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Enzyme catalysis has attracted increasing attention for application in the synthesis of
polymer hydrogel due to the eco-friendly process and the devisable catalytic reaction.
Moreover, bottom-up approaches combining enzyme catalysts and molecular self-
assembly have been explored for synthesizing hydrogel with complex architectures. An
enzyme widely distributed in nature, transglutaminase (TGase) has been confirmed to
catalyze the formation of isopeptide bonds between proteins, which can effectively
improve the gelation of proteins. In this mini-review, TGase-catalyzed synthesis of
polymer hydrogels, including fibrin hydrogels, polyethylene glycol hydrogels, soy
protein hydrogels, collagen hydrogels, gelatin hydrogels and hyaluronan hydrogels, has
been reviewed in detail. The catalytic process and gel formation mechanism by TGase
have also been considered. Furthermore, future perspectives and challenges in the
preparation of polymer hydrogels by TGase are also highlighted.
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INTRODUCTION

Enzymes are biological catalysts essential for life processes and catalyze many vital reactions
selectively in nature and living cells (Behabtu and Kralj, 2020). For materials synthesis, natural
polymer materials such as proteins and polysaccharides are synthesized utilizing enzymes in nature.
Similarly, synthetic polymer materials including polyesters, polycarbonates, and polyphosphates
have also been synthesized using enzyme-catalyzed processes (Varma et al., 2005). For biomedical
application, natural and synthetic polymer materials with desired molecular architecture and
biocompatibility are required to meet the specific needs (Yan et al., 2020). Since enzyme
catalysis has proven to be an effective synthetic method for polymers with complex architectures
and mimicking extracellular matrices, increasing interest in the enzyme-catalyzed synthesis strategy
has been developed.

As a biomedical polymer material, hydrogels with a three-dimensional (3D) network structure can
mimic cell and tissue culture environments, leading to application in tissue engineering, wound healing,
cartilage repair and other fields (Sharma and Tiwari, 2020). Additionally, hydrogels can provide
multidimensional ion or biologically active molecules transport pathways for the delivery and
controlled release (Lai et al., 2019; Cui et al., 2021). Although hydrogels have been traditionally
synthesized using chemical and physical methods, rapid developments in enzyme-catalyzed synthesis
technology are emerging. Compared with physical and chemical crosslinkingmethods, enzyme-catalyzed
reactions can react with target molecules directly in mild condition and mimic in vivo biosynthetic
processes, making the active molecules safer during the hydrogel synthesis process (Li et al., 2020).
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TGase have received increasing attention due to the ability to
catalyse the coupling of a free lysine amine group from a protein
or peptide bond to a deamidated glutamine protein or peptide-
bound γ-carboxamide group (Guebitz and Nyanhongo, 2018).
These are important catalysts for the formation of protein-based
hydrogels with varying tunable properties, and remarkable
achievements of hydrogels synthesized by TGase based on
natural and synthetic molecules have been made. The present
paper reviews the TGase-catalyzed reactions for the synthesis of
polymer hydrogel with a bottom-up strategy. The catalytic
crosslinking and gelation mechanism of TGase is discussed,
and future perspectives and challenges in the preparation of
polymer hydrogel by TGase-catalytic reaction are also provided.

