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Abstract

Hydrogels are widely used as reservoirs in drug delivery and scaffolds for tissue engineering. In particular, injectable hydrogel systems, which are formed by physical, chemical or enzyme-mediated crosslinking reactions in situ, offer the advantages of minimal invasiveness, ease of application and void-filling property. Examples of these hydrogels are provided in the first part of this paper. In the second part, hydrogels that are formed by the enzymatic activity of horseradish peroxidase (HRP) are highlighted. HRP catalyzes the crosslinking reaction of polymer-phenol conjugates in the presence of hydrogen peroxide (H2O2), resulting in hydrogels with tunable gelation rate and crosslinking density. The catalytic mechanism of HRP-mediated crosslinking reaction is discussed in detail, and the recent biomedical applications of HRP-crosslinked hydrogels are described. Lastly, the concerns associated with HRP-mediated crosslinking and future outlook of HRP-crosslinked hydrogels are addressed. 

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 polymers used to form the gel 2[]
. The high water content results in a transparent material, an important characteristic 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 
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[2, 3]
. 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 were further explored for in vivo applications such as a coating material on the inner surface of blood vessels to minimize thrombosis following surgery-induced tissue injuries 
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[4]
 and as a barrier between tissues to prevent post-operative adhesion formation 
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[5]
. In the last 20 years, hydrogels have emerged as one of the main class of biomaterials for tissue engineering and drug delivery 
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[1, 6, 7]
. 

Hydrogels are attractive scaffolds for tissue engineering applications for the following reasons. First, hydrogels provide a favorable environment for encapsulating living cells because of high water content and structural similarity to natural extracellular matrices (ECM) 8[]
. Second, the highly porous structure of hydrogels allows for efficient exchange of nutrients and metabolites, and thus promotes survival and proliferation of encapsulated cells. Hydrogels are also suitable for protein delivery because the aqueous environment prevents proteins from denaturation 7[]
. The highly porous structure of hydrogels enables them to harbor protein drugs in large quantities, which is beneficial to achieving continuous drug release for long periods of time 9[]
. Protein drugs can be incorporated into hydrogels by simple mixing in mild conditions (e.g., physiological temperature and pH), which are not detrimental to the proteins 10[]
. 

