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10.1 Introduction

Enzymatic crosslinking is a polymerization route that relies on enzymes as reagents to
cleave or form covalent bonds. Enzymes are highly substrate-specific, possess short
reaction times, and are used for catalytic crosslinking while suppressing potentially
toxic side reactions, which makes these crosslinking methods more efficient than their
chemical counterparts (Bae et al., 2015; Hu et al,, 2019b). These reactions are
also cytocompatible, noninvasive and provide good control over hydrogel formation
by controlling the enzyme concentration (Sperinde & Griffith, 1997). Enzymatic
crosslinking is an interesting approach for hydrogels used in tissue engineering
and regenerative medicine because it can provide rapid gelation (generally under
10 minutes) under mild, physiological conditions, making them suitable for biological
applications including in vivo forming hydrogels (Hu et al., 2019b; Mohammed &
Murphy, 2009; Moreira Teixeira et al., 2012). Moreover, enzymatic activity can often
be controlled by modifying external factors such as temperature, pH, or ionic strength
(ClaaBen et al., 2019; Heijnis et al., 2010).

Enzymes have been used for catalytic reactions since the 1950s when Kalckar et al.
used xanthine oxidase to oxidate xanthopterin to leucopterin (Kalckar et al., 1950).
However, one of the first described use of enzymes for hydrogel crosslinking applica-
tions dates from the late 1990s when Sperinde and Griffith used transglutaminase to
form a hydrogel network by crosslinking functionalized poly-(ethylene glycol) (PEG)
and a lysine-containing polypeptide (Sperinde & Griffith, 1997). Since then, transglu-
taminases have been some of the most extensively used enzymes in tissue engineering
along with horseradish peroxidase (HRP). This later enzyme catalyzes the coupling of
phenol or aniline derivatives by using hydrogen peroxide (H,O,) as an oxidant (Ren
et al., 2017). This reaction allows for the easy tuning of the gelation time, mechanical
strength, degradation kinetic and porous structure of subsequent hydrogels by control
of the concentrations of the constituents (Bae et al., 2015; Cheng et al., 2018). The
versatility and tuneability of enzymatically crosslinked hydrogels translate into their use
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in various biomedical applications including bone, cartilage and soft tissue engineering,
drug and cell delivery, etc. via bio three-dimensional printed scaffolds or injectable
hydrogels (Echave et al., 2019; Jin et al., 2010; Li et al., 2018b; Morelli et al., 2016;
Niu et al., 2019; Zhu et al., 2018). However, enzymaticallycrosslinked hydrogels pro-
duced from natural polymers such as silk fibroin or hyaluronic acid may still display
insufficient mechanical properties, degradation resistance, slow gelation rate and/or
lack of bioactivity after enzymatic crosslinking, which limits their use (Hasturk et al.,
2020; Raia et al.,, 2017). Recently, composite hydrogels have been produced using
more advanced techniques such as bienzymatic- or dual-crosslinking methods which
allowed for improved biocompatibility and tuneable mechanical characteristics, to
overcome some of the limitations and making these hydrogels more suitable for tissue
engineering, cell culture and cell encapsulation applications (Bae et al., 2015; Echave
et al., 2019; Hasturk et al., 2020; Jin et al., 2010; Le Thi et al., 2017; Nezhad-
Mokhtari et al., 2019; Raia et al., 2017; Wang et al., 2020b; Zhang et al., 2015).

Enzymatic crosslinking is a relatively new method which remains underexplored as
compared to other techniques. These reactions first solicited a vivid interest in
injectable hydrogels applications, which constitute a large proportion of the current
literature on enzymatic crosslinking applications. Recently, these reactions also drew
attention to their ability to form hydrogel scaffolds with high degrees of complexity
similar to those of extracellular matrices, scaffolds with dynamic properties, and systems
with controlled and tuneable releases of therapeutics (Mohammed & Murphy, 2009;
Moreira Teixeira et al., 2012). Enzymatic crosslinking methodologies have been used
as primary crosslinking mechanisms during the synthesis of the hydrogels, as well as
secondary scaffold processing techniques. The state-of-the-art enzymatic crosslinking
methodologies for the development of hydrogels are reviewed herein.

