels  

Table 7-2 summarizes the rheological properties of the hydrogels. H2O2 of different 

concentrations (437, 728 or 1311 µM) were used to prepare HA-Tyr hydrogels of various 

mechanical strengths. The storage modulus (G’), which served as an indicator of the 

mechanical strength of a given viscoelastic material, increased significantly with increasing 

H2O2 concentration. When 437, 728 and 1311 µM of H2O2 concentration were used, the G’ 

were 82, 222, and 1081 Pa, respectively. The hydrogels with different G’ are abbreviated as 

HA-Tyr-soft-hESC, HA-Tyr-medium-hESC and HA-Tyr-stiff-hESC, respectively. The 

compressive modulus (E) and mass welling ratio (QM) of the hydrogels were also measured 

(Table 7-2). E increased as the H2O2 concentration increased, while QM decreased. The results 
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confirmed that HA-Tyr hydrogels formed with a higher H2O2 concentration were stiffer and 

less crosslinked. Dex-Tyr hydrogels with a G’ value of 83 Pa (Dex-Tyr-soft-hESC) was also 

prepared as a comparison for the elucidation of the role of HA in the self-renewal of hESCs. 

The G’ of Dex-Tyr-soft-hESC was not significantly different from that of HA-Tyr-soft-hESC.  

Table 7-2. Composition and physical properties of HA-Tyr or Dex-Tyr hydrogels 

encapsulating hESCsa 

Sample Polymer 
% (w/v) 

HRP 
(U/ml) 

H2O2 

(µM) 

G’ 
(Pa) 

E 
(Pa) QM 

HA-Tyr-soft-hESC 1 0.124 437 82 ± 3 357 ± 20 64 ± 3 

HA-Tyr-medium-hESC 1 0.124 728 222 ± 34 b 1465 ± 100 b 53 ± 2 b 

HA-Tyr-stiff-hESC 2 0.248 1311 1081 ± 152c 7795 ± 366c 48 ± 1c 

Dex-Tyr-soft-hESC 1.5 0.124 437 83 ± 17 d 340 ± 37 d 24 ± 3 d 
Note. Abbreviations: storage modulus (G’), mass swelling ratio (QM) 
aAll hydrogels were formed with 106 of hESC/ml.  Results are shown as the mean values ± SD (n = 3). bG’, E 
and QM of HA-Tyr-medium-hESC were significantly different from those of HA-Tyr-soft-hESC and HA-Tyr-
stiff-hESC, respectively (p  <  0.01). cG’ , E and QM of HA-Tyr-stiff-hESC were significantly different from 
those of HA-Tyr-soft-hESC and HA-Tyr-medium-hESC, respectively (p  <  0.01). dG’ and E of Dex-Tyr-soft-
hESC were not significantly different from those of HA-Tyr-soft-hESC (p > 0.05). 
 

7.3.2. 3D distribution, viability and self-renewal of hESCs in hydrogels with different 

mechanical strength 

To study the distribution and viability of hESCs cultured in hydrogels, Z-stacked scanning 

of hydrogel-cell constructs was performed by confocal microscopy. Fig. 7-2 shows the 

orthogonal sections of cell clusters in HA-Tyr-soft-hESC, HA-Tyr-medium-hESC and HA-

Tyr-stiff-hESC on day 1, 4 and 7. Cell viability was determined by staining with calcein AM 

(alive, green) and propidium iodine (dead, red). Phase contrast, green fluorescence and red 

fluorescence images were overlaid to obtain a composite image. On day 1, green fluorescence 

staining was observed for all cell clusters with no obvious red staining, suggesting that the 

encapsulated cell clusters were alive in all three types of hydrogels. On day 4 and 7, green 

fluorescence staining was observed for cell clusters in HA-Tyr-soft-hESC only, suggesting 

that for prolonged cultivation, the viability of the encapsulated cells was maintained only in 

the HA-Tyr-soft-hESC.  
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Fig. 7-2. Confocal microscopic images hESC clusters in HA-Tyr-soft-hESC, HA-Tyr-medium-hESC and 

HA-Tyr-stiff-hESC after cultivation of 1, 4 and 7 days. Cell clusters in the hydrogels were stained with 

calcein AM and PI. Scale bar = 100 µm. 

The mechanical properties of the substrate are widely acknowledged to affect cell 

proliferation and differentiation in both 2D and 3D [37, 38]. To study the proliferation of 

hESCs in HA-Tyr hydrogels of different mechanical strengths, CyQuant® assay was utilized 

to determine the cell numbers in the hydrogels after culturing for 7 days. The cell number of 

hESCs cultured in HA-Tyr-soft-hESC hydrogels increased significantly (p < 0.05) after 4 and 

7 days, respectively (Fig. 7-3). In contrast, hESCs in HA-Tyr-medium-hESC and HA-Tyr-

stiff-hESC failed to show any increase in cell number after 7 days. Dex-Tyr-soft-hESC, which 

had a similar G’ as HA-Tyr-soft-hESC hydrogels (Table 7-2), showed a decrease in cell 

number after 7 days. Since no obvious degradation of the Dex-Tyr-soft-hESC hydrogels was 

observed upon visual inspection, the decrease in cell number was likely due to cell death 

caused by the unfavorable microenvironment in the Dex-Tyr hydrogel. The result suggests 

that the proliferation of hESCs in 3D requires both HA as the substrate and a suitable 

mechanical strength. 
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Fig. 7-3. Proliferation of hESCs in HA-Tyr-soft-hESC, HA-Tyr-medium-hESC, HA-Tyr-stiff-hESC and 

Dex-Tyr-soft-hESC hydrogels. Cells were released by enzymatic degradation of hydrogel and the cell 

numbers were measured using CyQuant® assay (n = 3, mean ± SD). *p < 0.05; **p < 0.01. 

To further elucidate the role of substrate composition and mechanical strength on the 

pluripotency of hESCs cultured in HA-Tyr and Dex-Tyr hydrogels, the cells were labelled 

with antibodies for pluripotency markers. The percentage of cells expressing the pluripotency 

markers was measured by flow cytometry (Nanog, Oct-4 and Sox-2). As shown in Table 7-3, 

regardless of the culture medium used, the expression of pluripotency markers decreased as 

the mechanical strength of HA-Tyr hydrogels increased. Importantly, the expression fell 

below 40% when hESCs were cultured in HA-Tyr-stiff-hESC hydrogels. The results 

suggested that hydrogels with a lower mechanical strength are more favorable for the 

maintenance of pluripotency. For hESCs cultured in Dex-Tyr-soft-hESC, the expression of 

pluripotency markers was lower than the cells cultured in HA-Tyr-soft-hESC. Since Dex-Tyr-

soft-hESCs had a similar mechanical strength as HA-Tyr-soft-hESC (Table 7-2), the result 

underscored the importance of HA in maintaining hESC pluripotency. As HA-Tyr-soft 

hydrogels showed the best performance in promoting cell proliferation and maintaining 

pluripotency of hESCs, hESCs were cultivated in HA-Tyr-soft-hESC for the expansion of 

hESCs in the following studies. 
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Table 7-3. Percentages of cells expressing pluripotency markersa 

Sample 
mTeSR1 MEF 

Nanog  
(%) 

Oct-4  
(%) 

Sox-2  
(%) 

Nanog  
(%) 

Oct-4  
(%) 

Sox-2  
(%) 

HA-Tyr-soft-hESC 98.6 98.7 98.5 93.1 88.4 90.5 

HA-Tyr-medium-
hESC 76.8 88.5 73.4 70.3 84.5 60.5 

HA-Tyr-stiff-hESC 15.9 23.1 38.5 12.9 35.5 29.9 

Dex-Tyr-soft-hESC 46.3 70.2 55.3 6.85 5.89 3.99 
ahESC cells were culture in hydrogels with specified medium for 7 days, then cell were collected after hydrogels 
were degraded by hyaluronidase for HA-Tyr hydrogels, or dextranase for Dex-Tyr hydrogels. Flow cytometry 
was used to determine the percentage of hESCs that showed positive expression of Nanog, Oct-4 and Sox-2. At 
least 10,000 singlet cells were analyzed after staining, and cells without staining were set as control.  

7.3.3. Characterization of hESC clusters in HA-Tyr hydrogels 

We performed cryosectioning of HA-Tyr-soft-hESC constructs and examined the 

morphology and biological features of hESCs in situ by immuno-histological analyses (H&E, 

Ki-67 and TUNEL). Optical images showed a round morphology of cell clusters, with a 

diameter of 80−100 µm (Fig. 7-4a). H&E staining confirmed that the cell clusters had a solid 

core with densely packed cells in each cluster (Fig. 7-4b). The results indicated that hESCs 

could form spheroid structures in the HA-Tyr hydrogels. The cells were stained with Ki-67, 

an intracellular protein marker associated with cell proliferation [39], and TUNEL, which 

labels apoptotic cells (Fig. 7-4c and d). Quantitative analysis revealed that the majority of 

cells were Ki-67-positive (~80%, Fig. 7-4e) and < 5% of cells were TUNEL-positive (Fig. 7-

4f), suggesting that hESCs in the HA-Tyr-soft-hESC hydrogels were highly proliferative. 
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Fig. 7-4. hESCs in HA-Tyr-soft-hESC after 7 days of cultivation. (a) Phase contrast images; (b) H&E 

staining; and (c) Ki-67 and (d) TUNEL staining of hESCs (representative sectioned colonies). Scale bar = 

100 µm. (e) Average diameter of hESC clusters. (f) Percentage of Ki-67 and TUNEL-positive cells in hESC 

clusters (n = 3, mean ± SD). 

7.3.4. CD44 expression of hESCs cultured in HA-Tyr hydrogels 

HA-Tyr hydrogels provide a 3D microenvironment that is composed of HA, a naturally 

occurring substrate for CD44. HA-CD44 interaction is involved in maintaining the 

undifferentiated state of hESCs in HA-based hydrogels [24]. Yet, it is not clear how the HA-

constituted microenvironment would affect the expression of CD44. As shown in Fig. 7-5, 

CD44 expression was 96.0% for cells cultured in HA-Tyr-soft-hESC, which was similar to 

the expression of cells cultured on Matrigel (95.3%). Interestingly, the forward side scatter 
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(FSC), a parameter measuring the size of cells, and the CD44 expression level, were found to 

be less heterogenic for hESCs cultured in HA-Tyr-soft-hESC than those cultured on Matrigel. 

The unique 3D microenvironment in HA-Tyr hydrogels could have contributed to the reduced 

heterogeneity of hESC population. 

 

Fig. 7-5. CD44 expression of hESCs that were cultured on Matrigel or in HA-Tyr-soft-hESC hydrogels. 

Cells were stained with APC conjugated CD44 antibody and analyzed by flow cytometry. For each 

analysis, at least 10,000 events were recorded. 