TRANSGLUTAMINASE-CATALYTIC
PROCESS AND GEL FORMATION
MECHANISM

Sources and Characteristics of
Transglutaminase
Transglutaminase (TGase) is an acyltransferase, which catalyzes
the amide-transferase reaction between the γ-amyl group of
glutamine residue and the ε-amino group of lysine in protein,
resulting in form the ε- (γ-glutamine) -lysine heteromorphic
peptide bond (Fisher et al., 2017). It can also make polymers
containing amino and glutamate functional groups undergo
cross-linking reactions (Maddock et al., 2020). TGase is widely
distributed in nature and can be isolated and extracted from
animals, plants and microorganisms. Notably, the coagulation
factor XIII in human blood is also a kind of TGase. With the
enzyme, fibrin stabilizing molecules were formed by the cross-
linking reaction between fibrin molecules, leading to blood
coagulation (Schmitz et al., 2020). Therefore, TGase has a
unique effect in catalyzing cross-linking of protein molecules.
TGase from animal tissue has few sources, low yield, complex
separation and purification process. More importantly, the TGase
from animal tissue cannot show its catalytic activity without
calcium ions (Savoca et al., 2018). Compared with the TGase from
animal tissue, TGase derived from microorganisms (microbial
transglutaminase, MTGase) can be directly secreted into the
culture medium, which is easy to separate and purify with
cheap raw materials and a short production cycle (Xue et al.,
2020). For use, MTGases can show their activities without
calcium ions and have a wide range of optimum temperatures
and pH values, which have advantages over the TGase from
animal issues.

Transglutaminase-Induced Gel Formation
Mechanism
Due to the excellent properties of TGase, it can be used to modify
the protein. The catalytic cross-linking effect is beneficial to the
gelation of protein molecules, leading to improving elasticity,
adhesion, water retention and other qualities of the protein
(Gharibzahedi et al., 2018). For protein molecules, the catalytic

effect of TGase is mainly by three ways, including amine import,
cross-linking and deamination. TGase catalyses the acyl transfer
reaction between glutamine residues γ-carbonyl and primary
amine in the peptide bond, introducing lysine into the protein
(Fatima and Khare, 2018). When the lysine residue γ-amino is
used as the acyl receptor, the covalent bond of ε- (γ-glutamyl)
lysine is formed between protein molecules, which means the
protein molecules are crosslinked. In addition, water can become
the acyl receptor in the absence of primary amines, and the γ-
amino group is deaminated into glutamate residues (Miwa, 2020).

A gel is a substance with a specific spatial structure formed by
the aggregation of denatured protein molecules. At the
microscopic level, the gel is represented by the equilibrium of
attraction and repulsion between protein molecules. It is
represented by the formation of semi-solid inverted colloidal
substances without flowmacroscopically (Wang J. et al., 2021). In
general, the covalent crosslinking reaction catalyzed by TGase
occurs faster than the acyl transfer and deamidation reactions.
Therefore, TGase can induce the formation of highly elastic and
irreversible gel structures even at low protein concentrations
(Duarte et al., 2020). Typically, TGase catalyzes the formation
of ε-(γ-glutamyl) lysine covalent bond between the γ-
hydroxylamine group of glutamine residues in soybean protein
and the ε-amino group on lysine in wheat protein (Qin et al.,
2017). Figure 1 depicts the schematic diagram of TGase catalyzed
crosslinking reaction, and the formation of covalent bonds
between a free amine group and the γ-carboxamide group.
These covalent bonds are highly resistant to proteolytic
degradation and more stable than the hydrogen bond and
disulfide bond, resulting in the formation of stable polymeric
networks.

TRANSGLUTAMINASE CATALYSED
FORMATION OF POLYMER HYDROGEL

Based on the characteristics of the transglutaminase, various
macromolecules with glutamine and lysine have been
fabricated into polymer hydrogels via transglutaminase
catalyzed reaction. Here, the main polymer hydrogels prepared
by TGase catalyzed crosslinking are discussed in detail, as shown
in Figure 2.

