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Biomedical hydrogels as sole repair matrices or combined with pre-seeded cells and bioactive growth
factors are extensively applied in tissue engineering and regenerative medicine. Hydrogels normally
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Introduction

Extracellular matrix (ECM) plays a pivotal role in manipulating
multiple cellular fates and largely influences the repair and
regeneration of injured organs and tissues.”” Up to now, the
structures, components and properties of natural ECMs have
been clearly illustrated, and most of natural ECMs exhibit
porous network matrices that normally consist of some nano-
fiber materials like collagen, fibronectin and laminin.® Like
natural ECMs, hydrogels as artificial ECMs with 3D network
structures are fabricated to provide microenvironments® for cell
adhesion, proliferation and migration, and promote the
exchange of nutrients and signalling molecules.” Hydrogels are
hydrophilic polymers with high affinities towards water that are
prevented from dissolution, owing to their chemical or physical
crosslinking networks.® Mechanical and biochemical properties
of hydrogels are highly associated with their crosslinking
methods, and even the hydrogels with the same constituents but
different crosslinking structures can present various functions.”
Hydrogels are mainly fabricated by the crosslinking for-
mation of the stable polymeric networks. Among various cross-
linking methods, physical and chemical crosslinks are two basic
strategies.®'® Physical crosslinks include ionic/electrostatic
interaction, hydrogen bonding, crystallization/stereo-complex
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provide three dimensional structures for cell adhesion and proliferation or the controlled release of the
loading of drugs or proteins. Various physiochemical properties of hydrogels endow them with distinct
applications. In this review, we present the commonly used crosslinking method for hydrogel synthesis
involving physical and chemical crosslinks and summarize their current progress and future perspectives.

and hydrophobic interactions of thermal induction based on
LCST (Lower Critical Solution Temperature)''"*/UCST (Upper
Critical Solution Temperature)'®'® and ultrasonication®™"®
mediated sol-to-gel phase transition. Chemical crosslinks com-
prise photo-polymerization,'®*® enzyme-induced crosslink,*'>*
and “click” chemistry*>” including Michael type-addition,
Diels-Alder “click” reaction,®™* oxime formation,*™>® and
Schiff base formation.**™*' In this review, we summarize
current physical and chemical crosslinking strategies of bio-
medical hydrogels (Fig. 1). These crosslinking methods may
inspire us to design and fabricate novel hydrogels with superior
structures and desirable properties.

28-30

Physically crosslinked hydrogels

Physically crosslinked hydrogels are usually created by inter-
molecular reversible interactions,*? such as ionic/electrostatic
interaction,**** hydrogen bonds, polymerized entanglements,
hydrophobic/hydrophilic interactions, crystallization/stereo-
complex formation, metal coordination and n-n stacking. The
prominent advantage of a physical crosslink is biomedical
safety owing to the absence of chemical crosslinking agents,
thus, avoiding potential cytotoxicity from unreacted chemical
crosslinkers.*> More importantly, physically crosslinked hydro-
gels are stimuli-responsible with self-healing and injectable
properties under room temperature. These hydrogels can be
designed as bioactive hydrogels for the encapsulation of living
cells and drug delivery of therapeutic molecules.*®

Hydrogel crosslinking by ionic/electrostatic interactions

The ionic/electrostatic interaction that has been extensively
applied to the construction of hydrogels is the basis of a
routine physical crosslink with 2 molecules of opposite electric
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Fig. 1 Crosslinking strategies for hydrogel construction. In this
diagram, the most widely used crosslinking methods are presented,
including physical crosslinking, such as ionic crosslink, LCST/UCST
induced hydrogel formation, crystallization induced hydrogel formation
and chemical crosslinking, such as UV-induced crosslink and Enzyme
catalyzed crosslink.