7.3.5. Expression of pluripotency markers in hESCs released from HA-Tyr hydrogels 

It is important to maintain the pluripotency of stem cells during the controlled propagation 

of hESCs. hESCs were released from hydrogels by enzymatic degradation, and plated on 

Matrigel for immunostaining with a panel of hESC-specific proteins. Nanog, Oct-4 and Sox-2 

are hESC-specific transcription factors that are important for maintaining the pluripotency of 

embryonic stem cells [40]. SSEA-4, TRA-1-60 and TRA-1-81 are proteoglycans that 

determine the phenotype of undifferentiated hESCs [41]. The pluripotency of the hESC 

culture is routinely assessed by the expression of these markers, and the expression of these 

markers is down-regulated during differentiation. The hESCs released from HA-Tyr 

hydrogels displayed strong expression for all the markers (Fig. 7-6), confirming that hESCs 

retained their pluripotent state in HA-Tyr hydrogels.  
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Fig. 7-6. Confocal images of hESCs stained with antibodies against pluripotency marker proteins (Nanog, 

Oct-4, Sox-2, SSEA-4, TRA1-60 and TRA1-80). hESCs were released from HA-Tyr-soft-hESC hydrogels, 

plated on Matrigel and then labelled with primary antibodies against pluripotency markers, followed by 

incubation with FITC or rhodamine conjugated secondary antibodies. DAPI was used to stain the nuclei 

of the cells. Scale bar = 100 µm. 

Real-time PCR assays were carried out to examine the gene expression of pluripotency 

markers (Fig. 7-7). Gene expression analysis indicated that the expression of Nanog, Oct-4 

and Sox-2 between hESCs from HA-Tyr-soft-hESC and Matrigel was not significantly 

different (p > 0.05), suggesting that the transcriptions of pluripotency genes were unaffected 

when hESCs were cultured in HA-Tyr hydrogels. 
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Fig. 7-7. Gene expression of hESCs cultured on Matrigel or released from HA-Tyr-soft-hESC hydrogels. 

(n = 3, mean ± SD). 

7.3.6. Spontaneous differentiation of hESCs in HA-Tyr hydrogels in vitro 

The ability of hESCs cultured in HA-Tyr hydrogels to differentiate into the three different 

germ layers were investigated by exposing the cells to DMEM containing fetal bovine serum 

(FBS) to induce spontaneous differentiation. Immunofluorescence staining was used to 

identify the expression of lineage-specific proteins. Antibodies against alpha smooth muscle 

actin (SMA), Foxa2 and βIII tubulin were used to detect myofibroblasts (mesoderm), 

hepotacytes (endoderm) and neurons (ectoderm), respectively. Positive staining was observed 

for all three markers (Fig. 7-8a), indicating that hESCs cultured in HA–Tyr-soft-hESC 

hydrogels could differentiate in vitro into cells of all three germ layers. 

 

Fig. 7-8. Immunofluorescence staining of spontaneously differentiated hESCs in HA-Tyr-soft-hESC 

hydrogels. Cells were fixed and labelled with antibodies against lineage specific proteins SMA, foxa2 and 

βIII tubulin, which correspond to cell derivatives from the mesoderm, endoderm and ectoderm, 

respectively. Scale bar = 100 µm. 

7.3.7. Formation of teratoma by hESCs from HA-Tyr hydrogels in vivo 
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To examine the differentiation capability of hESCs from HA-Tyr-soft-hESC hydrogels in 

vivo, cells retrieved from the hydrogels were injected subcutaneously in NOD/SCID mice. 

After eight to ten weeks, teratoma formation was observed in all the mice (n = 3). The 

teratomas were excised for histological analysis. Various tissue structures were observed in 

H&E staining, including blood vessels (Fig. 7-9a), muscle fibers (Fig. 7-9b), cartilage (Fig. 7-

9c) and ossifying cartilage (Fig. 7-9d), which corresponded to tissues in the mesoderm. 

Intestinal epithelium (Fig. 7-9e) and glands (Fig. 7-9f) were also observed, which 

corresponded to tissues in the endoderm. Neuronal rosette (Fig. 7-9g) and pigmented cells 

(Fig. 7-9h) that corresponded to the ectoderm were observed as well. The result confirmed 

that hESCs cultured in HA-Tyr-soft-hESC hydrogels retained the ability to differentiate to 

multiple cell lineages. 

 

Fig. 7-9. Histology of teratoma formed from hESCs cultured in HA-Tyr-soft-hESC hydrogels. Tissues 

from mesoderm: (a) blood vessel, (b) muscle fibers, (c) cartilage and (d) ossifying cartilage. Tissues from 

endoderm: (e) intestinal epithelium and (f) glands. Tissues from ectoderm: (g) neuronal rosette and (h) 

pigmented cells. Scale bar = 200 µm.  

7.3.8. Karyotyping analysis of hESCs released from HA-Tyr hydrogels  
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Karyotyping analysis was performed to confirm the genetic integrity of hESCs released 

from HA-Tyr-soft-hESC hydrogels. Released hESCs were plated on Matrigel and analyzed 

for chromosomal abnormalities by G-banding. Normal karyotype (46, XY) of hESCs without 

any aberration of chromosomes was observed (Fig. 7-10), indicating that the genetic integrity 

of hESCs was preserved. 

 

Fig. 7-10. Karyotyping analysis of hESCs released from HA-Tyr-soft-hESC hydrogels. At least 20 

metaphase spreads were screened and evaluated for chromosomal rearrangement. 

7.4. Conclusion 

In this chapter, the enzymatically crosslinked HA-Tyr hydrogel system was used for the 

controlled propagation of hESCs in 3D. By comparing HA-Tyr of different mechanical 

strength as well as Dex-Tyr hydrogels, it was concluded that HA substrate and low 

mechanical strength were important factors for maintaining the viability, proliferation and 

pluripotency of hESCs in 3D. HA-Tyr hydrogels with a compressive modulus (E) of 350 Pa 

best supported the proliferation of hESCs and maintained the pluripotency. Histological 

analysis showed that the hESCs proliferated in soft HA-Tyr hydrogels and formed spheroid 

structure without undergoing apoptosis. CD44 expression was well-maintained in the HA-Tyr 

hydrogels. Immunostaining, flow cytometry and real-time PCR results confirmed the 

expression of pluripotency markers in hESCs cultured in HA-Tyr hydrogels. Moreover, 

hESCs cultured in HA-Tyr hydrogels could differentiate into cells of all three germ layers 
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both in vitro and in vivo. Karyotyping analysis of hESCs in HA-Tyr hydrogels confirmed that 

genetic integrity was well-preserved. In conclusion, the propagation of hESCs in HA-Tyr 

hydrogels is a viable approach to expand the cells in 3D for clinical applications.  
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8.1. Introduction 

Hydrogels are physically or chemically crosslinked polymeric networks swollen in water. 

The 3D porous structure and aqueous environment of hydrogels rendered them particularly 

suitable for the encapsulation of cells and biomolecules for tissue engineering and drug 

delivery applications [1]. As demonstrated in the preceding chapters, the horseradish 

peroxidase (HRP)-mediated oxidative coupling of phenols is a highly robust reaction that can 

be applied for the formation of chemically-crosslinked hydrogels in situ [2, 3]. Indeed, 

various polymers have been modified with simple phenols containing one aromatic ring, such 

as tyramine [4-7], 3,4-hydroxyphenylpropionic acid [8] and catechol [9], for the formation of 

hydrogels in the presence of HRP and hydrogen peroxide (H2O2). H2O2 is an oxidant, the 

addition of which is an indispensable step for the HRP-mediated reaction. The advantages of 

HRP-mediated hydrogel formation include in situ gelation at physiological conditions, with 

the gelation time ranging from a few seconds to several minutes, and tunable crosslink density 

[10].  

In addition to catalyzing the oxidative coupling of phenols, HRP reacts with thiols in the 

presence of H2O2 to form thiyl radicals, which dimerize to form disulfide bonds. It was 

reported that HRP induced the gelation of a solution of thiol-functionalized linear poly-

(glycidol) (SH-PG) within 4 h [11]. In contrast, no hydrogel was formed in the absence of 

HRP. Importantly, the addition of H2O2 was not necessary in this system as it was produced 

during the autoxidation of thiols under aerobic condition. This greatly simplifies the gel 

preparation process as it only requires the mixing of two components, namely the thiol-

functionalized polymers and HRP. However, HRP-mediated gelation of thiol-functionalized 

polymers was much slower compared with the phenol-functionalized counterpart. This was 

attributed in part to the lower rate constant for the reaction between HRP and thiol than that 

between HRP and phenol [12]. In this chapter, a hydrogel system that is formed by the HRP-

mediated coupling of polyphenols is described. This hydrogel system exhibits fast gelation 

that is typical of hydrogels formed via HRP-mediated coupling of phenols, while at the same 

time avoids the need for exogenous H2O2.  

Catechins are a group of polyphenols found in green tea, which are known for their health 

benefits, such as anti-cancer and anti-inflammatory properties [13]. Among the various green 

tea catechins, (-)-epigallocatechin-3-gallate (EGCG, Fig. 8-1) is the most abundant constituent 

[14, 15]. While it has been demonstrated previously that EGCG coupling occurred upon the 
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addition of HRP, exogenous H2O2 was added concurrently [16]. Herein, we proposed that the 

addition of HRP alone would be sufficient to catalyze the crosslinking of polymer-EGCG 

conjugates via coupling of EGCG moieties, as H2O2 is generated as a by-product during 

EGCG autoxidation under aerobic condition. To this end, a hyaluronic acid-EGCG conjugate 

(HA-EGCG, Fig. 8-2a) was synthesized. First, an aldehyde-mediated condensation reaction, 

which selectively reacts with the C-6 and C-8 positions of the A ring of EGCG, was utilized 

to synthesize ethylamine-bridged EGCG dimers [17, 18]. The EGCG dimers comprised of 

four isomers, which were characterized by HPLC, high-resolution mass spectrometry and 

NMR spectroscopy. Next, the amine-functionalized EGCG dimers were conjugated to HA 

through the formation of amide bonds using conventional carbodiimide-mediated coupling 

chemistry. The EGCG moieties are expected to not only serve as crosslinking moieties, but 

also endow the conjugates with enhanced bioactivities. Indeed, it was shown that the HA-

EGCG conjugates exhibit enzyme-inhibiting, anti-proliferative and radical scavenging 

activities, all of which were either absent or present at a negligible level in native HA. Next, 

the gelation property of HA-EGCG conjugates in the presence of HRP was characterized in 

vitro and in vivo (Fig. 8-2b). Furthermore, it was demonstrated that hydrogels could be 

formed through EGCG quinone formation even in the absence of HRP. 

 

Fig. 8-1. Chemical structure of EGCG. 
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Fig. 8-2. (a) Chemical structure of HA-EGCG conjugates. (b) Formation of hydrogels through the 

oxidative coupling of EGCG moieties.  