Fibrin Hydrogels
Fibrin is a biopolymer that the end product of the physiological
blood coagulation cascade, which plays a pivotal role in wound
healing (Heher et al., 2018). Under physiological conditions,
thrombin activates the transglutaminase Factor XIII (FXIIIa)
and can further stabilizes the clot by cross-linking of fibrin
polymers (Pieters and Wolberg, 2019). Therefore, fibrin
hydrogels can be formed via the combination of fibrinogen
and thrombin mixtures (Nelson and Gilbert, 2021). Abrego
et al. (2022) compared the elastic properties of fibrin
hydrogels and polyethylene glycol (PEG) hydrogels, and found
an increase in the elasticity of the hydrogel with higher
concentrations of fibrin and PEG, respectively. However,
in vitro showed fast biodegradability and moderate mechanical
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properties, which limited the application in tissue engineering.
Development of fibrin based composite hydrogels supplemented
with different types polymer materials could be an effective
strategy. Recently, Wang K. et al. (2021) combined cellulose
nanocrystals (CNC) with fibrinogen and obtained CNC
reinforced fibrin nanocomposite hydrogel, and the obtained
hydrogel with improved mechanical stability showed an
improvement in the formation of long myotubes (up to 800 μm).

Polyethylene Glycol Hydrogels
PEG is a water-soluble and nontoxic synthetic polymer that has
been broadly explored for biomedical applications. The
coagulation factor XIII can prepare PEG hydrogel under
physiological conditions without the addition of chemical
initiators, one PEG precursor with a glutamine-containing
sequence and the other one with a lysine-containing sequence
can be coupled by factor XIII (Anjum et al., 2016). To overcome
limitations of cell adhesion in the PEG hydrogel, cell-adhesion

peptides (RGD) was utilized to conjugate onto the PEG polymer.
The modified PEG hydrogels can alter adult dermal progenitor
cells behavior and phenotype (Sparks et al., 2019). To advance the
translation of human tissue analogues to the clinics, a hybrid
hydrogel composed of gelatin and PEG were fabricated via factor
XIII, and the hybrid hydrogel can be tailored by tuning the ratio
between gelatin and PEG, the total polymer concentration and so
on (Klotz et al., 2019).

Soy Protein Hydrogels
As a kind of plant protein, soybean protein contains a complete
variety of amino acids, especially lysine, essential for the human
body. Hydrogels prepared from soybean protein have a broad
application prospect in biomedicine, food and other fields. Tian
and Liang (2005) used MTGase to promote soy protein isolate
solution to form soy protein isolate gel and analyzed the effect of
MTGase on soy protein isolate gel by changing enzyme dosage,
pH value, reaction temperature, substrate protein concentration
and reaction time. Song and Zhang (2008) hydrolyzed soybean
protein isolate using MTGase and obtained protein-based
hydrogels with adjustable gel time and mechanical strength.
The hydrogel has further been applied for the controlled
release of 5-amino salicylic acid. Guo et al. (2012) introduced
glucan sulfate into soybean globulin to form a high-charge
complex with glycine in protein and prepared transparent
hydrogel with a stable network structure by MTGase.
Comparably, layered montmorillonite nanoclay was
intercalated into soy protein to enhance elastic properties of
the hydrogel via TGase crosslinking (Jin and Zhong, 2013).

Collagen Hydrogels
Collagen has excellent biocompatibility and biodegradability, and
it is the main component of the extracellular matrix (ECM) of
interstitial tissues (including skin, bone, cartilage, tendon and
ligament). Orban et al. (2004) selectively mediated the chemical
reaction between glutamine and lysine residues on protein fibers
by MTGase, resulting in bovine collagen type I gel formation by
the crosslinking reaction. Temperature-responsive and enzyme-
responsive collagen hydrogels by MTGase were synthesized, and
the enzyme concentrations could tune the degradation time and
biocompatibility of the hydrogels (Zhao et al., 2016). Using 50 U/
g MTGase, the prepared hydrogels had a high cross-linking
degree and good resistance to collagenase I and collagenase II

FIGURE 1 | Schematic diagram of TGase catalyzed crosslinking reaction.

FIGURE 2 | Various polymer hydrogels prepared by TGase-catalyzed
crosslinking reaction.
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degradation. Lee et al. (2013) prepared collagen hydrogel with
increased stiffness to promote more angiogenic sprouts that
invade deeper, and the stiffness independent of ECM collagen
concentration can be modulated byMTGase. Humanoid collagen
hydrogels and fishbone collagen hydrogels based on MTGase and
1-ethyl-3-methylimidazolium acetate crosslinking were prepared,
and the hydrogels could promote the proliferation of fibroblasts
and inhibit the proliferation of cancer cells (Li and Fan, 2019).

