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Crosslinking strategies have been extensively explored in order to design novel hydrogels for bone tissue engineering.

Lately, the fabrication of hydrogels with the help of enzyme-mediated crosslinking approaches has been extensively

explored. This approach has resulted in promising outcomes with convincing prospects. Enzymes are required in minimal

quantity and are very efficient in their actions, as they increase the reaction rate without being expended during the course

of the reaction process. The efficiency of an enzyme is defined by the number of substrate molecules converted into

products per unit of enzyme, which is also known as turnover number (k cat). The high efficiency of enzyme-based

reactions comes from the precise specificity, which ensures the conversion of a particular type of substrate to products.

Many enzymes have been explored in order to prepare biomimetic hydrogels for bone tissue engineering. The details of

every enzyme-based crosslinking approach are discussed in the following sections.
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1. Tyrosinase

Of all the other enzymes, tyrosinase has been most often explored for various tissue engineering applications, including

bone tissue engineering. In the case of mammals, the tyrosinase is located in melanosome, which manufactures melanin

. The mechanism of the action of tyrosinase is based on the oxidation of the phenolic groups (tyrosine, catechol, and

polyphenols) present in their active sites, without the prerequisite of any cofactors. Due to the abundance of these

phenolic groups in human proteins, they can be easily conjugated to hydrogels, making them efficient players in

crosslinking strategies  (Figure 1). Moreover, the mechanism of the oxidation reaction of tyrosinase strongly

resembles the cascade of events in the 3,4-dihydroxy-l-alanine (DOPA) induced mussel adhesion on sea rocks in mussel

foot protein (Mfp), which has been extensively explored in tissue engineering and regenerative medicines .

Figure 1. Mechanism of action of tyrosinase.

Inspired by mussels, Sousa et al. fabricated a dopamine moiety on the surface of hyaluronic acid to develop freestanding

multilayer membranes using layer by layer technology to enhance the cell adhesion and interaction between the construct

and cells . The mechanical attributes and enhanced adhesion were examined and found to be optimal for bone tissue

engineering. Further, Mishra et al. demonstrated the manufacturing of injectable ink, comprising of carboxymethyl-

chitosan (CMC)/gelatin/nano-hydroxyapatite (nHAp) via tyrosinase/p-cresol-mediated in situ crosslinking . The study

highlighted the degree of crosslinking as a prime factor to uncover the differentiation and proliferation of osteoblast cells

along with the stability of in situ formed gels in vivo. In another study, Sharma et al. fabricated tyrosinase-crosslinked silk

fibroin and gelatin-mixed hydrogel doped with calcium ions. The study aimed to investigate the rheological and calcium

releasing behavior of the fabricated hydrogel in bone tissue regeneration. The work also highlighted the ability of the

designed hydrogels in augmenting the osteogenic differentiation of human bone marrow-derived mesenchymal stromal
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cells . A similar strategy was explored by Chameettachal et al. to fabricate tyrosinase-crosslinked silk fibroin and gelatin

hydrogels to explore the chondrogenic differentiation and suppression of hypertrophic differentiation across different cell

modalities for chondrocytes and mesenchymal progenitor cells (hMSCs) . The combination of silk fibroin and gelatin has

been reported by other research group for bone tissue engineering . In another study, tyrosinase-mediated

chitosan/gelatin and chitosan/gelatin/nanohydroxyapatite hydrogels were synthesized for bone tissue engineering .

Rapid and permanent gelation was the hallmark of this work. Here, derivatized tyrosinase (mTyr-CNK)) was engineered to

exhibit a high catalytic efficiency for tyrosine/DOPA-tethered hydrogels across a broad pH range. The obtained hydrogels

exhibited good porosity with high swelling ratios. Further, in order to enhance the interfacial adhesion of an osteo-mucosal

construct, a study reported tyrosinase-based adhesion approach was presented that resulted in healthy tissue

regeneration along with the enhanced adhesion for the soft/hard components of designed constructs . The data

obtained from the study confirmed the enhanced proliferation of osteoblast cells via aminolysis and improved osteoblast

cells differentiation via tyrosinase present in collagen. Furthermore, the evidence of multilayered epithelium on the osteo-

mucosal model with viable fibroblasts and osteoblasts was also demonstrated. The fabricated construct could find clinical

implications as a graft material in surgeries and can serve as an in vitro model to investigate the applicability of dental

materials. All these studies reflect the elevated adhesion capacity of tyrosinase. The gentle and fast crosslinking process

of tyrosinase-based crosslinking in an aqueous environment further aids in its widespread utility in bone tissue

engineering.