A major advancement in hydrogel technology is the development of in situ crosslinking mechanisms, which allow an aqueous mixture of gel precursors and bioactive agents to be injected using a syringe. Once inside the body, the gel precursors are crosslinked through physical interactions or chemical bonds in situ. The facile procedure and minimized invasiveness of injectable hydrogel systems are preferable over conventional preformed hydrogels that require surgical implantation. Detailed reviews on the various in situ crosslinking strategies for the formation of injectable hydrogel systems are available in literature 
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[11-13]
. In the present paper, selected examples of physical, chemical and enzyme-mediated crosslinking strategies which take place under physiological condition are presented. A special attention is given to the horseradish peroxidase (HRP)-mediated crosslinking reaction. Current applications of hydrogels formed by HRP, concerns associated with the enzyme-mediated oxidative reaction, and perspectives on future development are discussed.
1.1.  In situ crosslinking strategies for injectable hydrogel systems
1.1.1. Physically crosslinked hydrogels. Physical hydrogels are formed by crosslinking of polymer chains via non-covalent interactions, such as ionic bonding, hydrophobic forces, hydrogen bonding, and stereocomplexation. Ionic gelation typically occurs when a charged polymer and its counterions are mixed. For example, alginate can form a hydrogel upon mixing with certain divalent cations, such as Ca2+, Mg2+, and Ba2+ 1[]
. Ease of preparation, non-immunogenicity, and relatively low cost of alginate gels make them attractive scaffolds for tissue regeneration. Hydrophobic forces between polymer chains can also be used to form in situ forming hydrogels. One such example is an amphiphilic poly(ethylene glycol)-block-poly(lactic-co-glycolic acid)-block-poly(ethylene glycol) (PEG-PLGA-PEG) triblock copolymer 14[]
. This copolymer is water soluble at room temperature. Upon injection into the body, the copolymers self-assemble into a macroscopic gel network as the PLGA block becomes more hydrophobic upon the increase in temperature. Many physical hydrogels formed by hydrogen bonding and stereocomplexation have also been reported 
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[15, 16]
. 
Such physical hydrogels are beneficial for encapsulating living cells and therapeutic biomolecules because there is no need to add a crosslinking agent that may adversely affect their biological functions. Nevertheless, these hydrogels have relatively low stability in the body because the non-covalent interactions between polymer chains can be weakened or disrupted by competitive binding of biomolecules, such as proteins and polysaccharides, present in the body. For example, Ca2+-crosslinked alginate gels are not stable in vivo due to a loss of calcium ions in the biological fluids 17[]
. PEG-PLGA-PEG triblock copolymer gels hardly lasted for more than 2 months in vivo 14[]
, limiting their widespread use in clinical practice. For this reason, chemically crosslinked hydrogels with higher stability and longer gel duration have been extensively explored for the development of injectable gel systems for biomedical applications. 
1.1.2. Chemically crosslinked hydrogels. Chemical crosslinking reactions for the formation of injectable hydrogels should be mild and free from toxic reagent and byproduct. One such reaction is disulfide bond formation, which can occur under physiological condition. Polymers containing thiol groups form intra- and/or inter-molecular disulfide bonds by air oxidation, producing a chemically crosslinked network in situ. However a drawback of disulfide-mediated gel formation is the slow rate of gelation. Gelation could be accelerated by increasing the pH of the medium as thiols are converted to the reactive thiolates at higher pH. For example, a solution of thiol-modified hyaluronic acid (the degree of substitution, DS, of thiol moiety in every 100 disaccharide units is 58) showed no obvious increase in viscosity after 30 min at pH 6, but gelation occurred within 15 min at pH 7 and above 18[]
. Ideally, the gelation time of injectable hydrogel systems should be within a few minutes, especially for drug delivery applications. To achieve a faster gelation rate, hydrogen peroxide (H2O2) has been added as the oxidizing agent 
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[19, 20]
. 
Thiol-modified polymers have also been used to form hydrogels in situ via Michael-type addition with the thiol moieties acting as the Michael donor. Michael type addition is also a mild reaction that does not produce toxic byproducts. Acrylate 
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[21, 22]
, vinyl sulfones 
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[23, 24]
 and maleimides 
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[25]
 have all been employed as Michael acceptors to form hydrogels. Similar to disulfide crosslinked hydrogels, the gelation rate depends on the amount of thiolate anion, which in turn depends on pH. As shown by Elbert et al, the gel point, which is defined as the crossover between storage modulus (G’) and loss modulus (G”), of a mixture of multi-arm PEG-acrylate and PEG-dithiol reduced from 22 min at pH 7 to 6 min at pH 8.2 21[]
. BSA encapsulated in the PEG-acrylate/PEG-dithiol hydrogels was shown to be released from the gel matrix over a period of several days.
Schiff base formation is another mild chemical reaction that is suitable for injectable hydrogel systems. Hydrogels formed through Schiff base require 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 also dependent on the pH of the reaction medium. The fraction of unprotonated amines available for Schiff base formation increases with pH, and hence accelerates the rate of gelation 26[]
. Hydrazide is particularly suitable for Schiff base-mediated in situ crosslinking reaction because the amino groups of hydrazide have a low pKa of 2-3, which are unprotonated nucleophiles under physiological condition 27[]
. Luo et al described a hyaluronic acid-adipic dihydrazide derivatives (HA-ADH, DS = 55%) which crosslinked with poly(ethylene glycol)-propiondialdehyde (PEG-diald) to form a gel rapidly within 60 sec 
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[28]
. 
Click chemistry, specifically the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), is a highly efficient reaction that can occur at physiological condition. Crescenzi et al developed a hyaluronic acid (HA) hydrogel system composed of HA-azido and HA-propargylamide derivatives 
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[29]
. Upon addition of CuCl, gel points were reached between 130 to 160 sec. One drawback with CuAAC-mediated crosslinking reaction is the retention of the copper catalyst in the resulting hydrogels, which may causes undesirable side effects such as cytotoxicity. To form hydrogels without any catalyst, Nimmo et al synthesized a HA-furan derivative which is crosslinked by dimaleimide-PEG via Diels-Alder chemistry 30[]
. The Diels-Alder reaction is a highly selective cycloaddition that is free from side reaction and byproduct. MDA-MB-231 cells cultured on the hydrogel showed a high level of cell survival.
1.1.3. Enzyme-mediated crosslinking. The use of enzymes to catalyze the crosslinking of polymers is an attractive approach to form injectable hydrogels because enzymatic reactions are mild and readily take place under physiological conditions 31[]
. Both physically and chemically crosslinked hydrogels can be formed via enzymatic reactions, depending on the activity of the enzyme. For instance, fibrin gel is formed via the enzymatic activity of thrombin which converts fibrinogen to fibrin monomer. The monomers polymerize via physical interactions to form fibrin fibers that give rise to a physically crosslinked gel 
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[32]
. Fibrin gel has been extensively studied as a tissue engineering scaffold because it supports cell adhesion, proliferation, stem cell differentiation and angiogenesis 
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[33, 34]
. Moreover, an autologous fibrin gel can be produced by isolating fibrinogen from the patient’s own blood. However, fibrin gels have poor mechanical property and are susceptible to contraction/compaction by cells and rapid degradation by proteases. To improve the mechanical property of fibrin, factor XIIIa is often added to introduce covalent bonds between the fibrin fibers. Factor XIIIa is a transglutaminase which catalyzes the formation of covalent bond between glutamine and lysine residues 33[]
. The covalent crosslinking produces a stable fibrin gel that has enhanced resistance towards protease degradation. 