charges. For example, alginate, a naturally derived polysacchar-
ide with mannuronic and glucuronic acid residues, can be
crosslinked by divalent cations, such as calcium (Ca®"),
barium (Ba®>*) and magnesium (Mg>").*” Divalent cations can
solely bind to guluronate blocks from the alginate chains with
a high degree of coordination of the divalent ions. The guluro-
nate blocks of one polymer then form junctions with the
guluronate blocks of the adjacent polymer chains, resulting in
a gel structure. So far, alginate hydrogels have been explored
in wound healing, drug delivery, and tissue engineering.*®*°
Electrostatic interactions occur between the opposite
charged macromolecules and those macromolecules interact
with each other to yield polyelectrolyte complexes.’® Chitosan
is a natural polycationic biopolymer that consists of p-[1-4]-
linked 2-acetamido-2-deoxy-p-glucopyranose and 2-amino-2-
deoxy-dglucopyranose. Thus, chitosan easily forms polyelectro-
lyte complexes (PECs) via electrostatic interactions between its
cationic amino groups and anionic groups from various
anionic polyelectrolytes in nature, such as pectin, chondroitin
sulfate and alginate.”>”" Also, chitosan can similarly interact
with some synthetic polymers, like polylactic acid, polyacrylic
acid and polyphosphoric acid.”® The hydrogels generated from
those polyelectrolyte complexes can be modulated with a
number of factors, including the charge density of the poly-
mers, the mixed ratio and the amount of each polymer, as well
as the soluble microenvironment of polymer. If the net charge
of the formed complex is zero, it will influence the solubility
and the complex will precipitate.”® Ye et al®* prepared a
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Fig. 2 Schematic illustration of the fibrils-reinforced polysaccharide-
based composite hydrogels. The hydrogels were generated by self-
crosslinking of CS-MA and SA-SH. The ionic interaction between CS-MA
and SA-SH was able to improve mechanical properties of hydrogels.
Reproduced with permission from Compos. Sci. Technol., 2018, 156,
238-246. Copyright 2018 Elsevier.>*

fibrils-reinforced polysaccharide composite hydrogel that was
formable in situ (Fig. 2). A maleilated chitosan (CS-MA) and a
thiol derivatized sodium alginate (SA-SH) were separately syn-
thesized, and the hydrogel was subsequently self-crosslinked
via Michael addition and ionic interaction between CS-MA and
SA-SH. The resultant hydrogels exhibited dual healing ability
with good cytocompatibility as well as excellent mechanical
properties.

The specific advantage of an ionic/electrostatic interaction
is its self-healing ability as a result of which the physical
network of hydrogels can be broken at high stress and reform
once the stress is removed. However, the mechanical strength
of hydrogel is extremely limited owing to the crosslinking strat-
egy of the ionic/electrostatic interaction.

Hydrogel crosslinking by hydrophobic interactions

Hydrophobic interactions for hydrogel crosslinking exist in
water-soluble polymers with hydrophobic end groups, side
chains or monomers. Two methods create hydrophobic inter-
action. One is thermal induction based on LCST (Lower
Critical Solution Temperature) or UCST (Upper Critical
Solution Temperature), the other is the ultrasonic treatment.
Generally, hydrogels can be produced using both methods by
promoting sol-to-gel transition under certain conditions.
Thermal induction based on LSCT/UCST. For a thermally
induced phase transition, hydrogels can be fabricated when
they are thermally treated at a critical temperature for sol-gel
phase transition. The amphiphilic block or graft copolymers
are sometimes termed as surfactants, which can self-assemble
into an organized structure (e.g. micelle) in aqueous solutions
with a hydrophobic core at lower concentrations. The hydro-
philic parts of the polymers form loops and hydrophobic
groups are constrained in the same micellar core. With a ther-
mally induced phase transition, the bridges between micelles
are generated via hydrophobic interactions and eventually lead
to the hydrogel formation. Some polymers are usually soluble
below the LCST (lower critical solution temperature). When
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the solution temperature is above the LCST, polymers can
become hydrophobic and insoluble, and the nearby micelles
re-aggregate via hydrophobic interactions, resulting in gel for-
mation.”®  Poly(N-isopropylacrylamide) (PNIPAM) and its
derivatives can form such a thermo-responsive hydrogel.>® For
some other examples, the amphiphilic copolymers combining
hydrophilic poly(ethylene oxide) with hydrophobic poly( propylene
oxide) or poly(glycolide), poly(lactide) and poly(e-caprolactone)
segments are the most commonly used polymers. They have
been extensively utilized as drug delivery systems, which are
injectable solutions below the LCST and switch to solid drug
containers at body temperature.’” Park et al>® developed a
thermo-sensitive methylcellulose (MC) hydrogel containing
CaP nanoparticles using one-pot reaction. The LCST gelation
behaviour of MC solution was affected by the polymer and salt
concentrations (Fig. 3). For example, when 0.1 M CaCl, and
0.1 M Na,HPO4 were added to the MC solution, the gelation
temperature dropped from 32.0 °C to 29.1 °C, the corre-
sponding gelation time dropped from 54 s to 14 s.