10.2 Enzymatic polymer crosslinking reactions

As mentioned before, enzymatic crosslinking methodologies can be used as primary or
secondary polymerization methods. Secondary crosslinking is used to improve the
mechanical properties of weak hydrogels synthesized by other techniques. For exam-
ple, Kajave et al. recently used genipin as a secondary crosslinker to strengthen a
mechanically weak photo-crosslinked methacrylated collagen (CMA) (Kajave et al.,
2020). This dual-crosslinking strategy allowed them to improve some properties of
their hydrogels, such as the compressive moduli and degradation times, while still
allowing for high cell survival rates in low dually crosslinked CMA hydrogels. Primary
and secondary enzymatic crosslinking rely on similar reactions to induce or increase
crosslinking of hydrogels. However, it appears that in similar conditions, primary and
secondary polymerization techniques do not result in similar degrees of crosslinking.
Carnes et al. recently assessed the crosslinking degrees of fibrin microthreads scaffolds
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crosslinked by HRP and H,O, when these reagents were incorporated during extru-
sion and/or during postprocessing steps (Carnes et al., 2020). Their results showed that
primary HRP-crosslinked scaffolds had the highest degree of tyrosine crosslinking and
that secondary or primary-and-secondary HRP-crosslinked microthreads did not con-
tain detectable levels of isodityrosine bonds. Clearly, the enzyme content of a hydrogel
also influences its physical and mechanical properties. In 2019, Echave et al. assessed
the effect of varying the proportion of microbial transglutaminase in gelatin-based
three-dimensional scaffolds fabricated by freeze-drying (Echave et al., 2019). Their
work concluded that the swelling capacity of their scaffold decreased with higher
enzyme ratios, inversely to Young’s modulus which increased.

Moreover, optimal results from crosslinking reactions require the adequate selec-
tion of enzymes depending on the polymers to crosslink and the applications intended.
Although different enzymes can be used to crosslink the same macromers at similar
crosslinking conditions, they may certainly lead to different gelation rates, mechanical
and biological properties as their reactions mechanisms, substrate specificities and bio-
chemical properties will most likely differ (Heck et al., 2013; Roberts et al., 2016).
For example, both Laccase and Tyrosinase (Tyr) can oxidize phenol moieties and
induce crosslinking using molecular oxygen, but their crosslinking reactions are very
different. Laccase reacts with molecular oxygen and hydrogen atoms from the
hydroxyl groups from two phenols to produce H,O,, which is then used to form
di-phenol bonds. However, Tyr reacts with molecular oxygen to convert phenols into
catechols through the addition of hydroxyl groups on their aromatic ring, before that
further oxidation generates reactive quinone, which then promptly crosslinks with
other quinones through covalent bonds (Fig. 10.1) (Roberts et al., 2016). The
Enzyme Commission classifies all enzymes into seven main classes according to their
reactions, as depicted in Table 10.1 (Kobayashi & Uyama, 2011; McDonald et al.,
2009). Each class is then subdivided into subclasses given further information about
the reactions themselves, that is, what kind of bond is formed, the compounds
implied, etc. The first group, oxidoreductases, regroups all the enzymes which can
induce oxidoreduction reactions, similar to the reactions of Laccase and Tyr previously
described. There are numerous available enzymes, which can also be modified to
better comply with application-specific requirements (Li & Cirino, 2014). The
cofactors associated with these enzymes must be carefully selected as well. For
example, hydrogen peroxide is an oxidant used with various enzymes, including
HRP, that has been linked with reduced cell viability in cell encapsulation applications
(Roberts et al., 2016).