Horseradish peroxidase (HRP), which catalyzes the oxidative coupling of phenols in the presence of H2O2, has been employed to form chemically crosslinked hydrogels. A wide range of natural and synthetic polymers have been modified with tyramine or hydroxyphenylpropionic acid for the formation of hydrogels by HRP, including hyaluronic acid 35[]
, gelatin 36[]
, dextran 37[]
, chitosan 38[]
, alginate 39[]
, xylans 40[]
, carboxymethylcellulose 41[]
, poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) block copolymer 42[]
, and poly(amido amines) 43[]
. Unlike thiol-modified polymers, polymer-phenol conjugates are not easily oxidized during synthesis and are stable for long-term storage. The growing interests in HRP-mediated crosslinking reaction are due in part to the facile tuning of gelation rate and crosslinking density by the concentration of HRP and H2O2, respectively. In the next section, we provide a summary on the catalytic mechanism of HRP-mediated crosslinking reaction and the applications of the resulting hydrogels. 
2. Hydrogels formed by HRP-mediated crosslinking reaction
2.1.  Catalytic mechanism of HRP
Horseradish peroxidase (HRP) is a heme-containing enzyme found in the root of horseradish (Armoracia rusticana). Heme is a complex between protoporphyrin and Fe(III). In HRP, the heme iron forms a coordinate bond with the proximal His170 residue of the protein core. There are several HRP isoenzymes and 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 papers are available 
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[44, 45]
. 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 (-oxygen of H2O2 to the His42 residue of HRP. The (-oxygen then forms a single bound with Fe(III), which results in a transient Fe(III)-hydroperoxy intermediate that is designated as Compound 0 46[]
. Next, the (-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. 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 and 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 phenol moieties of polymer-phenol conjugates, comes into play (figure 1). 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 47[]
, forming crosslinkages between the polymer-phenol conjugates. 
Based on the catalytic mechanism, increase in the feed amount of H2O2 would generate more phenolic radicals, which in turn would form more phenol-phenol crosslinkages. Indeed, when the concentrations of HRP and polymer-phenol conjugates were fixed, increasing the feed amount of H2O2 increased the G’ and reduced the swelling ratio of the resulting hydrogels, indicating an increase in the crosslinking density 36[, 48]
. However, there exists an optimum range of H2O2 concentration, beyond which a further increase in H2O2 would cause the G’ to decrease (figure 2(a)). This is 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 49[]
. 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 may also be inactivated via attack on the protoporphyrin by phenoxyl radicals, which leads to heme destruction 50[]
. As a result of HRP inactivation, the crosslinking reaction is inhibited. Thus the optimum concentration of H2O2 should be determined experimentally in order to avoid the use of excess H2O2. Based on our experience, a H2O2:HRP molar ratio of greater than 100 would lead to a decrease in G’, which corresponds to the reported value at which Compound IV is formed 49[]
. The gelation rate of HRP-mediated crosslinking reaction is highly dependent on the concentration of HRP (figure 2(b)) 36[, 48]
. This is expected as more enzymes would allow a faster rate of phenolic radical formation, leading to a faster rate of crosslinking. Hydrogels are formed from a few seconds to several minutes, depending on the HRP concentration. 
2.2.  Biomedical applications of hydrogels formed by HRP
2.2.1. Delivery of protein drugs and growth factors. To utilize hydrogels as injectable protein delivery systems, it is important to control the gelation rate and crosslinking density of gel networks. For example, slow gelation after injection may cause abrupt leakage of gel precursors and protein drugs to the surrounding tissues 51[]
. This decreases the encapsulation efficiency of protein drugs within the in situ formed hydrogels and thus compromises the therapeutic outcome. Hence rapid gelation is required to prevent the undesired leakage of the protein drugs. The crosslinking density of hydrogels is a crucial factor in governing their drug release profiles 52[]
. As the degree of crosslinking increases, the rate of drug release typically decreases due to reduction in porosity and permeability of gel networks 
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[53, 54]
. From this perspective, the HRP-catalyzed crosslinking method is advantageous because it allows independent tuning of the gelation rate and crosslinking density, through a variation of HRP and H2O2 concentrations, respectively. In this section, we will discuss the current progress of HRP-mediated in situ forming hydrogels for delivery of protein drugs and growth factors. 

We have previously reported an injectable hyaluronic acid-tyramine (HA-Tyr) hydrogel system for protein drug delivery 
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[55]
. The gelation time and crosslinking density of these hydrogels were independently varied by HRP and H2O2 concentrations, respectively. In vivo imaging experiments revealed that rapid gelation upon injection was achieved at an optimal concentration of HRP, resulting in a localized hydrogel formation in mice. The release rate of α-amylase and lysozyme could be regulated by manipulating the crosslinking density of HA-Tyr hydrogels. For instance, slow protein release was observed from highly crosslinked HA-Tyr hydrogels formed at high H2O2 concentrations. The bioactivity of released α-amylase remained above 95%.  