In contrast, the UCST (upper critical solution temperature)
induced hydrogel is prepared during the cooling of a polymer
solution, and the cooling temperature is termed as UCST.>
Hydrogels form by the micelle aggregation below UCST
and disintegrate when the temperature restores UCST because
the hydrophobic micelle cores become water-soluble.®°
Fu et al.®" prepared a thermo-reversible physically crosslinked
hydrogel from UCST-type thermosensitive ABA linear triblock
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Fig. 3 The sol-to-gel transition process of MC, (A) pure MC solution
and (B) MC solution with salt. As the temperature increases, hydrogen
bonds are broken, which results in hydrogel formation. Addition of salts
to the MC solution destroys hydrogen bonds and reduces the sol—-gel
transition temperature and time. Reproduced with permission from
Carbohydr. Polym., 2017, 15, 775-783. Copyright 2017 Elsevier.>®
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copolymers, which were composed of hydrophilic poly(poly
(ethylene glycol) methyl ether methacrylate) (PPEGMMA)
middle block and UCST-type thermosensitive poly(acrylamide-
co-acrylonitrile) (P(AAm-co-AN)) outer block. Those triblock
copolymers exhibited cooling-induced, reversible sol-gel tran-
sitions at concentrations of 3% and 5%. The transition temp-
erature of sol-gel elevated along with the increased content of
P(AAm-co-AN) segment as well as polymer concentration.

Ultrasonic induction. With the ultrasonically induced cross-
linking there is always phase variation. Natural proteins or
polymers, for example, silk fibroin, possess complex secondary
structures (e.g. o-helix, P-sheet).®” The highly repetitive
sequence GAGAGS of silk fibroin can generate the antiparallel
B-sheet crystalline region that is able to self-assemble into
hydrogel when exposed to heat, physical shear, or some
organic solvents.""” The sol-to-gel transition is driven by
physically crosslinked fp-sheet crystals that are dependent on
protein concentration, temperature, presence of metal ions,
and pH. The ultrasonic treatment of the aqueous solution of
silk fibroin can promote the formation of f-sheet crystals via
hydrophobically hydrated alteration, thus, accelerating the for-
mation of physically crosslinked silk fibroin hydrogels."”
Recently, a hybrid cell-encapsulating hydrogel of silk fibroin/
collagen protein was fabricated by the ultrasonically induced
gelation. The silk fibroin/collagen hydrogel exhibits physically
crosslinked interpenetrating networks (IPNs) and tunable gela-
tion and improved physical properties® (Fig. 4). Moreover, the
hydrogel can easily encapsulate cells to provide a better 3D
culture microenvironment.