2. Lysozyme

Lysozyme is a naturally occurring protein belonging to the class of glycoside hydrolase and unanimously appears in

diverse human tissues, including tears, saliva, and other body secretions . Lysozyme plays a significant role in the

innate protection system  and also exhibits antiviral, antiseptic, and anti-inflammatory features, making it a key aspirant

in the pharmaceutical sector . It is stable across various pH ranging from 5–9 and demonstrates a stable three-

dimensional (3D) structure, make it a suitable candidate remodeling tissue microenvironment . The approach in case

of lysozyme crosslinking is presented in Figure 2. Lysozyme and its mutants have been used as crosslinking agents to

synthesize different hydrogels for bone tissue engineering. In a study by Chen et al., a chitosan oligosaccharide-based

hydrogel was prepared by crosslinking it with the help of T4 lysozyme mutant (T4M) . The surface of T4M is rich in free

amine groups, which function as efficient covalent crosslinkers, imparting good strength to the hydrogel network along

with high specificity towards the binding of multivalent cations. This property was explored to exhibit localized delivery and

the synergistic release of Mg  and Zn  for bone tissue repairment. Further, in order to improve the cellular affinity and

rapid tissue regeneration, the integrin receptor-binding Arg-Gly-Asp (RGD) sequence was attached to the C-terminus of

T4M. In another study, lysozyme-crosslinked 4-arm-PEG hydrogel was developed as a surgical sealant for tissue

engineering . The developed hydrogel could provide adequate mechanical stability responsible to endure high

pressure. The in-situ formation of sealant to avoid fluid leakage is very important in medical sciences and can be utilized

across many biomedical applications. The formation of hydrogels via lysozyme-based crosslinking is still under active

exploration and has great potential. Rationally engineered lysozyme mutants have been reported to have enormous effect

on hydrogel strength along with their enhanced cellular responses. The development of these variants could enhance the

stability across a wide range of pH.

Figure 2.  Approach towards lysozyme crosslinking for hydrogel formation.

3. Horseradish Peroxidase

Horseradish peroxidase (HRP) is a member of the peroxidase family and is known to be oxidoreductase with

hydroperoxide as electron acceptor. HRP is a heme containing enzymes derived from horseradish roots and has a

molecular weight of 40,000. HRP are commercially available in high purity form making it a representative system to

investigate the structure, dynamic, and thermodynamic properties of peroxidases . Several HRP isoenzymes have
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been reported with the most abundant and widely characterized C isoenzyme . HRP crosslinked hydrogel have been

widely reported as suitable for tissue engineering applications. HRP are capable of catalyzing the oxidative coupling of

polymers-phenols in the company of hydrogen peroxide (H O ), resulting in the formation of hydrogels with the tunable

rate of gelation and crosslinking density  (Figure 3). The application of HRP has also been studied in tissue

engineering; for the first time, Carnes et al. examined the HRP-catalyzed dityrosine-crosslinking of a fibrin scaffold for

tissue engineering applications . The work reported the effect of the concentration of HRP and H O  on the crosslinking

density of fibrin microthreads, targeting its utility across a broad range of tissues for structural stability and mechanical

strength. Further, Shoji et al. reported the in-situ formation of hyaluronic acid and tyramine-based hydrogel (HA-T) via

taking the advantage of HRP in presence of H O  . The fabricated hydrogel was loaded with bone morphogenetic

protein (BMP)-2 and was examined for their ability to promote osteogenesis in a in vivo model. The study reported

considerably greater bone volume, bone mineral content, and bone union at the fracture sites upon introduction with BMP-

2-loaded HA-T hydrogel compared with the fractured sites with no treatment received.