HA-Tyr hydrogels were applied for in vivo delivery of interferon-α2a (IFN) 
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[56]
. IFN is an antineoplastic cytokine used in the treatment of many types of human cancers. However, the circulation half-life (3-8 hours) of IFN is relatively short, limiting its therapeutic efficacy 57[]
. Notably, the circulation lifetime of IFN in mice was significantly prolonged by sustained release of IFN from HA-Tyr hydrogels. In a mouse xenograft model of human liver cancer, IFN-incorporated HA-Tyr hydrogels exhibited superior antitumor efficacy compared to IFN solution injected at the same dose. The histological examination demonstrated that the improved anticancer effect was attributed to the effective inhibition of tumor angiogenesis with the treatment of IFN-incorporated HA-Tyr hydrogels.

Recently, Park et al developed injectable macro/nanogel composite hydrogels delivering growth factors for the treatment of urinary incontinence (figure 3(A)) 
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[58]
. Urinary incontinence, an unintentional leakage of urine, typically occurs when the tissue surrounding urethral wall are damaged, weakened, or loosened by aging or childbirth 59[]
. Basic fibroblast growth factor (bFGF) has been studied as a therapeutic protein to stimulate the regeneration of the urethral muscle 60[]
. As a protein drug carrier, self-assembled heparin-Pluronic (HP) nanogels encapsulating bFGF were dispersed in gelatin-poly(ethylene glycol)-tyramine (GPT) polymer solution. The macro/nanogel composite hydrogels were produced by HRP-catalyzed oxidative coupling of GPT conjugates. GPT hydrogels liberated over 70% of the loaded bFGF in 1 day while GPT/HP composite hydrogels displayed sustained release of bFGF for 28 days (figure 3(B)). This continuous release behavior was mainly ascribed to the specific interactions between bFGF and the heparin moiety of the HP nanogels 
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[61, 62]
. The therapeutic effect of GPT/HP composite hydrogels injected at the defect was evaluated in a rat model of urinary incontinence. The immunohistochemistry for α-smooth muscle actin (SMA) indicated that GPT/HP composite hydrogels showed a significantly higher density of urethral muscles surrounding the urethral wall compared with GPT hydrogels. The contractility study further revealed that sustained release of bFGF using the composite hydrogels promoted the regeneration of urethral muscles, resulting in the recovery of their biological function. 

Composite hydrogel systems incorporating protein-loaded poly(lactic-co-glycolic acid) (PLGA) microspheres have been widely utilized for sustained protein delivery 
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[63, 64]
. Devolder et al recently reported an approach to improving protein release kinetics from composite hydrogel systems through the HRP-mediated crosslinking of pyrrole groups 65[]
. An alginate-g-pyrrole hydrogel containing PLGA microspheres loaded with vascular endothelial growth factor (VEGF) was prepared by HRP-catalyzed crosslinking of pyrrole groups that are conjugated to an alginate backbone. Despite a lower crosslinking density, the enzymatically crosslinked alginate-g-pyrrole hydrogels released VEGF in a more sustained manner than Ca2+-crosslinked alginate-g-pyrrole hydrogels. The bipyrrole moieties formed upon the enzymatic crosslinking contributed to a more sustained VEGF release by enhancing the affinity between the growth factor and the gel matrix. This feature was beneficial to improving neovascularization in vivo. The enzymatically crosslinked alginate-g-pyrrole hydrogels significantly increased both the number and size of blood vessels at an injection site on chicken chorioallantoic membranes, as compared to the Ca2+-crosslinked hydrogels.

2.2.2. Tissue engineering. The mechanical property must be considered in designing injectable hydrogels for tissue engineering. Hydrogels are required not only to have sufficient mechanical strength to resist collapse under dynamic in vivo conditions, but also to provide encapsulated cells with a suitable mechanical environment that guides cell proliferation, differentiation, and tissue regeneration 
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[66, 67]
. Since each tissue has its own mechanical microenvironment, the mechanical property of hydrogels needs to be adjusted depending on the intended application. In this regard, the HRP-catalyzed crosslinking method is favorable because it offers sophisticated control over the mechanical strength of hydrogels through a variation of H2O2 concentrations. An overview on the tissue engineering applications of HRP-catalyzed in situ forming hydrogels has been published 68[]
. Herein, particular attention will be paid to the recent tissue engineering approaches that take advantages the attributes of HRP-mediated crosslinking techniques.
Wang et al developed gelatin-hydroxyphenylpropionic acid (Gtn-HPA) hydrogels as an injectable scaffold for tissue engineering 
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[36, 69]
. The G’ of Gtn-HPA hydrogels was readily tuned from 280 to 12800 Pa through a variation of H2O2 concentrations. The hydrogel stiffness strongly influenced the focal adhesion, proliferation and differentiation of human mesenchymal stem cells (hMSCs) cultured in two-dimensional (2D) and three-dimensional (3D) environments. In both 2D and 3D conditions, stiffer hydrogels displayed a more organized arrangement of focal contact and actin cytoskeleton than softer ones (figure 4). The cells cultured in a softer hydrogel expressed much more neurogenic protein markers, compared to those cultured in a stiffer hydrogel. 