Hydrogel crosslinking by crystallization

The crystallites of polymer chains act as physically crosslinking
sites in the network, resulting in the hydrogel formation. For
instance, the hydrogel will form when the aqueous solution of
PVA repeatedly undergoes freeze-thawing. The properties of
the above hydrogel depend on molecular weight, aqueous solu-
tion concentration, freezing temperature and time, and the
number of freeze-thawing cycles.®* A poly(vinyl alcohol) (PVA)/
sodium alginate (SA) hydrogel was fabricated by the freeze-
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Fig. 4 The schematic illustration of ultrasonic induced gelation of
fibroin/collagen IPNs. Silk fibroin solution was placed in an ultrasound
device for inducing p-sheet formation, and the ultrasonicated solution
was added to the collagen solution. The mixed solution was aliquoted
into a mold and incubated at 37 °C for complete gelation. Reproduced
with permission from Acta Biomater., 2018, 69, 218-233. Copyright
2018 Elsevier.®®
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thawing technique, and the saturated NacCl solution was used
to enhance the gel strength and conductivity.®® Zhang et al.®®
prepared a physical double network (PDN) hydrogel which was
composed of a physically crosslinked PVA and a hydrophobi-
cally associated polyacrylamide (HAPAM) by one-pot in situ
polymerization and subsequent freeze-thawing cycling (Fig. 5).
Mechanical strength of PDN gel was improved owing to strong
crystallization of PVA and the presence of hydrogen bonds
between PVA and PAM chains.

The stereo-complex interaction can form racemic crystalliza-
tion between 2 enantiomeric polymers, which can be used for
the hydrogel preparation. Compared with homopolymer crys-
tallite, the racemic crystallite exhibits more compact side by
side crystallization.®” Poly(i-lactic acid) (PLLA) and poly(p-lactic
acid) (PDLA) are enantiomeric polymers, which can form a
stereo-complex based on racemic crystallite. In a recent
study,”® an enantiomeric mixture of PDLA/poly(ethylene
glycol) (PEG) di-block copolymer and PLLA/PEG triblock copo-
lymer was used as a novel stereo-complex system. Hydrogel
formed via unique gel-sol-gel multiple transitions upon
heating, and the stereo-complexation of PLLA/PDLA segment
played an important role in the phase transition of gel-sol-gel.

Hydrogel crosslinking by hydrogen bonding

Hydrogen bond is one of the most important noncovalent
interactions. For example, hydrogen bond could stabilize a sec-
ondary structure during a peptide or agarose based hydrogel
formation. For hydrogel formation, amide, urea, carboxylic
acid, pyrrole, carbazole and hydroxyl groups could form hydro-
gen bonds among themselves or interact with electron donor
groups, such as pyridine and imidazole groups. However, a
single hydrogen bond is generally not strong enough to
support hydrogel formation. By creating multiple multivalent
hydrogen bonds, for example, a strong network can be formed
using ureidopyrimidinone (UPy).*

For example, a novel self-healing hydrogel was fabricated
based on UPy-UPy interactions.”” The DMAEMA (2-(dimethyl-
amino)ethyl methacrylate) was copolymerized with 2-(3-(6-
methyl-4-oxo-1,4dihydropyrimidin-2-yl)ureido)ethyl =~ methacry-
late (SCMHBMA) containing UPy to produce DMAEMA-
SCMHBMA copolymer. The polymer formed hydrogels above
pH 8, and the hydrogels exhibited dynamic assembly and disas-
sembly in response to damage along the stretching direction.
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Fig. 5 Schematic illustration of hydrogel network structure: (a) HAPAM
gel, (b) semi-IPN HAPAM/PVA gel, (c) PDN gel after freezing/thawing.
The Semi-IPN HAPAM/PVA hydrogels were prepared by one-pot in situ
polymerization in the PVA solution, and then the PDN hydrogel was fab-
ricated via the freezing/thawing treatment. Reproduced with permission
from RSC Adv., 2016, 6, 112468-112476. Copyright 2016 RSC.%¢
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A multiblock copolymer with PEG and UPy was synthesized,
and the polymer adopted nanoscopic physical cross-links
between UPy-UPy dimers embedded in hydrophobic domains
within the PEG matrix.”" The UPy units with self-complemen-
tary properties could assemble into dimers via 4-fold hydrogen
bonds (H-bonding), which reinforced networks. The formed
hydrogels exhibited high strength and resilience upon defor-
mation as well as shape memory behaviour (Fig. 6).