8.2. Materials and methods 

8.2.1. Materials  

TEAVIGOTM green tea extract (EGCG, minimum 90%) was purchased from DMS 

Nutritional Products Ltd. (Switzerland). Hyaluronic acid (HA, 90 kDa and 800 kDa) was 

kindly donated by JNC Corporation (Tokyo, Japan). Methanesulfonic acid (MSA), 2,2-

diethoxyethylamine (DA), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC⋅HCl), xanthine, sodium 

nitroprusside, Greiss reagent, nitrotetrazolium blue chloride (NBT), thiobarbituric acid, 2-

deoxy-D-ribose, ascorbic acid, hydrogen peroxide (H2O2), trichloroacetic acid, hyaluronidase 

from bovine testes (439 U/mg), hydrogen peroxide (H2O2), tyramine hydrochloride (Tyr⋅HCl) 

and sodium azide were all purchased from Sigma-Aldrich (Singapore). 2-(N-

Morpholino)ethanesulfonic acid (MES), iron (II) sulfate heptahydrate (FeSO4·7H2O), N-

acetyl-D-glucosamine, di-sodium hydrogen phosphate dihydrate (Na2HPO4⋅2H2O) and 

sodium dihydrogen phosphate monohydrate (NaH2PO4⋅H2O) were obtained from Merck 

(Singapore).  Xanthine oxidase (XO, 0.34 U/mg) from buttermilk and horseradish peroxidase 
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(HRP, 190 units per mg) were purchased from Oriental Yeast Co., Ltd. (Japan). p-

Dimethylaminobenzaldehyde (DMAB) was purchased from Wako Pure Chemical Industries 

(Japan). N,N-Dimethylfomamide-d7 (DMF-d7) was purchased from Cambridge Isotope 

Laboratories, Inc (USA). Human fibroblast-like synoviocytes (HFLS) derived from 

rheumatoid arthritis patient were obtained from Cell Applications, Inc. (USA). Fetal bovine 

serum (FBS), penicillin-streptomycin and PicoGreen® dsDNA quantitation assay kit were 

purchased from Life Technologies (Singapore). Phosphate buffer saline (PBS, pH 7.3) and 

RPMI 1640 were supplied by media preparation facility in Biopolis (Singapore). Deionized 

H2O was used in all experiments.   

8.2.2. Synthesis of ethylamine-bridged EGCG dimers 

In a glass vial containing 1.2 ml of cold MSA:THF (1:5, v/v) mixture, 145 µl of DA (1.0 

mmol) was added while stirring. The mixture was transferred dropwise to EGCG (2.29 g, 5 

mmol), which was dissolved in 3.8 ml of THF and 1.7 µl of MSA, and stirred overnight in the 

dark at ambient temperature. The resulting mixture was concentrated under reduced pressure 

and further dried under vacuum overnight at ambient temperature. The products were 

dissolved in 10 ml of H2O and the unreacted EGCG were removed by extraction with 10 ml 

of ethyl acetate using a separatory funnel. Unreacted EGCG moved to the organic layer while 

the ethylamine-bridged EGCG dimers remained in the aqueous layer. The extraction was 

repeated until no free EGCG was detected in the aqueous layer using a Waters Acquity 

UPLC-MS system. The concentration of the purified ethylamine-bridged EGCG dimer in the 

aqueous phase was determined by absorbance at 273 nm and was found to be 84 mg/ml (yield 

= 88%). HRMS-ESI calcd for C46H40NO22 [M + H]+ 958.2036, found 958.2062. The dimers 

were stored at -80 °C. 

8.2.3. High-performance liquid chromatography (HPLC) 

 HPLC was performed by Waters 2695 Separation Module equipped with a Waters 2996 

Photodiode Array Detector. A Spirit HPLC C18 column (5 μm, 25 × 0.46 cm; AAPPTec) was 

used. The mobile phase consisted of H2O and acetonitrile with 1% acetic acid. Sample 

concentration was 5 mg/ml and elution was carried out at 1 ml/min flow rate, 23 °C, with a 

linear gradient of acetonitrile from 10 to 35% in 30 min.   

8.2.4. Nuclear magnetic resonance (NMR) measurement 
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The purified EGCG dimers, which contained different isomers, were separated by a 

Gilson preparative HPLC system equipped with a Gilson UV/VIS-156 detector. A C18 

reversed phase preparative column (21.2 mm x 250 mm, Kromasil®) was used. The mobile 

phase consisted of H2O and acetonitrile with 0.1% trifluoroacetic acid. Samples were eluted at 

15 ml/min, 25 °C, with 10% acetonitrile for 3 min and then gradient to 60% over 40 min. For 

NMR analysis, 10 mg of sample from each fraction was dissolved in 0.7 ml of DMF-d7 and 

transferred to a Wilmad J-Young low pressure/vacuum NMR tube. Oxygen in the sample was 

removed by three cycles of freeze-pump-thaw. NMR experiments were performed with a 

Bruker Avance II (400 MHz) NMR equipped with a 5 mm PABBO probe. A series of NMR 

experiments were performed for each compound, including 1D 1H and 13C APT spectra as 

well as 2D 1H-13C HSQC and HMBC spectra using standard pulse programs. All chemical 

shifts are given in ppm values relative to DMF-d7 (1H: δ 2.75 ppm; 13C: δ 34.89). 

8.2.5. Synthesis of HA-EGCG conjugates 

Ethylamine-bridged EGCG dimers were conjugated to HA by a typical carbodiimide-

mediated coupling reaction [19]. HA (250 mg, 0.62 mmol) was dissolved by stirring in 20.2 

ml of 0.4 M MES buffer (pH 5.2) with 2.5 ml of DMF. Next, NHS (89 mg, 0.78 mmol) and 

ethylamine-bridged dimers (0.205 mmol in 2.33 ml of H2O) were added to the reaction 

mixture. Then, EDC⋅HCl (150 mg, 0.78 mmol) was added and the pH of the reaction was 

adjusted to 4.7. The reaction mixture was purged vigorously with N2 for 10 min and then 

incubated in the dark overnight under N2 at ambient temperature. The HA-EGCG conjugates 

were purified by precipitation using a previously established method with some modifications 

[19, 20]. Briefly, 125 ml of H2O and 16.7 ml of 5 M NaCl solution were added to the reaction 

mixture and the pH was lowered to 3 with HCl solution. Then, 310 ml of ethanol was added 

while stirring. Under these conditions the HA-EGCG conjugates formed slurry precipitates 

which were collected by centrifugation (6000 rcf, 5 min). After decanting the supernatant, the 

precipitates were re-dissolved in 250 ml of water. Then, 33 ml of 5 M NaCl solution was 

added, the pH was adjusted to 3, and 620 ml of ethanol was added. The precipitates were 

collected by centrifugation and re-dissolved in 500 ml of H2O. After adding 67 ml of 5 M 

NaCl solution and lowering the pH to 3, 1.24 L of ethanol was added. The precipitates were 

again collected by centrifugation and re-dissolved in 300 ml of H2O. The conjugates were 

then dialyzed (Spectra/Por 7, MWCO = 3500 Da) against H2O in N2 atmosphere overnight. 

Finally, the purified HA-EGCG conjugates were lyophilized. The yield was 185 mg (74%). 

For NMR analysis, the lyophilized conjugates were dissolved in D2O at 10 mg/ml. To 
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determine the degree of substitution (DS, the number of EGCG dimers conjugated for every 

100 disaccharide units), the conjugates were dissolved at 0.5 mg/ml in water and UV-Vis 

spectrum was recorded with a Hitachi U-2810 spectrometer. The amount of EGCG contained 

in the conjugate was determined by comparing the absorbance at 273 nm with a set of EGCG 

standards. HA-EGCG conjugates made from 800 kDa HA were used for hyaluronidase 

inhibition, radical scavenging assays and hydrogel formation. HA-EGCG conjugates made 

from 90 kDa HA were filtered through a 0.2 µm syringe filter before lyophilization; the 

lyophilized products were dissolved in sterile H2O at 50 mg/ml and used for cell growth 

experiments.  

8.2.6. Hyaluronidase inhibition study 

 HA and HA-EGCG conjugates (2 mg/ml) were treated with 0, 2.5 and 12.5 U/ml of 

hyaluronidase in 0.1 M sodium phosphate buffer (pH 5.7) for 20 h at 37 °C. The amount of 

reducing ends generated was determined by Morgan-Elson assay [21]. DMAB stock solution 

was prepared by dissolving 5 g of DMAB in 6.25 ml of 10 M HCl and then topped up to 50 

ml with acetic acid. The DMAB reagent was diluted 10-fold with acetic acid immediately 

before use. The hyaluronidase-treated samples were first diluted 4-fold with H2O, then 32 µl 

of which was mixed with 8 µl of borate solution (0.741 g of boric acid and 0.297 g of 

potassium hydroxide in 15 ml of H2O, pH 9). The mixture was heated at 99 °C for 5 min. 

After cooling down to room temperature, 160 µl of DMAB was added and the mixture was 

then incubated at 37 °C for 20 min. One hundred and fifty µl of the solution was transferred to 

a 96-well plate and the absorbance at 585 nm was determined by a Tecan Infinite 200 

microplate reader. The amount of reducing ends was determined by comparing to a set of N-

acetyl-D-glucosamine standards. The dynamic viscosity was measured using a HAAKE 

Rheoscope 1 rheometer equipped with a cone sensor (3.5 cm in diameter and 1.029° cone 

angle) at a shear rate of 400/s and 25 °C. 

8.2.7. Cell culture  

Human fibroblast-like synoviocytes (HFLS) were grown in RPMI 1640 medium 

supplemented with 10% FBS and 1% penicillin-streptomycin. The cells were cultured in T75 

tissue culture flasks and incubated at 37 °C and with 5% CO2. Cells below passage 10 were 

used. 

8.2.8. Cell growth assay  
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To determine the effect of HA, HA-EGCG conjugates and EGCG on cell growth, 2.5 x 

103 HFLS in 100 µl of complete growth medium were seeded on the wells of a 96-well plate. 

After overnight incubation, the spent medium was replaced with 50 µl of fresh complete 

growth medium containing 40 ng/ml of tumor necrosis factor alpha (TNFα). Next, 50 µl of 

HA, HA-EGCG conjugates or EGCG was added. HA/HA-EGCG conjugates and EGCG were 

first dissolved in water at 50 mg/ml and 2 mM, respectively, before they were diluted in RPMI 

1640 and added to the wells. The final concentration of TNFα in the wells was 20 ng/ml. The 

final concentrations of HA or HA-EGCG conjugates were 0.2, 0.3, 0.6, 1.3 or 2.5 mg/ml. The 

final concentrations of EGCG were 6.3, 12.5, 25, 50 or 100 μM, which corresponded to the 

concentrations of EGCG contained in the HA-EGCG conjugates. The plate was incubated at 

37 °C for 3 days, after which images of the cells were taken using a microscope, and the 

number of cells in the wells were determined by DNA quantification using PicoGreen® 

dsDNA assay kit. Briefly, the spent medium was removed and the cells were lysed with 20 µl 

of 0.2% Triton X-100 in PBS for 30 min on a shaker. Then 180 µl of PicoGreen® reagent, 

prepared according the manufacturer’s protocol, was added to each well. The plate was placed 

for 5 min in the dark and then the fluorescence was measured using a microplate reader (λex = 

480 nm and λem = 520 nm). The amount of DNA in each well was expressed in terms of the 

percentage of the controls (no treatment). 