Lim et al investigated the effect of Gtn-HPA hydrogel matrices on the oxidative stress resistance, migration and differentiation of adult neural stem cells (aNSCs) 
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[70]
. The G’ of Gtn-HPA hydrogels was tuned (449-1717 Pa) to approximate adult brain tissue. Notably, aNSCs encapsulated in Gtn-HPA hydrogels exhibited an increased resistance to H2O2–induced oxidative stress, while those encapsulated in collagen and alginate hydrogels underwent severe necrosis. In-depth studies suggested that the HRP-mediated crosslinking reaction augmented the oxidative stress resistance of the encapsulated aNSCs by pre-exposing them to sub-cytotoxic levels of oxidative stress 71[]
. This feature would be advantageous for regeneration of damaged brain tissue because aNSCs transplanted at injury sites in the brain tend to survive poorly upon exposure to oxidative stress and other hostile factors 72[]
. Gtn-HPA hydrogels were found to modulate migration of aNSCs in relation to the mechanical stiffness and degradation rate. In mixed conditions for both neuronal and astrocytic differentiation, Gtn-HPA hydrogels exerted an enhanced differentiation of aNSCs towards neuronal lineage, as compared with polyornithine/laminin coated polystyrene substrates. 

Recently, Gtn-HPA hydrogels were applied for cartilage repair in an in vivo osteochondral defect model in rabbit 73[]
. Gtn-HPA hydrogels with different stiffness (G’ = 570, 1000, and 2750 Pa) were mixed with rabbit chondrocytes, and then injected to full-thickness osteochondral defects of the femur. The cartilage repair was dependent on the hydrogel stiffness. Gtn-HPA hydrogels of medium stiffness (1000 Pa) induced markedly more hyaline cartilage formation and better integration with adjacent cartilage, compared to the hydrogels of lower or higher stiffness (figure 5). These results suggested that the optimal stiffness of Gtn-HPA hydrogels stimulated biosynthesis of type II collagen and sulfated glycosaminoglycans (sGAG) from encapsulated chondrocytes and thus promoted cartilage tissue repair in vivo. This study emphasized the importance of tuning the mechanical property of a hydrogel scaffold for successful tissue engineering applications. 
In addition to Gtn-HPA hydrogels, many polymer-phenol hydrogels have been widely utilized for tissue engineering applications. HA-Tyr hydrogels were explored as biomimetic matrices for chondrogenic differentiation of caprine MSCs 
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[74]
. Recombinant human lactoferrin (rhLF) hydrogels were also developed for bone tissue engineering because of antiapoptotic and osteogenic activity of rhLF towards pre-osteoblast cells 75[]
. Jin et al reported injectable dextran-tyramine hydrogels as 3D scaffolds for cartilage regeneration 
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[76]
. Chondrocytes incorporated in the hydrogels maintained their phenotype and produced a cartilaginous-specific matrix after in vitro culturing for 4 weeks. Moreira Teixeira et al reported that HRP-mediated crosslinking reaction caused strong adhesion between cartilage and dextran-tyramine hydrogels 
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[77]
. Histological and morphological analysis of the cartilage-hydrogel interface revealed that dextran-tyramine conjugates were chemically bound to collagen molecules present in the cartilage ECM through a tyramine-tyrosine linkage. Interestingly, the incorporation of heparin-tyramine conjugates facilitated the homing of human chondrocytes and chondrocyte progenitor cells towards the dextran-tyramine hydrogels. The cell-attracting effect was likely attributed to the high affinity of heparin with growth factors and cytokines 61[]
. Such dextran/heparin composite hydrogels would serve as promising injectable matrices to effectively repair cartilage defects because of the cartilage regeneration ability, excellent tissue adhesion and cell recruitment properties.  
2.2.3. Tissue adhesives for wound closure. Tissue adhesives have gained significant interest as useful toolboxes capable of sealing defects in tissue, stopping bleeding, and preferentially promoting wound healing 78[]
. Fibrin glue and cyanoacrylates are representative examples of clinically available adhesives. Fibrin glue has been routinely used as an adjunct to hemostasis in surgery. Nonetheless, fibrin glue has been used only to stop low-pressure bleeding because of its relatively low adhesive strength 79[]
. Cyanoacrylates exhibit relatively strong adhesion to tissues, but liberate toxic substances (e.g., cyanoacetate, formaldehyde) during degradation 80[]
. To date, many attempts have been made to develop hydrogel-based adhesives as an alternative to the traditional ones 
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[81, 82]
. However, it is challenging to apply hydrogels as tissue adhesives due to their relatively slow gelation (typically > 5 min). Rapid gelation is essentially required to stop bleeding quickly while ensuring complete wound coverage. The HRP-catalyzed crosslinking method opens up new possibilities because it enables fast gelation ranging from seconds to a few minutes under mild conditions.   