All biopolymers found within living cells are produced via enzymatically catalyzed
reactions (Kobayashi & Uyama, 2011). These gelation chemistries are very suitable for
crosslinking natural polymers because they allow avoiding harsh conditions usually
associated with chemical crosslinking techniques, while still allowing for higher
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Figure 10.1 Polymerization reactions of phenol moieties by Laccase (A) and Tyrosinase (B) with
molecular oxygen. Laccase (A) reacts with molecular oxygen and hydrogen atoms from two phe-
nols to produce hydrogen peroxide, which is then used to form di-phenol bonds. Tyrosinase
(B) reacts with molecular oxygen to convert phenols into catechols, before further oxidation gener-
ates reactive quinone, which finally crosslinks with other quinones. Modified from Roberts, J. J.,
Naudiyal, P, Lim, K. S., Poole-Warren, L. A., & Martens, P. J. (2016). A comparative study of enzyme
initiators for crosslinking phenol-functionalized hydrogels for cell encapsulation. Biomaterials Research,
20. https://doi.org/10.1186/540824-016-0077-z; with permission of Springer Nature, Copyright © 2016,
licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

mechanical properties than physical crosslinking methodologies. Enzymatic methodol-
ogies are widely used for crosslinking proteins thanks to the broad variety of enzyme/
cofactors combinations which allows to tailor the most suitable reaction for targeting
specific functional groups present in amino acids (Heck et al, 2013; Wong &
Jameson, 2011). Enzymatic methodologies have also been used to crosslink other nat-
ural polymers as well as their synthetic counterparts (Arkenberg & Lin, 2017; Ren
et al., 2017; Wang et al., 2014). Although most of the literature references enzymatic
crosslinking as a chemical crosslinking method, some articles differentiate these techni-
ques into a third kind of polymerization route because of their similarity with both
chemical and physical crosslinking methods (Lee et al., 2015; Parenteau-Bareil et al.,
2010; Thakur et al., 2018; Yang et al., 2016). Namely, their mild reaction conditions
resemble to those of physical crosslinking methods, whereas they produce covalent
bonds similar to chemical routes.

Although enzymatic crosslinking appears to be an ideal polymerization methodol-
ogy, several concerns have been raised regarding its safety. One of them regards
enzyme retention within the hydrogels. Several enzymes including HRP are plant-
derived proteins and as such, they can potentially reduce the immunological response
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Table 10.1 Enzyme commission number (EC number) classification.

Major Classes Reaction catalyzed Typical Reaction Examples
EC 1. Oxidoreduction, i.e., AH+B —» A+BH Peroxidase,
Oxidoreductases transfer of H and O (reduction) A+ O Tyrosinase

atoms or electrons — AO (oxidation)
from one substance to
another

EC 2. Transferases Transfer of a functional AB+C - A+BC Transglutaminase,
group from one Acyltransferase
substance to another

EC 3. Hydrolases Bond cleavages by A-B+H,0 — Lipase,
hydrolysis A-OH + B-H Glycosidase

EC 4. Lyases Nonhydrolytic addition X-A-B-Y 2 Decarboxylase,
or removal of a group A=B+X-Y Dehydratase
to a substrate

EC 5. Isomerases Intramolecular ABC — BCA Racemase,
rearrangement Epimerase

EC 6. Ligases Joining of two large X+Y+ATP — DNA Ligase,
molecules or two XY + ADP + P; Synthetase

parts of a molecule
with concomitant
hydrolysis of the
diphosphate bond in
ATP or a similar

triphosphate.
EC 7. Translocases Catalyze the movement Ornithine
of ions or molecules translocase