A mechanically strong supramolecular hydrogel with self-
healable property was created and the poly(N-acryloyl glyci-
namide) (PNAGA) containing glycinamide-conjugated
monomer with dual-amide in one side group was able to
reconstruct and amplify the hydrogen bonding interactions
between amino acid residues in a polymer hydrogel.”> Among
the dual amide motifs, the self-recognizing H-bonded supra-
molecular interaction occured, and the hydrogel was rewarded
with high mechanical performance, thermoplasticity and self-
healing ability.

Hydrogel crosslinking by metal coordination

Metal coordination (metal-ligand interaction) between metal
ions and functional groups in polymer chains is frequently
used as a physical crosslinking method to fabricate hydrogels.
The metal-ligand interaction can be regarded as a special
Lewis acid-base interaction, which is stronger than most non-
covalent interactions, but weaker than typical covalent
bonding interactions.”® Therefore, metal-ligand interactions
can dynamically occur or disappear owing to their moderate
bond energy that is responsible for the self-healing
property.”*”7”

For example, hydrogels derived from side-chain bipyridyl-
functionalized poly(2-oxazoline)s could be crosslinked with
Fe(m), Ru(m), Ni(m) or Co(m).”®”° The extent of hydrogel swelling
is dependent on the degree of functionalization of a polymer.
The metal-ligand interactions of Fe(u) and Co(m) were rela-
tively stable at room temperature, but the interactions would
disintegrate when the temperature reached 30 °C. That was
caused by the exchange from intermolecular crosslinks to
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Fig. 6 The PEG-UPy copolymers with multiblock architectures and
self-complementary quadruple H-bonding interaction between 2 UPy
segments. The descriptive morphology of dry semicrystalline polymer
and a reversible transition to hydrogel. Reproduced with permission
from J. Am. Chem. Soc., 2014, 136, 6969—6977. Copyright 2014 ACS.”*
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intramolecular crosslinks. In contrast, hydrogels crosslinked
by Ru(u) were quite stable even in boiling water. When the
liquid was evaporated from hydrogels, all dry gels could
recover gelation in water.

In addition, Harrington et al®® discovered that mussel
byssal threads originated from coordination between ferric
ions and catechol ligands. The extent of catecholato-iron chela-
tion influenced the stiffness, toughness, and self-healing
capacity of the mussel byssal threads. Following the ferric ions
and catechol interaction, a mussel-based hydrogel was fabri-
cated using linear and branched PEG, which was end-functio-
nalized with 1 to 4 3,4-dihydroxyphenylalanine (dopa)
groups.®"®* Hydrogels were formed upon mixing with oxidiz-
ing agents. The 4-armed PEG was end-functionalized with
dopa and presented a similar structure as catechol that could
bind to Fe(m) ions to form catechol-Fe** complexes. The
complex structure (mono-, bis-, or tris-) is controlled by pH via
the deprotonation of the catechol hydroxyls. In detail, the
metal-ligand interaction formed mono-complexes at pH below
5, bis-complexes about pH 8 and tris-complexes above pH 8.
These results indicated that it was possible to control the gela-
tion and crosslink density by pH variation.