Lih et al developed injectable chitosan-poly(ethylene glycol)-tyramine (CPT) hydrogels as rapidly curable and biocompatible tissue adhesives 83[]
. Tyramine-modified PEG chains were grafted onto a chitosan backbone to increase its solubility at physiological pH. Upon application, CPT hydrogels were formed in less than 5 sec through HRP-catalyzed coupling of tyramine moieties. These hydrogels provided excellent tissue adhesion with an adhesive strength up to 97 kPa, which was almost 20 times higher than that of fibrin glue (about 5 kPa). In vivo hemostatic ability test showed that CPT hydrogels quickly arrested the bleeding from the damaged livers presumably through the combined effect of the adhesiveness of these hydrogels and the hemostatic property of chitosan 84[]
. When applied to skin incisions on the backs of rats, CPT hydrogels effectively closed the skin defect and showed superior wound healing effects when compared to suture, fibrin glue and cyanoacrylate. 
Recently, Tran et al reported rutin-conjugated CPT hydrogels for dermal wound healing 85[]
. Rutin is a flavonol glycoside that exhibits anti-oxidative, cytoprotective, and wound healing effects 86[]
. Rutin was conjugated to a chitosan backbone of CPT polymer through an ester linkage. In vitro study revealed that the conjugated rutin was slowly released from CPT hydrogels through hydrolysis of the ester linkage. In a rat wound model, the rutin-conjugated hydrogels significantly accelerated wound healing as compared to the hydrogels lacking rutin. Particularly, the rutin-conjugated hydrogels induced fast contraction of the wounds and facilitated the formation of well-defined neo-epithelium and thick granulation tissue, which is similar to the original epithelial tissue. These results suggest that the combination of bioactive molecules and injectable hydrogels can create a new type of tissue adhesives with enhanced hemostatic and wound healing effects.  

3. Concerns associated with HRP-mediated crosslinking reactions
3.1. Concerns on the safety of HRP
One of the concerns associated with enzyme-mediated crosslinking reaction 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. Studies have shown that the protein core as well as the N-glycans of HRP could elicit the production of antibodies in rodents 87[]
. Although the rodents were immunized under the stimulation of Freund’s adjuvants in order to heighten the immune response, the immunogenicity of HRP in human body, especially with repeated exposures, cannot be overlooked. Thus, the safety of HRP in human must be firmly established before clinical application of hydrogel formulations containing HRP can be realized. On the other hand, if a human peroxidase which can efficiently catalyze the oxidative coupling of phenols is identified, it can serve as a safer substitute to HRP. Until now, no report of hydrogel formation catalyzed by human peroxidase has been reported 31[]
. This is likely due to the high cost of human proteins and the lack of activity of human peroxidase in catalyzing the crosslinking of polymer-phenol conjugates. For instance, human myeloperoxidase has been shown to catalyze the oxidative crosslinking of free tyrosine residues in the presence of H2O2, but  failed to crosslink tyrosine-containing polypeptides due to possible steric hindrance towards larger substrates 88[]
. Hence it remains to be investigated whether myeloperoxidase or other human peroxidases could catalyze the crosslinking of polymer-phenol conjugates and the formation of hydrogels.

3.1.1. Hematin-based HRP biomimetic. Catalytically efficient HRP mimetics are potential alternatives which can bypass the safety concerns of HRP. One such candidate is hematin, which is a complex between protoporphyrin IX and ferric ion (Fe3+), with a hydroxyl group adjacent to the iron atom. Similar to HRP, hematin is first oxidized by H2O2 and then undergoes a series of electron transfer with the substrates before finally reverting back to its original state 89[]
. Sakai et al demonstrated that hematin can catalyze the crosslinking of gelatin-phenol and carboxymethyl cellulose-phenol conjugates, forming hydrogels in situ 90[]
. Moreover, the catalytic activity of hematin in oxidizing pyrogallols at pH 7.4 was shown to increase as the concentration of H2O2 increased from 0.1 to 50 mM, after which the activity remained constant until 100 mM. The catalytic activity of HRP, on the other hand, peaked at 1 mM H2O2 and then decreased with increasing H2O2. However, in the same study, 1 mg of hematin was reported to be equivalent to 7.25 units of HRP (170 units/mg) at 5 mM H2O2. Thus the catalytic activity of hematin was lower than HRP in terms of per unit weight of the catalyst. Nevertheless, the main advantage of using hematin as an alternative catalyst in hydrogel formation is that information on its safety and potential side effects in human are available, which came from past experiences using hematin for the treatment of acute porphyria 
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[91, 92]
. One drawback of hematin, however, is its poor solubility in water. Dissolution of hematin requires alkaline solution prior to neutralization, and even with this dissolution protocol the formation of hematin aggregates was still observed 93[]
. In order to improve the solubility of hematin, pegylated hematin 94[]
 and chitosan-g-hematin 93[]
 have been synthesized, with the latter shown to facilitate the gelation of catechol-containing polymers. Another concern is the potential cytotoxicity of hematin at high concentrations 95[]
. Although it was reported that 95% of cells remained viable when incorporated in gelatin-phenol hydrogels crosslinked by 0.05% (w/v) hematin and 4 mM H2O2 90[]
, a detailed study covering a wider range of hematin and exposure time is needed to establish the effect of hematin on the encapsulated cells in tissue engineering applications.