Figure 3. Mechanism of crosslinking via horseradish peroxidase for hydrogel formation.

The loading and controlled release of bioactive agents, such as proteins and peptides, into hydrogels has been popular

approaches in order to progress in the regenerative capacity of bone. In this regard, the research group of Park et al.

synthesized bioactive calcium-accumulating peptide (CAP) comprising a collagen-binding design to accelerate osteogenic

differentiation. Here, a gelatin-based hydroxyphenyl propionic acid hydrogel was fabricated with the help of an HRP-

crosslinking approach in the presence of H O . Finally, CAP was chemically conjugated to the surface of the hydrogel. It

was demonstrated that the presence of CAP-tagged hydrogel loaded with human periodontal ligament stem cells

(PDLSCs) induced bone mineralization around the PDLSCs and also increased the expressions of the osteogenic

markers at the in vitro level. The fabricated hydrogel system was able to recover a bone layer in a calvarial defect four

weeks post-implantation . Further, silk fibroin (SF)-based hydrogel has gained the considerable interest of researchers

globally as a material of choice for tissue engineering applications. In this regard, Hasturk et al. fabricated SF which was

enzymatically crosslinked with tyramine-substituted silk fibroin (SF-TA) or gelatin (G-TA)-hybrid hydrogels with the help of

HRP and H O  . Here, the manufactured hydrogel was chemically conjugated with RGD peptides. This approach gives

precise control over the gelation of hydrogel along with adequate mechanical properties and bioactivity. In another study,

the hydrogels of tyramine-modified gellan gum (Ty-GG) was manufactured by exploring both the physical and chemical

method of crosslinking in the presence of HRP and H O  . Here, the fabricated hydrogel was loaded with

betamethasone, a potent drug to treat patients with rheumatoid arthritis. The sustained release of betamethasone in vitro,

along with proliferation and inflammatory activity was also studied on chondrogenic primary cells and THP-1 cells. All

these studies have presented a valuable approach for using HRP-based enzymatic crosslinking in the presence of H O

in order to synthesize in situ injectable hydrogels. A fast gelation rate along with control over the crosslinking density are

some keynote features making HRP/H O  an attractive method for hydrogel crosslinking.

4. Transglutaminase (TG)

Transglutaminases, Ca -dependent acyl transferases, belong to the family of enzymes (EC 2.3.2.13) and are regarded

as mild alternatives for chemical crosslinking strategies that catalyze the establishment of an amide bond between the γ-

carbonyl and ε-amino groups of glutamine and lysine residues, respectively  (Figure 4). These enzymes have also

been reported to contain an active site thiol group within a cysteine/histidine/aspartic acid (Cys-His-Asp) catalytic triad .

TG has been widely explored in enzyme-based crosslinkers for a wide range of polymers (such as gelatin, collagen and

so on) and proteins . In fact, transglutaminase is emphasized as the best studied enzyme for protein-based

hydrogel formation via enzymatic crosslinking for tissue engineering applications . The adhesion supremacy and strong

integration between the TG driven, in situ-formed hydrogel and the host tissue architect makes it a potent choice in for

tissue regeneration process.
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Figure 4. Mechanism of action of transglutaminase-mediated crosslinking strategy for hydrogel formation.

TG-crosslinked hydrogels have also been explored as implant coatings for the slow releasing of pharmaceutical agents. In

this regard, Sun et al. fabricated TG-crosslinked gelatin-alginate hydrogel loaded with antibiotics (vancomycin) to prevent

bacterial infection via the sustained release of vancomycin in tissue implants . The study emphasized the release

kinetics of loaded molecules as a function of the concentration of the enzymes used, as it is directly related to the degree

of crosslinking. Further, the osteogenic potential of TG-crosslinked gelatin/hyaluronan in the presence of biotechnological

chondroitin was explored by La Gatta et al. . Herein, a semi-interpenetrating gel was formed with high stability,

improved stiffness, and lower swelling extent compared to native gelatin hydrogel. The effect of formed hydrogel on bone

regeneration was evaluated via the assessment of the osteogenic differentiation by seeding the hydrogel with human

dental pulp stem cells. Over a period of 30 days, the upregulation of the expression of both osteocalcin and osteopontin at

gene and protein level was observed.