across membranes or
their separation
within membranes

of hydrogels when implanted in the body (Lee et al., 2015). In 2002, Bardor et al.
demonstrated that the protein core and the N-glycans of HRP could induce the
production of antibodies in rodents (Bardor et al., 2003). Using a human peroxidase
could offer a safer alternative to HRP, but no such enzyme has been found to
efficiently catalyze the oxidative coupling of phenols yet, probably due to the high
cost of human proteins and the poor activity of human peroxidase in catalyzing
polymer-phenol conjugates crosslinking (Lee et al., 2015). Some enzymes may also
display cytotoxicity at specific concentrations. Recently, Kajave et al. demonstrated
that direct cell exposure to genipin is cytotoxic at concentrations greater than 1 mM
(Kajave et al., 2020). Such issues cannot be overlooked, especially in therapies imply-
ing repeated exposure to these enzymes. Several enzymatic crosslinking methodologies
have been developed to reduce or eliminate enzyme retention within the hydrogels.
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By using enzyme-immobilized microparticles, researchers have been able to produce
in situ forming hydrogel solutions without subsequent enzyme retention (Bae et al.,
2014; Li et al.,, 2018a). By varying the contact time between the polymer solutions
and the enzyme-loaded particles, they were also able to tune different hydrogel
properties, including the gelation rate and the storage modulus. Another concern of
enzymatic crosslinking is the toxicity related to the cofactors used. For example, H>,O,
is used with many enzymes, but studies have proved that micromolar concentrations
of H,O, prevent cell growth in a culture medium while higher concentrations (micro
to millimolar) lead to apoptosis and necrosis (Gardner et al.,, 1997). The incubation
period also greatly affects this toxicity, which suggests that faster reaction times and
quick consumption of H,O, could help to minimalize it (Giilden et al., 2010;
Wang et al., 2014). Several studies demonstrated that brief exposures to H,O, during
HRP-catalyzed reactions cause minimal toxicity along with inducing resistance to
oxidative stress, following a high embedded cell survival rate (>90%), especially if
cells are exposed a second time to H,O, (Jin et al., 2009; Lim et al., 2012; Toh et al.,
2012). Novel enzymatic crosslinking methodologies continue to be developed to
allow new processing possibilities while becoming more efficient and safer.

10.3 Advanced crosslinking methodologies

Enzymatically crosslinked hydrogels have been successfully used for numerous
biomedical applications. Table 10.2 present some studies published in the last three
years about polymer—enzyme combinations and their subsequent applications, partially
demonstrating the broad diversity of the research area (Arkenberg & Lin, 2017;
Broguiere et al., 2018; Carnes et al., 2020; Ching-Cheng et al., 2020; Echave et al.,
2019; Hou et al., 2018; Hu et al., 2019a; Khanmohammadi et al., 2019; Kim et al.,
2018; Le Thi et al., 2017; Ren et al., 2017; Ribeiro et al., 2019; Wang et al., 2020a;
Zturk et al., 2020). Such a variety of combinations and approaches will continue
to grow since researchers continue to develop new crosslinking methodologies to
overcome the challenges they face.

In recent years, crosslinking methodologies based on several complementary
enzymes have been developed to overcome the limitations previously encountered. Le
Thi et al. developed a dual-enzymatic crosslinking system based on HRP and Tyr to
prepare in situ forming bio-adhesive hydrogels with strong adhesive properties (Le Thi
et al., 2017). Concentration tuning of the enzymes provided control over gelation
time and mechanical properties of the hydrogels. Moreover, Tyr allowed to double
the adhesive strength of HRP-crosslinked hydrogels while still being biocompatible
and biodegradable. Dual-enzymatic crosslinking methodologies can rely on the simul-
taneous action of both enzymes as previously presented, or on two-step processes
where one enzyme relies on the reaction of the second one to induce crosslinking.



Table 10.2 Applications of enzymatically crosslinked hydrogels.

Enzymatic crosslinked hydrogels

Type of enzyme(s)

Polymer(s)

Application(s)

Ref.