Gelatin Hydrogels
Gelatin is a protein derived from the hydrolysis of collagen with
excellent biocompatibility and biodegradability. MTGase and
gelatin can be dissolved in PBS (Phosphate Buffered Saline)
solution and prepared gelatin hydrogel by the cross-linked
reaction (Ren et al., 2016). Two types of gelatin (type-A and
type-B) crosslinked byMTGase with different concentration were
compared in physical and mechanical properties, and the type-A
gelatin showed the superiority in crosslinking efficiency than
type-B (Liu et al., 2020). Gelatin hydrogel encapsulated human
adipocyte globules can increase the cell proliferation significantly
with low cytotoxicity (Tsai et al., 2020). A sustained-release
absorbable hydrogel by combining TGase with gelatin, alginate
and antibiotics has developed for local delivery of antibiotics in
orthopedic surgery (Sun et al., 2021). Gupta et al. (2021) used
gelatin hydrogel prepared by MTGase crosslinking as an
engineered skeletal muscle matrix, and the hydrogel was stable
after 2 weeks under similar culture conditions of natural skeletal
muscle. Tannic acid modified gelatin also can be crosslinked by
TGase to form hydrogel, and the hydrogel exhibited comparable
elasticity and flexibility, and therapeutic healing effects in the
mouse skin incision and wound model in vivo (Zhou et al., 2021).

Hyaluronic Acid Hydrogels
Hyaluronic acid (HA) is a natural polysaccharide in the
extracellular matrix of numerous soft connective tissues, and
best known for its intrinsic hydrating properties (Zamboni et al.,
2021). Broguiere et al. (2016) introduced a hyaluronan hydrogel
encapsulated neurons based on high molecular weight hyaluronic
acid using activated transglutaminase factor XIII. At the same
time, hyaluronic acid moieties was covalently linked to poly
(ethylene glycol) macromer by activated transglutaminase
factor XIII, leading to the formation of hybrid hydrogels
(Ranga et al., 2016). In comparison to pure PEG hydrogel or
HA hydrogel, the hybrid hydrogel can afford ideal attributes of
both materials with minimizing macrophage infiltration in vivo,
which was suited for bone marrow organoid formation
(Vallmajo-Martin et al., 2020). Similarly, hyaluronic acid-fibrin

hydrogel loaded with lipophilic anti-inflammatory drugs has been
formed in situ by factor XIII, and the hydrogel can be a drug
delivery system for intra-articluar administration (Storozhylova
et al., 2020).

CONCLUDING REMARKS

In this work, TGase catalyzed reactions for the synthesis of
polymer hydrogels were reviewed. As outlined, various polymer
materials including fibrin, polyethylene glycol, soybean protein,
collagen, gelatin and hyaluronic acid have been successfully
catalyzed to form hydrogels by the TGase. More importantly,
the TGase can offer tight integration between the formed
hydrogel and the native tissue, making it feasible to improve
their biocompatibility of the hydrogel. Despite the significant
advances of using the TGase catalyzed strategy, there is still
much room for improvement. For example, the mechanical
properties of some hydrogels by TGase are poor or limited for
medical application. In particular, large-scale production of
hydrogel with high intensity and strength is still a challenge.
For the diverse biomedical fields, the polymer hydrogel with
functional groups and higher biocompatibility prepared by
TGase is deficient. In practical clinical application, the safety
and functionality of the hydrogel materials is extremely crucial.
It is believed that a massive effort in this exciting field will be
made, and continuous breakthroughs will be made with further
research. The enzyme catalysis provides a powerful pool to
synthesize polymer hydrogel with selective bioprocess, and the
enzyme-catalyzed hydrogels are expected to be the next
generation of biomaterials for tissue engineering and
regenerative medicine.
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