Zheng’s group synthesized a series of poly(acrylamide-co-
acrylic acid) (P(AAm-co-AAc)) copolymers.®* A specifically tough
hydrogel was subsequently prepared by swelling a cast film of
poly(acrylamide-co-acrylic acid) (P(AAm-co-AAc)) in FeCl;
aqueous solution. The supramolecular networks were cross-
linked by carboxyl-Fe’" coordination bonds and the hydrogels
possessed high stiffness and toughness, fatigue resistance,
and stimulation-triggered healing along with shape memory
and processing abilities. Furthermore, the strength of the
coordination bond was controlled by varying pH, and the
mechanical properties as well as shape memory abilities of
hydrogels could be tuned (Fig. 7).

a) —/ =
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HO H N
b) i) Evaporation

Cast film

As-prepared gel Equilibrated gel

Fig. 7 Diagrams of synthesis of copolymers (a) and physical crosslinked
hydrogels (b). Hydrogels were formed by carboxyl-Fe** coordination.
The dynamic nature of coordination bonds was rate dependent and the
mechanical performance of hydrogels could be tuned by controlling the
composition of copolymers, concentration of metallic ions, and pH
values of solutions. Reproduced with permission from Macromolecules,
2016, 49, 9637-9646. Copyright 2016 ACS.%*
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Hydrogel crosslinking by host-guest interactions

Among various noncovalent interactions for hydrogel fabrication,
the host-guest interaction is quite an important crosslinking strat-
egy. By host—guest inclusion, polymers can be integrated in a facile
and reversible way, promoting construction of hydrogels.**
Usually, a host is a molecule with a large cavity volume, such as
cyclodextrins (CDs), cucurbiturils (CBs), calixarenes (CAs) and
crown ethers, while guests with complementary shapes can inter-
act with the hosts. Various noncovalent interactions can facilitate
the host-guest inclusion, such as hydrogen bonding, electrostatics,
and van der Waals, hydrophobic interactions; molecular shape is
also important. Furthermore, the host-guest interaction is revers-
ible and could be selective between one host and one guest.®®

In aqueous solutions, host-guest interactions usually occur
by encapsulating hydrophobic guest molecules into hydro-
phobic cavities. This host-guest inclusion exhibits strong
binding, and, more importantly, fixed geometry and direction-
ality of the host-guest inclusion can respond to pH®*® or other
physical stimuli.®”’*® Therefore, it can be useful for drug deliv-
ery. Among various host molecules, cyclodextrins (CD) are
widely used because of the hydrophilic surface outside and the
hydrophobic cavity inside.

For example, PEG can form host-guest complexes with
a-cyclodextrin (a-CD), and PEG can crosslink to form larger
aggregates or thread among a series of CD molecules. When
PEG is mixed with a-CD, the inclusion complexes of PEG chains
in a-CD cavities are formed after several days. The time and con-
centration of PEG required to form a-CD inclusion complexes
were dependent on the molecular weight of PEG.**™*

PEG-CD inclusion complexes are always designed as inject-
able hydrogels and used for a controlled drug release. A hydro-
gel was prepared by mixing PEG-b-poly[(R)-3-hydroxybutyrate]-
b-PEG with a-CD.** The inclusion of PEG segments with a-CD,
as well as the hydrophobic interactions between poly[(R)-3-
hydroxybutyrate] blocks, resulted in the formation of a strong
macromolecular network, which could be used for a long-term
sustained controlled release of macromolecular drugs. Wang
et al.”® prepared a branched polyrotaxane hydrogel based on
a-CD inclusion with low-molecular-weight four-arm PEG. The
hydrogel was injectable and exhibited shear-thinning and thix-
otropic properties. Drug release was controlled by shear stress.

Recently, to improve the mechanical properties the PEG-CD
based hydrogels, Liu et al.®* synthesized nucleobase guanine/
cytosine (G/C)-terminated PEGs (G-PEG-G and C-PEG-C), where
the base-pairing interaction between G and C enhanced the
storage moduli of the PEG-CD inclusion complex. The hydro-
gels exhibited better mechanical properties, because the G-C
base pair formation acted as an additional network junction
(Fig. 8). The hydrogels were thermo-responsible and could be
used as thermo-controlled drug delivery systems.