8.2.9. Radical scavenging assays 

•NO was generated by sodium nitroprusside and measured according to a previously 

described method [22]. Briefly, 50 µl of HA, HA-EGCG conjugates or EGCG dissolved in 

H2O at various concentrations was added to the wells of a 96-well plate. Then, 50 µl of 

sodium nitroprusside (10 mM in 0.2 M sodium phosphate buffer, pH 7.4) was added. After 

incubation at room temperature for 2.5 h under light, 100 µl of Greiss reagent was added. 

After 2 min incubation, the absorbance at 570 nm was recorded using a microplate reader. A 

reaction without any test sample (H2O only) was performed as control. The percentage of •NO 

scavenged were calculated using the following equation, where Acontrol and Asample were the 

absorbance values of the control and sample, respectively: 

Radicals scavenged (%)= �Acontrol - Asample

Acontrol
�       
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•OH was generated by Fenton reaction using FeSO4 and H2O2. The amount of •OH was 

determined by the thiobarbituric acid reaction in which the •OH degrades 2-deoxy-D-ribose 

into a 3-carbon compound, malondialdehyde, which then forms a chromogen in the presence 

of thiobarbituric acid [23, 24]. One hundred µl of HA or HA-EGCG conjugates dissolved in 

H2O at various concentrations was added to microcentrifuge tubes. Then, a solution 

containing 2-deoxy-D-ribose (20 mM), ascorbic acid (80 µM) and FeSO4 (80 µM) in 50 µl of 

buffer (0.2 M sodium phosphate buffer with 0.3 M NaCl, pH 7.4) was added. Next, 50 µl of 

H2O2 (882 µM) prepared in buffer was added to initiate Fenton reaction. After incubating at 

37 °C for 1.5 h, 50 µl of the reaction mixture was mixed with 50 µl each of trichloroacetic 

acid (2.8%, w/v) and thiobarbituric acid (1% in 50 mM NaOH, w/v).  The mixture was heated 

at 99 °C for 15 min. After cooling down to room temperature, 100 µl was transferred to the 

wells of a 96-well plate and the absorbance at 532 nm was measured using a microplate 

reader. The percentage of •OH scavenged was determined by the above equation. 

•O2
− was generated by XO and xanthine and measured by NBT reduction assay based on a 

previously established protocol with some modifications [25]. Stock solution of xanthine was 

prepared at 2.28 mg/ml in 1 M NaOH and diluted 10-fold in 0.2 M sodium phosphate buffer 

(pH 7.4) immediately before use. Fifty µl of HA or HA-EGCG conjugates dissolved in H2O 

was added to the wells of a 96-well plate. Then, 15 µl of XO (0.27 units/ml), 15 µl of NBT 

(0.2 mM) and 20 µl of xanthine (1.5 mM), all prepared in 0.2 M sodium phosphate buffer (pH 

7.4), were added sequentially. Production of •O2
− was monitored by the formation of 

formazan dye at 560 nm using a microplate reader. Absorbance measurement was started 

immediately after adding xanthine and was recorded for 2 min during which the absorbance 

of the control (no test sample) increased linearly, suggesting a linear production of •O2
−. The 

slope of the absorbance measurement during the 2 min period was determined by linear-fitting 

the data points using Microsoft Excel. The percentage of •O2
− scavenged was then determined 

by the following equation, where Scontrol and Ssample were the slopes of the control and sample, 

respectively: 

•O2
- scavenged (%)= �Scontrol - Ssample

Scontrol
�      

The radical scavenging activities were expressed as 50% scavenging concentration (SC50), 

which was the sample concentration required to decrease in the signal intensity (•NO and •OH) 

or the slope (•O2
−) by 50% relative to the control. 
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8.2.10. Determination of H2O2 production by HA-EGCG conjugates at different pH 

HA-EGCG conjugates were dissolved in H2O at 1.43 mg/ml by stirring vigorously. 

Seventy µl of the HA-EGCG solution was added to 230 µl of H2O and then frozen at -20 °C, 

this was later used to quantify the amount of H2O2 produced during the dissolution process. 

The pH of HA-EGCG solution was adjusted to pH 5 or 7.4 by using sodium phosphate buffer 

as described above, the final HA-EGCG concentration was 1 mg/ml. The HA-EGCG 

solutions were incubated in an orbital shaker at 80 rpm and 37°C. At selected time points, 50 

µl of the samples was collected and mixed with 100 µl of 0.2 M HCl to stop the autoxidation 

reaction. The samples were kept frozen at -20 °C until analysis. H2O2 concentrations were 

determined by PeroXOquant Quantitative Peroxide Assay Kits, aqueous-compatible 

formulation (Pierce), according to manufacturer’s protocol. 

8.2.11. Formation of HA-EGCG hydrogels and rheological measurement 

HA-EGCG conjugates were dissolved in H2O at 14.3 mg/ml. Hydrogels were formed 

according to the formulations shown in Table 8-1. The pH was adjusted to pH 7.4 by sodium 

phosphate buffer and to pH 5 by a combination of sodium phosphate buffer and HCl. The 

total volume was 500 μl and the final concentration of HA-EGCG conjugates was 10 mg/ml. 

For HRP-mediated crosslinking reaction shown in Fig. 9-2b and 2c, the final HRP 

concentration was 0.062 and 0.168 U/ml at pH 7.4 and pH 5, respectively. A higher 

concentration of HRP was used at pH 5 in order to compensate for the reduced enzymatic 

activity when compared with pH 7.4. In order to examine the effect of HRP concentration on 

gel formation at pH 7.4 (Fig. 8-12f), the final HRP concentration was varied from 0.016 to 

0.125 U/ml. For HRP-mediated crosslinking reaction at pH 5 in the presence of exogenous 

H2O2, H2O2 was added to attain a final concentration of 0.7 mM.  

Table 8-1. Hydrogel Formulationsa 

Sample 
HA-

EGCG 
(µl)b 

H2O 
(µl) 

1.5 M 
NaH2PO4 

(µl) 

0.6 M 
Na2HPO4 

(µl) 

2M HCl 
(µl) 

HRP 
(µl)c 

H2O2 

(µl)d 

pH 7.4 (-HRP) 350 39.3 9.5 101.3 0 0 0 
pH 7.4 (+HRP) 350 2.5 9.5 101.3 0 36.8 0 
pH 5 (-HRP) 350 87.3 43.9 15.4 3.5 0 0 
pH 5 (+HRP) 350 50.5 43.9 15.4 3.5 36.8 0 

pH 5 (+HRP/H2O2) 350 0 43.9 15.4 3.5 36.8 50.5 
a The total volume for each formulation was 500 µl and the final HA-EGCG concentration was 10 mg/ml. b14.3 
mg/ml in H2O. c HRP was dissolved in H2O. For hydrogels formed pH 7.4, the HRP feed concentration varied 
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from 0.22 to 1.70 U/ml. For hydrogels formed at pH 5, the HRP feed concentration was 2.28 U/ml. d 7.0 mM in 
H2O. 

For gel formation studies, the different gel formulations were prepared in test tubes, 

vortexed and then incubated at 37 °C. Digital photographs were taken on selected time points 

with the test tubes tilted at 90° angle. For 1H NMR measurement of hydrogel formed at pH 

7.4 in the absence of HRP, the formulation shown in Table 9-1 was used with the exception 

that the solvent was D2O. The mixture was transfer to an NMR tube and allowed to gel 

overnight at 37 °C. Rheological measurement was performed according to the procedures 

described in Chapter 3 using a HAAKE Rheoscope 1 rheometer (Karlsruhe, Germany) 

equipped with a cone sensor (3.5 cm in diameter and 1.029° cone angle). The evolution of G’ 

and G’’ were measured for 10 h at 37 °C in the dynamic oscillatory mode with constant 

deformation of 1% and frequency of 1 Hz. The gel point was defined as the time taken for G’ 

to crossover G’’.  

8.2.12. Synthesis of HA-tyramine conjugates and formation of HA-tyramine hydrogels 

The synthesis of HA-tyramine conjugates was performed according to the procedures 

described in Chapter 2 with some modifications. Five hundred mg of HA (800 kDa) was 

dissolved in 45 ml of 0.4M MES buffer (pH 5.2) and 5 ml of DMF. Then NHS (179 mg, 1.55 

mmol) and Tyr⋅HCl (71 mg, 0.41 mmol) were added. After which EDC⋅HCl (300 mg, 1.56 

mmol) was added and the pH was adjusted to 4.7. The reaction was stirred overnight at r.t. 

and then the pH was adjusted to 7. The mixture was dialyzed (Spectra/Por 7 MWCO = 3500 

Da) against 100 mM NaCl for two days, 25% ethanol for 1 day and H2O for 1 day and then 

lyophilized. The yield was 84% and the degree of substitution (the number of tyramine 

conjugated for every 100 disaccharide units) was determined by absorbance at 274 nm and 

was found to be 3. HA-tyramine hydrogels (10 mg/ml) were formed in the presence of 0.062 

U/ml of HRP and 104 µM of H2O2. The G’ of HA-tyramine hydrogel was 100 Pa. 

8.2.13. In vitro hydrogel degradation study 

HA-EGCG and HA-tyramine gel precursors (200 µl, 10 mg/ml, pH 7.4) were prepared as 

described above and added between two glass plates with 1.5 mm spacing. After overnight 

incubation at 37°C, the hydrogels were sandwiched between plastic nets and swelled in 20 ml 

of PBS. The next day, the swollen hydrogels were transferred to 20 ml of PBS (0.05% (w/v) 

sodium azide) containing 2.5 or 10 U/ml of hyaluronidase and incubated at 37°C in an orbital 
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shaker at 100 rpm. At selected time points, the hydrogels were removed from the degradation 

solution with a pair of forceps, gently blotted dry with Kimwipe and weighed. 

8.2.14. Animal studies 

Female Balb/c mice were used in the study. HA-EGCG conjugates were filtered through 

0.22 µm syringe filter, lyophilized and dissolved in sterile water. Phosphate buffer, HRP and 

HA-tyramine solutions were sterile-filtered as well. One hundred µl of HA-EGCG or HA-

tyramine gel precursors (10 mg/ml, pH 7.4) were prepared as described above and 

immediately injected into the subcutaneous tissue using a 25G needle. Each mouse bore two 

hydrogels. On day 1, 20 and 42 post-injection, the mice were euthanized by CO2 and the 

remaining hydrogels were retrieved and weighed. The care and use of laboratory animals 

were performed according to the approved protocol by the Institutional Animal Care and Use 

Committee (IACUC) at the Biological Resource Center (BRC) in Biopolis, Singapore. 