3.1.2. Catalyst/enzyme-free hydrogels. Hematin has also been immobilized on to the inner surface of syringes to form catalyst-free hydrogels 95[]
. To immobilize hematin, primary amine was introduced to the inner surface of a syringe by coating with poly(dopamine) (pDA), which then reacted with the carboxyl group of hematin through NHS/EDC chemistry. Hydrogels were successfully formed by passing a solution of catechol-tethered chitosan and H2O2 through the syringe. Oxidation of catechols occurred upon contact with the immobilized hematin, forming quinone radicals which react with catechols or amine groups of chitosan to form crosslinkages. It was shown that the G’ continued to increase 1 h after the gel precursors were eluted out of the syringe, indicating that once the catechols were oxidized through contact with hematin, they remained active for crosslinking even in the absence of hematin. While this system works well for catechol-containing polymers, it has yet to be tested for the formation of tyramine-based hydrogels. 
Bae et al recently described an interesting approach to form enzyme-free hydrogels using ferromagnetic microbeads conjugated with HRP 96[]
. In this approach a mixture of gelatin-poly(ethylene glycol)-tyramine and H2O2 were loaded into a syringe packed with HRP-beads. As the mixture was passed through and eluted out of the syringe, the tyramine moieties were oxidized while the HRP-beads were left behind. It was found that the contact time between the polymer solution and HRP-beads controls the stiffness of the resulting hydrogel. Increasing the contact time from 5 to 30 s increased the storage modulus from 10 to 2200 Pa. This was because the HRP-mediated oxidative reaction could only be initiated when the polymer and H2O2 mixture were in contact with the HRP-beads. Thus increasing the contact time would result in the generation of more tyramine radicals which can participate in the crosslinking reaction. While this approach produced hydrogels that were free of HRP, injectability may become an issue if stiffer hydrogels are formed through a longer contact time with HRP-beads in the syringe. Nevertheless, catalyst/enzyme-free hydrogels represent the most viable option at the moment for clinical applications of injectable hydrogels crosslinked via phenol coupling. 
3.2. Concerns on the cytotoxicity of H2O2 
Another concern associated with the enzyme-mediated crosslinking reaction 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 97[]
. Besides concentration, H2O2-induced cytoxicity 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 (M as the incubation time increased from 1 to 24 h 98[]
. 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 alive after 24 h incubation 99[]
. However, when HRP (0.15 U/ml) is added to the culture medium, close to 100% of cells were viable. Other studies have also shown that the transient exposure to H2O2 during the HRP-mediated crosslinking reaction causes minimal toxicity and with more than 90% of the embedded cells remained viable 
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[70, 74, 100]
. Moreover, it was found that the transient exposure to H2O2 during the crosslinking process could endow rat aNSCs with resistance towards oxidative stress, resulting in a higher survival rate compared to cells without pre-exposure when challenged with a second round of H2O2 
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[70]
. Based on these findings, the HRP-mediated crosslinking reaction is considered a suitable method to form cell-laden hydrogels. Nevertheless, it is 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. 
4. Conclusions and future outlook
The HRP-mediated crosslinking reaction is a useful method to form hydrogels in situ. The gelation rate can be tuned by the concentration of HRP to form hydrogels from a few seconds to several minutes. Rapid gelation ensures a localized gel formation and is suitable for drug delivery and tissue adhesives. Slow gelation permits the filling of irregularly shaped wounds with gel precursors, resulting cohesion between the hydrogel and the surrounding native tissue. The crosslinking density can be tuned by the concentration of H2O2 to form hydrogels with mechanical property comparable to the native tissues. Changing the crosslinking density can also modify the release rate of encapsulated proteins. The main concern associated with the HRP-mediated reaction is the potential immunogenicity of the enzyme due to its plant origin. The safety of HRP needs to be established prior to clinical approval of the hydrogel systems. It remains to be investigated whether human peroxidases can catalyze the crosslinking of polymer-phenol conjugates. The safety concern of HRP can be circumvented if the enzyme is not retained in the resulting hydrogels. Towards this end, enzyme-free hydrogels formed by passing a mixture of polymer-phenol conjugates and H2O2 through a syringe coated with hematin or loaded with HRP-beads have been developed. These promising approaches pave the way for clinical applications of hydrogels crosslinked by HRP-mediated oxidative reaction.
While various injectable HRP-crosslinked hydrogels have been developed for tissue engineering and protein delivery applications, the enzyme-mediated crosslinking reaction coupled with bioprinting technologies remained underexplored. The precise deposition of gel precursors and cells through printing techniques, such as inkjet printing or microextrusion, enables the fabrication of complex 3D tissues 101[]
. The rapid gelation rate achievable by the HRP-mediated crosslinking reaction is particular suitable for bioprinting by facilitating the layering of 3D structures. Murphy et al has evaluated the printability of CorgelTM, a commercially available tyramine-substituted HA, and found that the high viscosity of the gel precursor solution prevented it from being printed by a bioprinting device that uses compressed air to drive the gel precursors to the print-head nozzle 102[]