Chemically crosslinked hydrogels

Covalent bonds are normally formed among polymer chains in
chemically crosslinked hydrogels, and most of their linkages

Biomater. Sci., 2019, 7, 843-855 | 847
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Fig. 8 Synthesis of supramolecular hydrogels by host—guest inclusion
between guanine/cytosine (G/C)-terminated PEG and a-cyclodextrin.
The G-C base pairing acts as additional network junctions and
enhances the hydrogel machinal properties. These hydrogels also
exhibit excellent cytocompatibility and temperature-responsivity.
Reproduced with permission from Mater. Sci. Eng., C, 2018, 82, 25-28.
Copyright 2016 Elsevier.>*

are strong and permanent when they are compared with those
of the physically crosslinked hydrogels. Up to now, several
crosslinking methods have been reported,” and they typically
involve free radical polymerization induced crosslink, enzy-
matic induced crosslink, Diels-Alder “click” reaction, Schiff
base formation, oxime formation and Michael type-addition.
Compared with physically crosslinked hydrogels, chemically
crosslinked hydrogels usually exhibit enhanced stability under
physiological conditions and excellent mechanical properties
as well as tuneable degradation behaviour.

Hydrogel crosslinking by photopolymerization

Photo-activated crosslinking has been widely used for hydrogel
formation in the field of therapeutics or cytokines
encapsulation.’®™® The advantage of this method is the rapid
formation of hydrogel networks at ambient temperature under
mild conditions, and the mechanical properties of hydrogels
can be tuned by controlling the crosslinking reactions.' The
crosslinked site is also ready to be accurately selected, because
the photo-initiated polymerization takes place under light
exposure and only the irradiated areas are involved in hydrogel
crosslinking."**

Photo-initiated polymerization is related to the presence of
unsaturated groups, in most situations, the (meth)acrylates.
The double bonded carbons in these groups are highly reactive
and promote a free radical chain-growth polymerization when
they are exposed to photo irradiation. Conventionally, water-
soluble polymers with hydroxyl, carboxyl and amino groups
can react with acryloyl chloride, glycidylmethacrylate (GMA)
and N-(3-aminopropyl) methacrylamide to introduce vinyl
groups.'®® Formation of biomedical hydrogels usually requires
the presence of cytocompatible photoinitiators, such as
Irgacure 2959,'% Irgacure 1173,'%* Irgacure 819,'® Irgacure
651,'% riboflavin phsphnate,'®” camphorquinone,'®® eosin
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Y,'°® and so on. Those photo-initiators can absorb specific
light at different wavelengths, including UV (250 nm-370 nm),
visible blue & purple (405 nm-550 nm) and red light (750 nm-
810 nm) and either decompose (Type I) or abstract hydrogen
from a donor molecule (Type II) to form radical initiating
species.'® However, type II initiators always require a co-
initiator. For example, camphorquinone (CQ) requires ethyl 4-
N,N-dimethylaminobenzoate =~ (4EDMAB), triethanolamine
(TEA) and the photosensitizer iso-propyl thioxanthone when
the hydrogel is crosslinked by visible light."*® Another example
is eosin Y, where the hydrogel crosslinking relies on triethanol-
amine and N-vinyl pyrrolidone (NVP) to promote the visible
light activated photopolymerization.'®

For all photo-initiators, cytocompatibility of light-activated
hydrogel systems should be initially considered when they are
designed to encapsulate cells and drugs. Bryant group'*® sys-
temically investigated the cytocompatibility of various photo-
initiators with different photo-initiator concentrations and
intensities. The 3T3 cells were exposed to photo-initiators
under varying concentrations from 0.01% (w/w) to 0.1% (w/w).
At low photo-initiator concentrations (<0.01% (w/w)), most of
the initiator molecules showed excellent biocompatibility,
while CQ, Irgacure 651 and 4EDMAB exhibited a relatively low
survival. In the presence of low intensity initiating light
(365 nm UV light about 6 mW cm™2, and about 470-490 nm
visible light about 60 mW cm™2), the Irgacure 2959 at concen-
trations —0.05% (w/w) and CQ at concentrations —0.01% (w/w)
were the most promising cytocompatible UV and visible light
initiating systems.