Horseradish
peroxidase

Horseradish
peroxidase

Horseradish
peroxidase

Horseradish
peroxidase

Horseradish
peroxidase &
tyrosinase

Tyrosinase

Tyrosinase

Microbial
transglutaminase

Microbial
transglutaminase

Microbial
transglutaminase

Microbial
transglutaminase

Glucose oxidase,
acetylcholine
esterase and
urease

Sortase A

Sortase A

Silk fibroin
Fibrin

Tyramine-conjugated
poly(ethylene
glycol)

Hyaluronic acid

Gelatin

Tyramine- and
sulfate-conjugated
alginate

Tyramine-conjugated
hyaluronic acid and
gelatin

Gelatin

Gelatin
Gelatin
Chitosan & collagen

peptides
Polyacrylamide

Hyaluronic acid

Poly(ethylene glycol)-
peptides

Tissue engineering
Tissue engineering

Injectable hydrogels
Cell encapsulation
Cell & drug

delivery

Tissue engineering

Tissue engineering

Wound healing

Bone tissue
engineering

Cartilage tissue
engineering

Wound dressing

Drug delivery

Tissue engineering

In situ cell
encapsulation

Ribeiro et al. (2019)
Carnes et al. (2020)
Ren et al. (2017)
Khanmohammadi,
Sakai and Taya

(2019)
Le Thi et al. (2017)

Ztirk et al. (2020)

Kim et al. (2018)

Hou et al. (2018)
Echave et al. (2019)
Tsai et al. (2020)
Hu et al. (2019a)

Wang, Fischer,
Ehrlich, Nahmias,
and Willner (2020a)

Broguiere, Formica,
Barreto, and
Zenobi-Wong
(2018)

Arkenberg and Lin
(2017)

Recently, Shen and
(Shen et al., 2020).
H,O, which then

colleagues used HRP and glucose oxidase in a similar process

Their polymer was first oxidized by glucose oxidase to form

reacted with HRP

to form a mechanically weak but

printable polysaccharide hydrogel. This hydrogel was then further crosslinked by a

gradual process to adjust its Young’s modulus from 3.29 to 86.73 kPa.
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The development of enzymatic crosslinking methodologies has also led to the
emergence of controlled polymerization of hydrogels by external stimuli. In 2013,
Milleret et al. were able to electrochemically control the polymerization of PEG
hydrogels using Factor XIII-mediated transglutamination reactions (Milleret et al.,
2014). Their work also demonstrated the inhibitive potential of this electrochemical
control technique as the hydrogels displayed decreased adhesion to the electrodes, an
interesting property to improve the reproducibility of template-removal-based techni-
ques. More recently, Wang et al. modified DNA-based polyacrylamide hydrogels with
glucose oxidase (GOwx), acetylcholine esterase and urease to cooperatively yield
stable two pH-responsive crosslinking motifs (Fig. 10.2) (Wang et al., 2020a). This
technique led to pH-induced reversible biocatalytic control over the stiffness of the
fabricated matrices, which allowed for the controlled release of loaded drugs through
their GOx/insulin-loaded hydrogel
showed great potential as its stiffness was controlled by glucose-triggered chemistries,

substrate-triggered chemistries. Specifically,
and the release of insulin was controlled by the dose of glucose. Altogether, this
hydrogel displays promising results to create systems for the autonomous control of
glucose levels through the release of insulin. The different hydrogels developed in this
study also show great potential for the development of innovative approaches to
enzyme-guided shape-retaining and self-healing matrices.

Enzymatic crosslinking methodologies also allow for novel approaches to mix reagents

together, especially when using emulsions. In 2017, Kamperman et al. developed an

g {?0;1 le

glucose + O, —=¥ 5 gluconic acid + H,0,

\_ Stimuli-responsive %
4 AchE q DNA Hydrogs! 2 e,
'.B«f.: Urease
tylcholine——> acetic acid + choline
acely CO, + 2NH;
e /