8.2.15. Statistics 

Results were expressed as the mean ± standard deviation (SD). The difference between 

the values was assessed using Student’s t-test in Microsoft Excel. 

8.3. Results and discussion 

8.3.1. Synthesis and characterization of ethylamine-bridged EGCG dimers 

It is known that the B and D rings of EGCG are crucial for its bioactivities such as 

enzyme inhibition [26], induction of apoptosis [27] and scavenging of radicals [28, 29]. For 

instance, decreasing the number of hydroxyl groups in the B ring reduced its anti-cancer 

activity as a proteasome inhibitor [30]. Hence it is important to keep these sites intact during 

chemical modifications. Toward this goal, we utilized an aldehyde-mediated condensation 

reaction which selectively reacts with the A ring of EGCG (Fig. 8-3) [17]. The reaction, also 

known as Baeyer acid-catalyzed condensation, occurs during wine-aging in which flavanols 

react with aldehydes to form dimeric or oligomeric compounds [31-33]. The resulting 

chemical bridge between the flavanols depends on the aldehyde that is used for the reaction. 

In this study 2,2-diethoxyethylamine (DA), a protected aldehyde, was chosen to react with 

EGCG because it contains a primary amine which can form amide bond with the carboxyl 

groups of HA. Under acidic conditions the diethylacetal exists in equilibrium with aldehyde, 
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which in turn accepts nucleophilic attack by the C-6 or C-8 of EGCG. The resulting 

intermediate further involves another EGCG to elaborate the EGCG dimers 1, 2a, 2b, and 3.  

 
Fig. 8-3. Synthesis of ethylamine-bridged EGCG dimers 

It was reported that the aldehyde-mediated condensation reaction of flavanols would yield 

four isomers with 8-8, 6-6 and two 6-8 linkages, which stems from the linkage between the 

two reactive sites on the A ring (C-6 and C-8) and the asymmetric carbon [32, 33]. Indeed, 

four major peaks were observed in HPLC analysis in which two peaks in the middle 

overlapped with each other (Fig. 8-4). According to previous studies the aldehyde-mediated 

condensation reaction is regioselective due to the sterically favorable substitution of C-8 over 

C-6, hence the 8-8 isomer should be generated the most while the 6-6 isomer the least [32, 34]. 

Based on this information, the largest peak observed in the HPLC, i.e., the first eluted peak, 

was assigned to 1, the 8-8 isomer. The next two overlapping peaks accounted for 2a and 2b, 

the two 6-8 stereoisomers. The last eluted peak, which was also the smallest in area, came 

from 3, the 6-6 isomer. Each isomer was isolated by preparative HPLC for NMR analysis to 

elucidate the chemical structures. Only three fractions were collected because the two 

overlapping peaks, which contained 2a and 2b (6-8 stereoisomers), were eluted together as 

one fraction. All three fractions had m/z of 958 as determined by LC/MS, which corresponded 

to [M + H]+.  
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Fig. 8-4. HPLC chromatogram (UV absorbance at 280 nm) of ethylamine-bridged EGCG dimers. Arrows 

indicate the major peaks which correspond to the four isomers.  

1H NMR spectrum of the first eluted fraction, which contained 1 (8-8 isomer), revealed 

that the chemical shifts were paired, i.e., two peaks with equal intensity, particularly for H-2' 

and H-6' of the B ring and H-2'' and H-6'' of the D ring (Fig. 8-5a). Similarly, several of the 
13C chemical shifts were paired (Table 8-2). These results imply the presence of two sets of 

EGCG with different resonance, which was likely caused by the formation of an ethylamine 

bridge between two EGCG molecules. The broad peak centered at 3.89 ppm was assigned to 

the CH2 protons of the ethylamine bridge. The assignment was supported by the chemical 

shift of the corresponding carbon determined by 1H-13C HSQC, which was negative (43.74 

ppm, Fig. 8-5b), indicating either a secondary, as in this case, or a quaternary carbon. A triplet 

centered at 5.49 ppm was found to overlap with the chemical shifts of the H-3 proton of 

EGCG (Fig. 8-5a inset). This was assigned to the CH proton of the ethylamine linkage as 

coupling of the CH proton to the CH2 protons of the ethylamine bridge would result in a 

triplet. Indeed, integration from 5.4 to 5.6 ppm revealed the presence of three protons, which 

corresponded to one CH proton and two H-3 protons. The chemical shift of the CH carbon as 

located by 1H-13C HSQC (Fig. 8-5b) was positive (31.10 ppm), indicating either a primary or 

a tertiary carbon. The CH carbon is a tertiary carbon. Correlations between the protons of CH2 

and CH of the ethylamine bridge with C-8 carbon of EGCG were observed (Fig. 8-5c). The 

unambiguous assignment of the resonance of CH2 and CH confirmed the formation of an 

ethylamine bridge between two EGCG molecules.  

13C NMR spectrum of 1 is shown in Fig. 8-5d. In order to assign the six carbon peaks of 

C-5, C-7 and C-8a which resonate closely between 154 to 156 ppm (Fig. 8-5a, inset), 1H-13C 

HMBC focusing on this region was performed to obtain a high resolution spectrum. The 
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HMBC correlations were shown in Fig. 8-5e, and the six carbons peaks were assigned as 

follows. The carbons at 154.30 and 154.62 ppm, which showed correlations with the CH 

proton of the ethylamine bridge but not the H-6 protons of the A ring, were assigned as C-8a 

(Fig. 8-5f). On the contrary, the carbons at 155.38 and 155.61 ppm, which correlated with the 

H-6 protons but not the CH proton of the ethylamine bridge, were assigned as C-5. The 

remaining two carbons at 155.51 and 155.92 ppm, which exhibited correlations with both the 

CH proton and the H-6 protons, were assigned as C-7. Similar procedure was applied to 

assign the 1H and 13C peaks for the other isomers (Table 8-2). However, we could not assign 

the 13C resonance for C-5, C-7 and C-8a of 2a and 2b as they were eluted together in one 

fraction. It is worth mentioning that the 1H NMR spectrum of the fraction containing 2a and 

2b showed four peaks for each of the protons of the B ring and D ring (Fig. 8-6a). On the 

other hand, 1H NMR of 3 showed a single peak for each of the protons of the B and D rings 

(Fig. 8-6b).  
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Fig. 8-5. NMR characterization of 1 (8-8 isomer) (a) 1H NMR spectrum. The CH protons were buried 

within the resonance of H-3 as indicated by arrows (inset). (b) HSQC spectrum showing the correlations 

between the protons and carbons of ethylamine bridge. (c) HMBC spectrum showing the correlations 
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between the protons and of ethylamine bridge and C-8 of EGCG. (d) 13C NMR spectrum. (e) 1H-13C 

HMBC correlations. (f) 1H-13C HMBC spectrum. 

Table 8-2. 1H and 13C assignments of 1, 2a, 2b and 3 in DMF-d7 (δ in ppm, J in Hz) 

aBuried in the H2O peak. b Values may be switched. c Unable to assign accurately because there are two 
stereoisomers in the sample.  

No. 1 (8-8 isomer) 2a, 2b (6-8 isomers) 3 (6-6 isomer) 
1H 13C 1H 13C 1H 13C 

CH2 3.89 43.73 Burieda 42.80, 43.57 3.90 42.15 

CH 5.45-5.52 31.10 5.35-5.45, 
5.50-5.60 30.73, 30.96 5.19 (t, J = 7.5) 31.10 

2 5.08, 5.09 78.05 5.00-5.20 77.60, 78.10 5.0-5.1 77.77 

3 5.40-5.55 68.57, 68.80 5.47 68.66, 68.82, 
69.09, 69.21 5.48 69.06 

4 2.80-3.20 26.31, 26.66 2.80-3.20 26.29, 26.90 2.80-3.20 26.89 

4a - 98.58 - 99.33, 99.38, 
99.69, 100.08 - 100.98 

5 - 155.38, 155.61 - N.A.c - 154.82, 154.88 
6 6.21, 6.24 96.62, 96.90 6.25, 6.28b 107.95b - 107.20, 107.37 
7 - 155.51, 155.92 - N.A.c - 154.11 
8 - 106.04 6.18, 6.21b 104.74, 105.26b 6.24, 6.25 96.21, 96.38 
8a - 154.30, 154.62 - N.A.c - 155.28, 155.33 

1’ - 129.46, 129.55 - 129.28, 129.58, 
129.63, 129.31 - 129.36 

2’, 6’ 6.62, 6.67 106.28, 106.47 6.60, 6.62, 
6.67, 6.68 

106.18, 106.27, 
106.37, 106.20 6.60 106.16 

3’, 5’ - 146.44 - 146.36, 146.38, 
146.43 

- 146.46 

4’ - 133.14, 133.28 - 133.15, 133.21 - 133.27, 133.29 

0” - 166.08, 166.16 - 165.98, 166.01, 
166.06 

- 166.02, 166.06 

1” - 120.61, 120.64 - 120.52, 120.57 - 120.45 

2”, 6” 7.06, 7.09 109.50, 109.56 7.00, 7.03, 
7.06, 7.09 

109.31, 109.49 7.03 109.31 

3”, 5” - 146.10 - 146.07, 146.12 - 146.17 
4” - 139.14 - 139.10 - 139.14 
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Fig. 8-6. 1H NMR spectra of (a) 2a and 2b (6-8 isomers), and (b) 3 (6-6 isomer).  

8.3.2. Synthesis and characterization of HA-EGCG conjugates 

Ethylamine-bridged EGCG dimers were conjugated to HA by a typical carbodiimide-

mediated coupling reaction to obtain HA-EGCG conjugate (Fig. 8-7). Removal of unreacted 

EGCG dimers from reaction mixture by dialysis against water was attempted but found to be 

inefficient. Dialysis against a mixture of DMF:H2O (10:90, v/v) could remove the unreacted 

EGCG dimers, but the process took several days. In contrast, by precipitating the HA-EGCG 

conjugates with ethanol in the presence of NaCl, HA-EGCG conjugates formed slurry 

precipitates which could be easily collected by centrifugation. The unreacted EGCG dimers 

remained in the supernatant and were decanted. After lyophilization the purified HA-EGCG 

conjugate was dissolved in D2O and analyzed by 1H NMR (Fig. 8-8a). Although the peaks 

corresponding to the protons of the B and D rings could be observed (Fig. 8-8a inset), the 

signal to noise ratio of these peaks was too low for accurate integration. Hence absorbance 

measurement was employed to determine the degree of substitution. HA-EGCG conjugate 

showed a peak at around 273 nm (Fig. 8-8b, solid line), which corresponds to the π-π* 

transitions of the aromatic rings of EGCG. Ethylamine-bridged EGCG dimers also showed a 

peak at 273 nm (dashed line) while HA did not (dotted line).  The degree of substitution (DS, 

the number of EGCG dimers conjugated for every 100 disaccharide units) was calculated by 
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comparing the absorbance at 273 nm to a set of EGCG standards. The DS of HA-EGCG 

conjugates made from 90 kDa and 800 kDa of HA were 0.8 and 1, respectively.  