The understanding of the interplay between the bone marrow microenvironment and resident cells is very important and

has been explored as a vital tool with substantial clinical value . Fundamentally, the biophysical and biochemical

aspects across the bone marrow niche play a profound role in the complete functioning of the organ . In this regard,

Vallmajo-Martin et al. fabricated a TG-crosslinked hybrid hydrogel system comprising poly (ethylene glycol) (PEG) and

hyaluronic acid (HA) for the formation of bone marrow analogues . Herein, it was demonstrated that the fabricated

hybrid hydrogel was able to maintain, inflate, and differentiate human bone marrow-derived stromal cells and human

hematopoietic stem and progenitor cells in vitro. This hydrogel could serve as an ideal scaffold for various tissue

engineering applications. For an ideal hydrogel, the concentration of the initial molecules and the enzyme is very crucial,

and its ratio will decide the degree of crosslinking and the crosslinking density, as both factors are very critical in the

formation of scaffolds for tissue engineering applications.

5. Alkaline Phosphatase (ALP)

ALP plays a crucial role in the mineralization of bone and works by cleaving phosphate from organic phosphate .

Figure 5 represents its mechanism of action, where the hydrolysis of phosphate occurs upon the action of ALP in the

presence of organic phosphate group.

Figure 5. Cleavage of phosphate group from organic phosphate in presence of ALP.

Owing to their participation in the mineralization of skeletal tissues, ALP has been explored as an outstanding supplier of

the phosphatase for hydrogel formation . In the field of bone tissue engineering, the utility of ALP-crosslinked hydrogels

is to encourage homogeneity in the mineralization process of hydrogels, which in turn is crucial for imparting the

mechanical strength or bestow them more suitability in the area of bone replacements. In this direction, Douglas et al.
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fabricated three ALP-crosslinked hydrogel systems, namely, mussel protein-inspired catechol-PEG (cPEG), type I

collagen, and oligo PEG fumarate (OPF), for bone tissue replacements and to induce mineralization via calcium

phosphate (CaP) . Herein, it was to inspect the retention power of ALP in these hydrogels along with the initiation of its

mineralization. Additionally, the nature and amount of the mineral formed in the hydrogel systems along with the effect of

mineralization on the morphology and mechanical stability of the synthesized hydrogels were also investigated.

Up recently, supramolecular hydrogels have gained substantial attraction in the field of tissue engineering, cancer therapy,

and drug delivery . In this line, Yuan et al. fabricated an ALP-crosslinked hydrogel series using the self-assembly

capability of the core segment (GNNQQNY) of the yeast prion Sup35 . The study highlighted the ability of ALP to

promote the functioning of precursors, such as hydrogelator, which then self-assembles in an aqueous environment to

form nanofibers (width ≤ 10 nm). It could be implemented in bone tissue engineering to promote self-assemblies-based

hybrid hydrogels. In order to fabricate and efficient hybrid hydrogel system using ALP-crosslinking, the ratio of the formed

minerals and the utilized polymer networks is extremely critical, along with the ALP concentration-dependent

mineralization rate. Optimal conditions, together with the thorough regulation of governing parameters, could provide a

hybrid hydrogel to induce and accelerate bone mineralization, which serves as an alternative to including calcium

phosphate in the designed system.

The development and clinical translational aspect of bone tissue engineering requires the careful administration of

encapsulated biomolecules/pharmaceutical excipients inside the hydrogel scaffolds. In order to achieve this, regulation in

the pore size, pore arrangement and pore capacity of the designed hydrogel plays a substantial role. The design of

hydrogel plays a vital role in regulating the cell attachment and its proliferation. Researchers have also emphasized the

accountability of the functionally graded scaffold (FGS) and non-functionally graded scaffold (NFGS) as functions of

computational dynamics for permeability analysis . A crosstalk between different fields, including but not limited to

computational science, materials sciences, nanotechnology, tissue engineering, etc., provides an innovative and

comprehensive approach to envisage our vision and understanding in the vast field of science.
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