Figure 10.2 Schematic reversible biocatalytic control of pH in stimulus responsive DNA-based
hydrogels using three biocatalysts (GOx, AchE, and urease) and two different motifs as reconfigur-
able cross-linkers. This multienzymatic system allows for a two pH-responsive crosslinking motif,
creating a reversible switchable control over the stiffness of the matrix. In the application pre-
sented, the hydrogel mimics the natural function of the pancreas, releasing insulin in response to
the environmental concentration of glucose. With permission from Wang, C, Fischer, A, Ehrlich, A,
Nahmias, Y., & Willner, I. (2020). Biocatalytic reversible control of the stiffness of DNA-modified responsive
hydrogels: applications in shape-memory, self-healing and autonomous controlled release of insulin. Chemical
Science, 11(17), 4516—4524. https://doi.org/10.1039/d0sc01319f; with permission of the Royal Society of
Chemistry, Copyright ©) 2020, licensed under CC BY 3.0 (http://creativecommons.org/licenses/by/3.0/).


https://doi.org/10.1039/d0sc01319f
http://creativecommons.org/licenses/by/3.0/

Enzymatic crosslinked hydrogels

in-emulsion enzymatic crosslinking technique for tyramine-functionalized polymers react-
ing with HRP and a H,O,/0il nanoemulsion (Kamperman, Henke, Zoetebier, et al.,
2017). This technique supported the formation of monodisperse hydrogel particles rang-
ing from the nano- to the millimeter-scale, and overcame a lot of limitations previously
encountered by other crosslinking methodologies. Most polymerization techniques
require crosslinker molecules such as ions or radicals (Hennink & Van Nostrum, 2002),
which is difficult to obtain in emulsions due to the immiscibility of these multiphase
systems as oil tend to disturb the direct mixing of hydrogels and their precursors
(Kamperman, Henke, Zoetebier, et al., 2017). Moreover, typical polymerization
techniques used with emulsions can result in inhomogeneous polymeric networks, device
clogging and oft-center cell encapsulation, which is detrimental to the long-term
application of cell-laden hydrogel particles (Kamperman, Henke, Visser, et al., 2017).
More recently, researchers from the same group developed a single-step outside-in
crosslinking method to produce hollow single-core hydrogel-based microcapsules using
the same reagents (van Loo et al., 2020). Polymer solution microdroplets were exposed
to an outside-in diffusion of low amounts of H,O,, which were consumed by
the crosslinking reaction before reaching the microdroplets' core, and which could be
controlled by adjusting different processing parameters. That method also overcome
many of the limitations previously encountered by other production techniques as it is a
cleaner, more chemically defined process which uses no inhibitors while allowing for fas-
ter production rates with lower chances of microdevice failures, and that does not require
dedicated infrastructures (van Loo et al., 2020).

10.4 Conclusion and outlook

Hydrogels performances greatly rely on their ability to yield stable biocompatible
structures with adequate mechanical strength and in suitable timeframes. These
properties are strongly influenced by material choice and processing parameters, but
they are also heavily affected by crosslinking mechanisms. Physical and chemical
polymerization methodologies both present their own characteristics along with their
strengths and weaknesses. Namely, physical polymerization techniques produce
mechanically weak structures under mild conditions whereas chemical crosslinking
yield strong covalently bonded hydrogels which can potentially display cytotoxicity.
Enzymatic crosslinking methodologies are relatively new compared to their chemical
and physical counterparts, but they show great potential as they appear to be an ideal
in-between which can rapidly produce strong covalent intermolecular bonds under
mild conditions. Enzymatic crosslinking mechanisms are abundant in nature and
provide an excellent source of polymerization routes for hydrogels. Their mild
characteristics are very attractive for the development of strong biocompatible
structures and in situ forming hydrogels. Numerous enzymes can be modified,
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combined with other polymerization mechanisms or with other enzymes to better
comply with the material- and application-specific requirements. However, several
safety concerns related to the generally plant-derived origins of enzymes, and to the
potential toxicity of the cofactors used, raise the need to further develop these
techniques to become more suitable for biomedical applications. The development of
innovative biocompatible covalent crosslinking methods brings the biomedical
engineering community closer to the clinical expectations of hydrogels of all-
encompassing ideal properties, more suitable to biomedical applications, whilst further
enhancing regeneration and therapeutic outcomes.
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