 

Fig. 8-7. Synthesis of HA-EGCG conjugates.  

 

Fig. 8-8. Characterization of HA-EGCG conjugates (800 kDa). (a) 1H NMR of 10 mg/ml of HA-EGCG 

conjugates in D2O. Chemical shifts of H-2’ and H-6’ of B ring and H-2’’ and H-6’’ of D ring of EGCG 

were visible (inset). (b) Absorbance spectra of ethylamine-bridged EGCG dimer (dashed line, 10 μg/ml), 

HA-EGCG conjugate (solid line, 0.5 mg/ml) and unmodified HA (dotted line, 0.5 mg/ml) in H2O. 

8.3.3. Hyaluronidase inhibition by HA-EGCG conjugates 

Tea polyphenols are known to bind to proteins through hydrophobic interaction and 

hydrogen bonding, thereby inhibiting the activity of enzymes [35, 36]. Mammalian 

hyaluronidase cleaves the β-1,4-glycosidic bonds of HA, generating HA fragments with N-

acetyl-D-glucosamine reducing ends [37]. It is expected that the EGCG moieties of HA-

EGCG conjugates would inhibit hyaluronidase and reduce the rate of enzymatic degradation 

of the HA backbone. HA-EGCG conjugates and HA (2 mg/ml) were incubated with 

hyaluronidase solution for 20 h and the amount of reducing ends and the dynamic viscosity  
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(η) of the degraded samples were measured. In the case of HA-EGCG conjugates, the 

reducing end concentration remained below 0.1 mM as the concentration of hyaluronidase 

increased from 0 to 12.5 U/ml (Fig. 8-9a). On the contrary, the reducing ends increased to 

more than 0.7 mM in the case of HA. Moreover, the dynamic viscosities of HA-EGCG 

conjugates were higher than HA after incubation with hyaluronidase (Fig. 8-9b). The results 

suggested that HA-EGCG conjugates were less susceptable to degradation by hyaluronidase 

compared with HA, likely due to the inhibition of hyaluronidase activity by the EGCG 

moieties.  

 

Fig. 8-9. Inhibition of hyaluronidase activity. (a) Concentration of reducing end generated and (b) 

dynamic viscosity (η) of HA or HA-EGCG conjugates after treatment with hyaluronidase for 20 h at 37 

°C (n = 3, mean ± SD).  *p < 0.05 and **p < 0.005. 

Chemical modification of HA is known to disrupt hyaluronidase binding which in turn 

hinders degradation by the enzyme and can potentially prolong HA residence time in vivo 

[38]. In one study, the resistance to enzymatic degradation of serine-grafted HA increased as 

the degree of substitution increased from 40 to 100 [39]. Extensive modification of HA, 

however, would lead to changes in its physical and biological properties. In comparison, only 

1% of the carboxyl groups of HA were substituted with EGCG dimers in the HA-EGCG 

conjugate, hence it was unlikely that the observed resistance to enzymatic degradation was 

caused by modification of HA. Rather it was the interaction between the EGCG moieties and 

hyaluronidase that inactivated the enzyme.  

8.3.4. Anti-proliferative activity of HA-EGCG conjugates 
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EGCG is well-known for its anti-proliferative property. We examined the anti-

proliferative property of HA-EGCG conjugates using an in vitro model of rheumatoid arthritis. 

Rheumatoid arthritis is an autoimmune joint disease characterized by hyperplasia of the 

synovial lining, which behaves like a local tumor that invades the cartilage and underlying 

bone, leading to joint destruction [40]. Human fibroblast-like synoviocytes (HFLS) derived 

from rheumatoid arthritis patient were treated with HA, HA-EGCG conjugates or EGCG 

while under stimulation by TNFα to simulate the inflammatory environment in vivo. After 3 

days incubation, cells treated with HA retained healthy morphology across all the 

concentrations (Fig. 8-10a). Cells treated with HA-EGCG conjugates displayed normal 

morphology; with exception at the highest concentration of HA-EGCG conjugates, i.e., 2.5 

mg/ml (containing 100 µM of EGCG). At this concentration, cells lost their elongated 

morphology but remained attached to the well. Cells treated with EGCG appeared apoptotic at 

EGCG concentrations above 50 µM. The cell number, measured in terms of the amount of 

DNA and expressed as a percentage of the control (no treatment), of samples treated with HA 

was similar to the control across the different concentrations (Fig. 8-10b). In contrast, DNA 

amount decreased with increasing concentrations of HA-EGCG conjugates or EGCG, 

suggesting the inhibition of cell growth (Fig. 8-10c). Remarkably, HA-EGCG conjugates 

inhibited cell growth as effectively as EGCG. The observed growth inhibition is in agreement 

with a previous study which reported that EGCG can downregulate uncontrolled growth and 

induce apoptosis in HFLS [41]. 
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Fig. 8-10. HFLS derived from rheumatoid arthritis patient were treated with HA, HA-EGCG conjugates 

or EGCG for 3 days. (a) Representative microscope images of the treated cells. Scale bar = 50 µm. (b-c) 

Amount of DNA, expressed in terms of percentage of the control (no treatment), for samples treated with 

(b) HA, (c) HA-EGCG conjugates or EGCG. HA-EGCG conjugates at 0.2, 0.3, 0.6, 1.3 and 2.5 mg/ml 

contained 6.3, 12.5, 25, 50 and 100 μM of EGCG, respectively (n = 4, mean ± SD). 

8.3.5. Radical scavenging activity of HA-EGCG conjugate 
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HA is known to have antioxidant activity, which is attributed to reactive oxygen species 

(ROS)-induced chain depolymerization and the formation of a viscous meshwork that restricts 

ROS movement [42, 43]. However, only high molecular weight HA (3000-6000 kDa) showed 

significant radical scavenging activity and little effect was observed for low molecular weight 

HA [42]. Indeed, we found that HA (800 kDa) showed negligible scavenging activities 

towards •NO, •OH and •O2
− (Fig. 8-11). On the other hand, HA-EGCG conjugates showed 

concentration-dependent radical scavenging activities (Fig. 8-11). The concentrations at 

which 50% of the radicals were scavenged (SC50) were listed in Table 8-3. The radical 

scavenging activity of HA-EGCG conjugates was attributed to the EGCG moieties. EGCG is 

one of the most potent radical scavengers among the different green tea catechins due to the 

high number of hydroxyl groups contained in the B ring and the galloyl moiety (D ring) [28, 

44]. In addition to direct scavenging of radicals, EGCG can inhibit the generation of •OH 

radicals by chelating metal ions and preventing them from participating in Fenton reaction 

[45]. EGCG can also bind to enzymes such as xanthine oxidase (XO) and inhibit its 

enzymatic activity, which in turn prevents the generation of •O2
− [46].  

Hyaff®-11p75 (benzyl esters of HA with an approximate molecular weight of 300 kDa), a 

commercially available HA-derived product used in wound healing applications, was shown 

to scavenge •O2
− more effectively than high molecular weight HA (3000-6000 kDa) despite 

having a lower molecular weight [42]. The superior scavenging activity is attributed to the 

high degree of benzyl groups which offer alternative sites for •O2
− attack. Though Hyaff®-

11p75 can scavenge •O2
− effectively, its physio-chemical property is quite different from that 

of native HA because 75% of the carboxyl groups are esterified with benzyl alcohol.  As a 

result, Hyaff®-11p75 requires DMSO to be dissolved due to its high hydrophobicity [42]. In 

contrast, HA-EGCG conjugates could not only scavenge •O2
− but also remain soluble in water. 

Furthermore, HA-EGCG conjugates could scavenge •OH whereas Hyaff®-11p75 was 

incapable of doing so.  

 



Chapter 8 

206 

 

Fig. 8-11. Radical scavenging activities of HA (●) and HA-EGCG conjugates (■) against (a) •NO, (b) •O2
− 

and (c) •OH (n = 2, mean ± SD).   
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Table 8-3. Radical scavenging activity of HA-EGCG conjugates and EGCG (n = 2, mean ± 

SD) 

Sample 
SC50 (µM) 

•NO •OH •O2
− 

HA-EGCG conjugatea 32.3 ± 3.8 36.3 ± 4.3 20.4 ± 3.8 
EGCG 30.4 ± 1.4 18.0 ± 0.5 5.7 ± 1.3 

aConcentration of HA-EGCG conjugates was expressed in terms of the amount of EGCG contained in the 
conjugates 

8.3.6. Hydrogel formation via addition of HRP 

Having demonstrated that HA-EGCG conjugates exhibit enhanced bioactivities compared 

to native HA, we proceeded to examine the gelation property of HA-EGCG conjugates. 

EGCG is known to couple together in the presence of HRP and H2O2, forming a symmetric 

dimer as the major product (Fig. 8-12a) [16]. It is known that oxidation of EGCG by 

molecular oxygen occurs at the trihydroxyl B ring, which results in the formation of EGCG 

semiquinone radical and a superoxide radical (•O2
-). The •O2

- can oxidize another EGCG 

molecule and generate H2O2 in the process (Fig. 8-12b) [47-49]. We proposed that the 

generated H2O2 can serve as the oxidant in the enzymatic reaction, thus eliminate the need to 

add exogenous H2O2. We first measured the amount of H2O2 generated by HA-EGCG 

conjugates. HA-EGCG conjugates were dissolved in deionized water before mixing with 

phosphate buffer to bring to a specific pH. Autoxidation of EGCG is known to depend on the 

pH of the medium; a decrease in pH prevents acid dissociation of the hydroxyl groups of B 

ring [48, 49]. Thus the generation of H2O2 is inhibited at acidic condition. Indeed, H2O2 was 

produced by HA-EGCG conjugates at a much slower rate at pH 5 than pH 7.4 (Fig. 8-12c). 

The concentrations of H2O2 generated by HA-EGCG conjugates (1 mg/ml) after 24 h 

incubation were 15 and 150 μM at pH 5 and 7.4, respectively. 
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Fig. 8-12. (a) Formation of EGCG symmetric dimer by HRP and H2O2. (b) Formation of H2O2 via EGCG 

autoxidation. (c) Generation of H2O2 by HA-EGCG conjugates (1 mg/ml). (d) Photographs of HA-EGCG 

hydrogels (10 mg/ml) formed by adding HRP at pH 7.4 (first row), pH 5 (second row), or by adding both 

HRP and H2O2 at pH 5 (third row). (e) Evolution of G’ of the corresponding hydrogels. (f) The effects of 

HRP concentration on the G’ and gel point of hydrogels formed at pH 7.4 (n = 3, mean ± SD). (g) In vivo 

formation of HA-EGCG hydrogel with HRP) at pH 7.4 (scale bar = 0.5 cm). 