. Nevertheless, the HRP-mediated crosslinking of CorgelTM was determined to be sufficiently fast for bioprinting applications. Hu et al has demonstrated that by enzymatically crosslinking Gtn–HPA hydrogel in solutions flowing laminarly within a triple-orifice extruder, cell-seeded solid and hollow fibers could be fabricated 103[]
. By varying the ratio of input flow rate, fibers with different diameters were formed 104[]
. These findings suggest that 3D bioprinting of HRP-crosslinked hydrogels can be achieved if a polymer-phenol conjugate solution with low viscosity is used. Moreover, by driving the gel precursors through HRP-beads or hematin-coated tubing before exiting the print-head nozzle, enzyme-free 3D tissue constructs can potentially be fabricated. The printing of hydrogels crosslinked by HRP-mediated reaction is expected to have great potentials in the field of 3D bioprinting of tissues.
In addition to catalyzing the crosslinking of polymer-phenol conjugates, HRP has also been utilized to prepare hydrogels through different mechanisms. For example, HRP reacts with thiol groups in the presence of H2O2 to form thiyl radicals, which dimerize to form disulfide bonds. Based on this mechanism, Singh et al demonstrated that while a solution of thiol-functionalized linear poly-(glycidol) (SH-PG) at pH 8.5 did not gel at 24 h under ambient conditions, the addition of HRP resulted in gel formation after 4 h 105[]
. Notably, the addition of H2O2 was not necessary as it was produced during the auto-oxidation of thiols under aerobic conditions. Although cells encapsulated in these hydrogels remained viable, a double-layer approach was necessary to encapsulate the cells. First, a bottom layer was formed on a well plate by incubating a mixture of HRP and SH-PG at pH 8.5 for 1 h. Then a mixture containing cells, HRP and SH-PG at pH 7.4 was added to form the second layer. The two-layer approach prevented the cells from sinking to the bottom of the plate, which could happen in the absence of the first layer because of the slow rate of gelation. Moriyama et al reported that the HRP-catalyzed gelation of thiol-functionalized polymers could be accelerated by the addition of phenolic compounds 106[]
. It was shown that the gelation time was 30 min for a mixture of thiol-functionalized 4-arm poly(ethylene glycol) (4-arm PEG-SH) containing free tyramine molecules and HRP at pH 7.4. In contrast, hydrogels were not formed at 24 h in the absence of tyramine. The increase in gelation rate was attributed to the phenolic radicals generated by HRP, which oxidized thiols to form thiyl radicals at a much faster rate compared with the oxidation of thiols by HRP. Another example, Su et al demonstrated the formation of hydrogels based on the HRP-mediated polymerization N,N-dimethylacrylamide (DMAA) in the presence of H2O2 and acetylacetone (ACAC, a β-diketone) 107[]
. In this system, HRP catalyzes the oxidation of ACAC, forming ACAC radicals that initiate the radical polymerization of DMAA. These studies demonstrated the versatility of HRP and paved the way for the development of new strategies to form injectable hydrogels using this amazing enzyme.
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Figure 1. Crosslinking mechanism of HA-Tyr conjugates by HRP-mediated crosslinking reaction. Reproduced by permission of The Royal Society of Chemistry 51[]
.
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Figure 2. Effects of a) H2O2 and b) HRP concentration on the storage modulus G’ ((), the gel point (() and the time needed for G’ to reach plateau of HA-Tyr hydrogels ((). HRP and H2O2 concentrations are fixed to 0.062 units/ml for a) and 728 M for b) respectively. Reproduced by permission of The Royal Society of Chemistry 48[]
.
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Figure 3. Injectable macro/nanogel composite hydrogels delivering growth factors for the treatment of urinary incontinence. (A) Schematic representation of the urethral muscle regeneration using the macro/nanogel composite hydrogels. Heparin-Pluronic (HP) nanogels encapsulating bFGF are embedded in a crosslinked gelatin-poly(ethylene glycol)-tyramine (GPT) hydrogel. (B) Cumulative release profiles of bFGF from GPT and GPT/HP composite hydrogels (top panel). Immunohistochemistry images of α-smooth muscle actin (SMA)-stained sections around the proximal urethra 28 days after hydrogel injection (bottom panel). The urethral muscles appear green while cell nuclei appear blue in the images. Reprinted with permission from 
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[58]
. Copyright 2014 American Chemical Society. 
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Figure 4. Confocal fluorescence microscopy of focal adhesion and actin cytoskeleton in hMSCs cultured using Gtn-HPA hydrogels with different stiffness. These images reveal focal contacts in green using an anti-vinculin monoclonal antibody. F-actin appears red while cell nucleus appears blue. Reprinted with permission from 36[]
. Copyright 2009 Elsevier Ltd. 
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Figure 5. Representative images of the osteochondral defects in rabbits at 4 weeks post-injection with chondrocyte-laden Gtn-HPA hydrogels. The harvested tissues were processed for Hematoxylin and Eosin (HE) staining, Safranin-O (Saf-O) staining, and immunohistochemistry staining of type II collagen (Col-II) and type I collagen (Col-I). Scale bar: 100 µm. Reprinted with permission from 73[]
. Copyright 2013 Elsevier Ltd. 
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