Having confirmed that H2O2 is being produced by HA-EGCG conjugates at physiological 

pH, we proceeded to form hydrogels by adding HRP. When HRP was added to a solution of 
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HA-EGCG conjugates (10 mg/ml) at pH 7.4, a hydrogel was formed within 7 min at 37 °C 

(Fig. 8-12d, first row). Gelation time was determined by tilting the test tube occasionally until 

the solution stopped flowing. In contrast, when HRP was added at pH 5, a hydrogel was not 

formed until 24 h later (Fig. 8-12d, second row). On the other hand, when exogenous H2O2 

was added together with HRP at pH 5, a hydrogel was formed within 10 min (Fig. 8-12d, 

third row). The results clearly demonstrated that the slow rate of H2O2 generation at pH 5 

limited the rate of HRP-mediated crosslinking reaction. The color of the hydrogels darkened 

progressively. At 10 h, the hydrogel formed at pH 7.4 was reddish brown, which resembled 

the color of black (fermented) tea, indicating the presence of oxidized catechins. The gelation 

process was examined by oscillatory rheometry. The storage modulus (G’) was lower than the 

loss modulus (G’’) at the beginning of the measurement, except for the hydrogel formed at pH 

7.4, in which crossover between G’ and G’’ occurred prior to the start of measurement. At pH 

7.4, G’ increased to 80 Pa in 3 h, which was followed by a slower phase of increment, 

reaching 100 Pa at 10 h (Fig. 8-12e). At pH 5, G’ increased more rapidly when both HRP and 

H2O2 were added than when only HRP was added. It was reported that the gelation rate of 

polymer-phenol conjugates increases with increasing HRP concentration. Indeed, as the 

concentration of HRP increased, the gel point, defined as the crossover between G’ and G’’, 

of HA-EGCG conjugates at pH 7.4 decreased while the G’ at 10 h increased (Fig. 8-12f). In 

order to demonstrate that the HRP-mediated gelation could likewise occur in vivo, a solution 

of HA-EGCG conjugates (10 mg/ml) at pH 7.4 was mixed with HRP (0.062 U/ml) and 

immediately injected into the subcutaneous tissue of mice. A hydrogel was successfully 

formed (Fig. 8-12g). 

8.3.7. Hydrogel formation via EGCG quinone formation 

One concern associated with HRP-mediated injectable hydrogel system is the retention of 

the enzyme in the gel matrix, which can potentially induce immune reaction due to its plant 

origin. It has been reported that autoxidation of EGCG under aerobic condition results in 

EGCG semiquinone radical formation. When EGCG semiquinone radical is further oxidized 

by oxygen, EGCG quinone is formed, which leads to EGCG coupling via a linkage at the B 

rings (Fig. 8-13a) [47]. This suggests that crosslinking between HA-EGCG conjugates could 

potentially take place without HRP. To test this hypothesis, a solution of HA-EGCG 

conjugates at pH 7.4, containing no HRP, was incubated at 37 °C. Gelation time was 

determined by tilting the tube periodically until a nonflowing gel was observed. The gelation 

time was 1.5 h (Fig. 8-13b). The sol-gel transition was accompanied by a gradual change in 
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color, from clear to pink to reddish brown, similar to hydrogels formed in the presence of 

HRP. However, rheological measurement showed that the G’ increased at a slower rate 

compared with hydrogels which were formed in the presence of HRP at pH 7.4, reaching 50 

Pa at 10 h (Fig. 8-13b). In contrast, a solution of HA-EGCG conjugates at pH 5 did not form a 

gel until 48 h (Fig. 8-13c). Despite the slower rate of gel formation in the absence of HRP, 

when a solution of HA-EGCG conjugates (10 mg/ml) at pH 7.4 was injected subcutaneously, 

a hydrogel was successfully formed (Fig. 8-13d). 

 

Fig. 8-13. (a) Coupling of EGCG at the B ring via EGCG quinone formation. Photograph and rheological 

measurement of HA-EGCG hydrogels (10 mg/ml) formed through quinone formation at (b) pH 7.4 and (c) 

pH 5. (d) In vivo formation of HA-EGCG hydrogel at the subcutaneous environment (scale bar = 0.5 cm).  

8.3.8. Resistance to hyaluronidase-mediated degradation 

The hydrogel degradation profiles in the presence of hyaluronidase were characterized. 

HA-EGCG and HA-tyramine hydrogels were prepared at pH 7.4, the latter was crosslinked by 

HRP/H2O2 (G’ = 100 Pa) and served as a comparison. The degree of substitution of HA-

tyramine conjugates was 3. In 2.5 U/ml of hyaluronidase solution, HA-EGCG hydrogels were 
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degraded at 33 h while HA-tyramine hydrogels were degraded within 8 h (Fig. 8-14a). When 

hyaluronidase concentration was increased to 10 U/ml, HA-EGCG and HA-tyramine 

hydrogels were degraded in 12 and 6 h, respectively (Fig. 8-14b). The longer time required 

for HA-EGCG hydrogels to be fully degraded suggested the inhibition of hyaluronidase 

activity. The degradation of HA-EGCG hydrogels was further evaluated in vivo. Forty-two 

days after injection into the subcutaneous tissue, the weight of HA-EGCG hydrogel formed 

with HRP remained close to 100% while the weight of HA-EGCG hydrogel formed without 

HRP decreased to 28% (Fig. 8-14c). In contrast, only 16% of the initial weight was remained 

for HA-tyramine hydrogel. Taken together, the in vitro and in vivo results demonstrated that 

the EGCG moieties endowed the hydrogels with resistance towards degradation by 

hyaluronidase (Fig. 8-14d).  

 

Fig. 8-14. In vitro degradation of HA-EGCG and HA-tyramine hydrogels in (a) 2.5 U/ml and (b) 10 U/ml 

of hyaluronidase solution (n = 2, mean ± SD).  (c) In vivo degradation of hydrogels at the subcutaneous 

tissue of mice (n = 6, mean ± SEM). (d) Schematic illustrating the slower rate of degradation of HA-EGCG 

hydrogels. *p < 0.05 and **p < 0.005.  

8.4. Conclusions 

Ethylamine-bridged EGCG dimers were synthesized via aldehyde-mediated reaction with 

the A ring of EGCG. Four isomers were formed due to the two reactive sites on the A ring, 

i.e., C-6 and C-8, and the asymmetric carbon at the ethylamine linkage. The EGCG dimers 
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were conjugated to HA using carbodiimide-mediated coupling reaction, forming HA-EGCG 

conjugates. We demonstrated that the resulting HA-EGCG conjugates possess bioactivities 

such as resistance to hyaluronidase-mediated degradation, inhibition of cell growth and 

scavenging of radicals, whereas unmodified HA showed no or limited activities. Moreover, 

we showed that the rate of H2O2 generation via EGCG autoxidation at pH 7.4 was sufficiently 

fast that the addition of HRP resulted in gelation within a few minutes. Furthermore, coupling 

between EGCG moieties could also take place through EGCG quinone formation in the 

absence of HRP, albeit the gelation time was 1.5 h. The HRP-free gelation is an attractive 

approach to form hydrogels in situ as it circumvented the safety concern associated with HRP 

due to its plant origin. HA is widely used as dermal fillers for cosmetic application or as 

viscosupplements for osteoarthritis treatment [50]. However, in its free form, HA is rapidly 

degraded or drained from the injection site. The HA-EGCG hydrogel system, with in situ 

gelation and resistance towards hyaluronidase-mediated degradation, offers the advantages of 

injectability and prolonged residence time in the body.  
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Hydrogels are widely used in drug delivery and tissue engineering applications. In 

Chapter 1, the various synthetic and natural polymers used to form biodegradable hydrogels 

were described. Among them, hyaluronic acid (HA) is one of the most widely used, for it is 

biocompatible, available in large-scale through bacterial fermentation, and versatile in terms 

of chemical modifications. The various in situ crosslinking strategies for forming injectable 

and chemically crosslinked hydrogels were also presented. Injectable hydrogel systems are 

preferred over conventional preformed hydrogels, as they do not require invasive techniques 

for implantation. The gelation rate of injectable hydrogel systems should be tunable to meet 

the application requirement. Fast gelation is required for drug delivery applications to prevent 

drug leakage, while slow gelation is more suitable for tissue engineering applications to allow 

time for the gel precursors to fill the irregularly shaped defects.  However, the gelation rate of 

most existing injectable hydrogel systems is controlled by the gel precursor/crosslinker 

concentration or the degree of substitution (DS) of the crosslinking moiety. Changes in either 

parameter would also alter the crosslink density of the hydrogel, which affects the rate of drug 

release, the rate of hydrogel degradation, and the viability and proliferation of encapsulated 

cells. Lastly, the objectives of this study were stated, which was followed by an outline of this 

thesis.   

In Chapter 2, an injectable hydrogel system that allows the independent tuning of 

gelation rate and crosslink density was designed [1]. The hydrogel was composed of 

hyaluronic acid-tyramine (HA-Tyr) conjugates, which crosslinked in situ through the 

oxidative coupling of tyramine moieties in the presence of horseradish peroxidase (HRP) and 

H2O2. When the concentrations of HA-Tyr conjugates and HRP were fixed, the storage 

modulus (G’) of the hydrogels increased from 10 to 4000 Pa as the H2O2 concentration 

increased from 146 μM to 1092 μM, while the gelation point (G’ = G’’) remained unchanged. 

In contrast, when the concentrations of HA-Tyr conjugates and H2O2 were fixed, the gel point 

decreased from 20 min to less than 1 s with increasing HRP concentration. Although G’ also 

increased with increasing HRP concentration, it remained in the same order of magnitude 

when the HRP concentration was above 0.032 U/ml. Thus, the crosslink density of HA-Tyr 

hydrogels could be tuned without significant changes to the gelation rate, and vice versa. The 

HA-Tyr hydrogel could be formed in vivo by injecting a solution of HA-Tyr conjugates 

immediately after mixing with HRP and H2O2. Importantly, rapid gelation achieved by 0.124 

U/ml of HRP was needed to ensure a localized gel formation at the injection site. Protein-

loaded hydrogels were formed by mixing the protein drugs with HA-Tyr conjugates, HRP and 
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H2O2 [2]. By tuning the crosslink density of HA-Tyr hydrogels through variation in the 

concentration of H2O2, the release rate of proteins could be varied. Moreover, it was shown 

that by injecting HA-Tyr hydrogels containing interferon-α2a (IFN-α2a) to the mice 

subcutaneous tissue, the time that the protein could be detected in the plasma was increased to 

24 h, compared to only 8 h when the protein was injected as a solution [3]. Furthermore, 

sustained release of IFN-α2a from hydrogels inhibited tumor growth more effectively in a 

mice xenograft model of human liver cancer than administrating the protein in solution form.  

In Chapter 3, physical interactions between the encapsulated proteins and the hydrogel 

network were employed to extend the protein release duration to more than 24 h. In particular, 

electrostatic interactions between positively charged proteins, such as lysozyme, and 

negatively charged HA-Tyr hydrogels were used to immobilize the proteins within the 

hydrogel [2]. It was shown that the release of lysozyme was dependent upon the degradation 

of hydrogel network by hyaluronidase. A higher concentration of hyaluronidase in the release 

medium resulted in a faster rate of hydrogel degradation, which in turn led to a faster rate of 

lysozyme release. Similarly, when trastuzumab, a positively charged therapeutic antibody, 

was incorporated in HA-Tyr hydrogels, 25% of the protein were released in the first few days 

after which no more proteins were released. The discontinued release was attributed to 

electrostatic interactions between trastuzumab and HA-Tyr hydrogel that immobilized the 

protein in the gel. When a small amount of hyaluronidase was incorporated together with 

trastuzumab in the hydrogel, 90% of trastuzumab were released over a period of 4 weeks [4]. 

Moreover, it was shown that a single subcutaneous injection of 200 µl of HA-Tyr hydrogel 

incorporating 0.63 mg/ml of trastuzumab and 5 units/ml of hyaluronidase effectively inhibited 

the growth of tumor in a mice xenograft model of human breast cancer. In contrast, the 

inhibition of tumor growth was not statistically significant compared to non-treated animals 

when trastuzumab was delivered by HA-Tyr hydrogels containing no hyaluronidase or 

administered as a solution.  

In Chapter 4, a dextran-tyramine (Dex-Tyr) hydrogel containing poly(ethylene glycol) 

(PEG) microdomains was developed for the delivery of PEGylated proteins [5]. Dextran was 

chosen as the backbone polymer because it is not miscible with PEG when the two polymers 

are mixed at an appropriate concentration and temperature. Thus, when HRP and H2O2 were 

added to a mixture of Dex-Tyr conjugates and PEG, a Dex-Tyr hydrogel containing PEG 

microdomains (Dex-Tyr/PEG) was formed. It was shown that by increasing HRP 
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concentration from 0.13 to 0.21 U/ml, the diameter of PEG microdomains decreased from 5.1 

to 2.1 µm. When PEGylated IFN-α2a (PEG-IFN-α2a) was added to a solution of Dex-Tyr 

conjugates and PEG, the protein was found to partition preferentially in the PEG 

microdomains after the HRP-mediated gelation. The preferential partition in the PEG 

microdomains resulted in sustained release of the proteins form the hydrogels. Hydrogels 

containing PEG microdomains (2.1 µm) released the incorporated PEG-IFN-α2a over a 

period of 3 months, and the bioactivity of the proteins was well preserved. In contrast, 

hydrogels without PEG microdomains released 60% of the proteins in the first 2 weeks, after 

which no more proteins were released. In a humanized mouse model of hepatitis C, a one-

time administration of Dex-Tyr/PEG hydrogel containing PEG-IFN-α2a prevented hepatitis C 

virus-induced liver injury as effectively as the clinically relevant formulation that is composed 

of eight weekly injections of PEG-IFN-α2a. The Dex-Tyr/PEG hydrogel is a promising 

system for the long-term delivery of other PEGylated proteins.  

In addition to protein delivery, the HA-Tyr hydrogel was used as a scaffold material for 

tissue engineering applications. In particular, methods to vascularize the hydrogel were 

developed, as the lack of vascularization is a major bottleneck in the engineering of thick 

tissues. In Chapter 5, interpenetrating polymer network (IPN) hydrogels consisting of fibrin 

and HA were developed [6]. The fibrin network was formed by fibrinogen and thrombin, 

while the HA network was formed by HA-Tyr conjugates, HRP and H2O2. The formation of a 

HA-Tyr network prevented lateral association of fibrin protofibrils, giving rise to a fibrin 

network consisting of smaller pores compared with fibrin only gel. By tuning the amount of 

H2O2, IPN hydrogels with different G’ values were formed, which was attributed to the 

change in crosslink density of the HA-Tyr network. The IPN hydrogels demonstrated 

enhanced structural stability in the presence of plasmin and cell-contractile forces. Moreover, 

the formation of IPN hydrogels did not affect the viability of the embedded cells; although 

cell proliferation and capillary tube formation were found to decrease with increasing G’ of 

the IPN hydrogels. In Chapter 6, a RGD peptide containing two phenol moieties (Ph2-PEG-

RGD) was synthesized for in situ conjugation into HA-Tyr hydrogels by HRP [7]. The 

resulting HA-Tyr-RGD hydrogels showed significant improvements in terms of cell adhesion, 

proliferation, migration and capillary-like network formation in vitro. Moreover, when HA-

Tyr-RGD hydrogels containing human umbilical vein endothelial cells (HUVECs) were 

injected into the mice subcutaneous tissue, functional vasculatures were observed in the 

hydrogels two weeks post-injection. Vessel density was further improved when human 
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fibroblasts were embedded in the hydrogel together with HUVECs. The in situ coupling of 

phenol moieties by the enzymatic activity of HRP can be utilized to conjugate other bioactive 

peptides into the HA-Tyr hydrogel system for tissue engineering applications.  

Another challenge associated with tissue engineering is the cell source. Human embryonic 

stem cells (hESCs) are a promising cell source as they have unlimited self-renewal capability 

and can differentiate into any cell type. Presently, hESCs are propagated on 2D surfaces with 

animal-derived biologics, which are not suitable for large-scale cell expansion and clinical 

applications. In Chapter 7, HA-Tyr hydrogel was investigated as a 3D culture system for the 

propagation of hESCs using chemically-defined culture medium [8]. It was found that HA-

Tyr hydrogels with a G’ of 82 Pa better supported the proliferation of hESCs than hydrogels 

with a higher G’. Moreover, the hESCs cultured in HA-Tyr hydrogels were able to 

differentiate into cell derivatives of all three germ layers. Therefore, 3D culture of hESCs in 

soft HA-Tyr hydrogels could potentially facilitate the large-scale expansion of hESCs of high 

quality for tissue engineering applications.  

One concern associated with the enzyme-mediated crosslinking reaction for 3D cell 

culture is the use of H2O2. In vitro models have shown that low concentrations of H2O2 

(micromolar) in the culture medium cause cell growth arrest, while high concentrations 

(micro to millimolar) lead to apoptosis and necrosis [9]. Besides concentration, H2O2-induced 

cytotoxicity also depends on the incubation time. In one study using C6 glioma cells, it was 

shown that the median cytotoxic concentration of H2O2 decreased from 500 to 30 µM as the 

incubation time increased from 1 to 24 h [10]. This suggests that the cytotoxic effect of H2O2 

could be minimized if H2O2 is rapidly consumed by HRP-mediated oxidative reaction. Indeed, 

when human umbilical endothelial cells were cultured in growth medium containing 0.2 mM 

of H2O2 in the absence of HRP, less than 10% of cells remained viable after 24 h incubation 

[7]. In contrast, when HRP (0.15 U/ml) was added to the culture medium, close to 100% of 

the cells were alive after incubating for the same amount of time. Other studies have also 

shown that the transient exposure to H2O2 during the HRP-mediated crosslinking reaction 

causes minimal toxicity, with more than 90% of the embedded cells remained viable [11-13]. 

Moreover, it was found that the transient pre-exposure to H2O2 during the crosslinking 

process could endow rat adult neural stem cells (aNSCs) with resistance towards oxidative 

stress, resulting in a higher survival rate compared to cells without pre-exposure [12]. Based 

on these findings, the HRP-mediated crosslinking reaction is considered a suitable method to 

form cell-laden hydrogels for tissue engineering or 3D cell expansion. Nevertheless, it is 
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important to avoid using H2O2 concentrations that would lead to HRP inactivation. Since HRP 

inactivation may result in slow or incomplete consumption of H2O2, the residual of which can 

cause toxicity to the embedded cells. It is also advisable to mix the polymer-phenol 

conjugates, HRP and cells together prior to the addition of H2O2 in order to minimize the time 

to which the cells are exposed to H2O2.  

In Chapter 8, a bioactive hydrogel composed of hyaluronic acid-green tea catechin 

conjugates was developed [14, 15]. (-)-Epigallocatechin-3-gallate (EGCG), a green tea 

catechin, was reacted with 2,2-diethoxyethylamine (DA) to form ethylamine-bridged EGCG 

dimers, which were conjugated to HA through the formation of amide bonds. The resulting 

HA-EGCG conjugates exhibited bioactivities that were not present in native HA, namely 

resistance to hyaluronidase-mediated degradation, inhibition of cell growth and scavenging of 

radicals. Moreover, the addition of HRP to a solution of HA-EGCG conjugates at 

physiological pH induced gelation in 7 min. Importantly, the addition of exogenous H2O2 was 

not required to catalyze the HRP-mediated coupling of EGCG, as H2O2 was produced via 

EGCG autoxidation under aerobic condition. The presence of EGCG moieties endowed the 

HA-EGCG hydrogels with resistance towards hyaluronidase-mediated degradation both in 

vitro and in vivo. Furthermore, crosslinking between HA-EGCG conjugates occurred in situ 

through EGCG quinone formation even when no HRP was added. The HRP-free gelation is 

an attractive approach to form injectable hydrogels because one of the concerns associated 

with HRP-mediated gelation is the retention of the enzyme in the hydrogel. Since HRP is a 

plant-derived protein, it could potentially induce immunological response when introduced 

into the human body as part of the hydrogel formulation. Thus the safety of HRP in human 

must be firmly established before clinical application of hydrogel formulations containing 

HRP can be realized. In order to overcome this issue, hematin-based HRP biomimetic has 

been developed as an alternative catalyst for the oxidative reaction [16-18]. In addition, 

enzyme-free hydrogels have been prepared by passing a mixture of polymer-phenol 

conjugates and H2O2 through a syringe packed of HRP-conjugated ferromagnetic microbeads 

[19]. The in situ formation of HA-EGCG hydrogel via EGCG quinone formation offers 

another approach to form hydrogels free of HRP.  

In summary, enzymatically crosslinked hydrogels composed of polymer-phenol 

conjugates are promising injectable system for drug delivery and tissue engineering 

applications. Indeed, the HRP-mediated crosslinking reaction has attracted wide attention 

since the first paper from our laboratory was published in 2005 [20]. A variety of polymers 
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were chemically modified with phenol moieties in order to form hydrogels using the HRP-

mediated crosslinking reaction, including gelatin [21, 22], dextran [23], chitosan [24], 

carboxymethylcellulose [25], alginate [26], xylans [27], PEG [28] and poly(amido amines) 

[29]. Due to the facile tuning of crosslink density and gelation rate, these hydrogels were 

utilized in a wide range of biomedical applications, including the differentiation of human 

mesenchymal stem cells [21], delivery of dexamethasone for rheumatoid arthritis treatment 

[22, 30], cartilage tissue engineering [31], and bone regeneration [32]. Finally, the formation 

of injectable hydrogels using EGCG as the crosslinking moiety offers the advantages of HRP-

free gelation and resistance to hyaluronidase-mediated degradation. This development, 

together with the other findings presented in this thesis, contributed to the advancement of 

injectable hydrogels for biomedical applications.    
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