For ultraviolet light (UV-light) induced polymerization, the
initiator, such as Irgacure 2959,"% is prevailing to prepare the
functional hydrogels with well-designed patterned structure
in situ. More importantly, cytotoxicity of UV-induced free
radicals is relatively low. In general, the photo-initiator Irgacure
2959 is well tolerated by many cell types and it is the least
cytotoxic.'® The long-wave UV light centred around 365 nm is
mostly applied, because this long-wave UV exposure at intensi-
ties less than 10 mW cm ™2 is well tolerated by most cell types
for exposure times less than 3-5 min, providing cell viability
following photo encapsulation typically greater than 90%. For
example, a methacrylated y-PGA (mPGA) was prepared''" via
crosslinking between y-PGA and glycidyl methacrylate (GMA).
The hydrogel synthesized by UV-light radiation exhibited ionic-
and pH-sensitive properties and low cytotoxicity towards
bovine chondrocytes."”> A chitosan hydrogel with a cell-
loading pattern was fabricated by incorporating UV cross-
linking method."*® This hydrogel exhibited low cytotoxicity
based on the acute inflammatory response (Fig. 9).

However, there are still some concerns about DNA damage
caused by UV radiation."** Some studies claimed that UV radi-
ation posed a potential risk of accelerating organ/tissue
aging'" and cancer onset."'® Thus, visible light photoinitia-
tion might be an alternative candidate. Blue light (visible)
photo-initiators have been used, such as camphorquinone'®®
and  eosin  Y,"”  lithium  phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP),"*® riboflavin''® and ruthenium."?°

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 UV irradiation induced radical polymerization for hydrogel syn-
thesis. Water-soluble N-methacryloyl chitosan (N-MAC) was synthesized
and able to fabricate cell-loading microgels with the desired patterns.
The hydrogels could be utilized in tissue engineering as a platform for
sustained protein delivery. Reproduced with permission from Acta
Biomater., 2015, 22, 59-69. Copyright 2015 Elsevier.*®

These photo-initiators were able to effectively photo encapsu-
late various cells with high viability. Besides, visible light more
readily penetrates tissue, which creates a pre-polymer solution
forming hydrogel after subcutaneous injection. For example,
Shih et al.'"” reported a visible-light-mediated thiol-ene hydro-
gel using eosin-Y as the only photo-initiator. The hydrogel
exhibited a rapid and tunable step-growth gelation by PEG-nor-
bornene crosslinking with dithiothreitol under visible light
exposure. Recently, chemical modification of photo-initiator
appears to be more exciting as it could improve the photo-
initiation effect. A carboxylated camphorquinone was syn-
thesized to increase water solubility and photo reactivity of
camphorquinone. The resultant hydrogel based on carboxy-
lated-camphorquinone showed a significantly higher photoac-
tivity and crosslink density as well as better mechanical
properties.'*!

Light attenuation by the initiator restricts the maximum
attainable cure depth to a few millimetres."** To overcome this
issue, polymerization of co-monomers containing complemen-
tary reactive groups, such as thiol-acrylates/enes, offers a better
choice. The advantage of this strategy is the presence of a
more homogeneous structure, greater tensile strength and
increased strain at break. For thiol-acrylate/ene polymerization,
the photo-initiator radical abstracts a hydrogen atom from a
thiol and forms a thiyl radical. Polymerization was caused by
the presence of the thiyl radicals and the corresponding thiol-
acrylate/ene photopolymerization can rapidly occur with a low
light intensity.'*> More interesting, this approach can be
employed in the absence of a photo-initiator, thereby, allowing
curing to greater depths even in the lack of light intensity due
to the photo-initiator attenuation.

In the process of thiol-acrylate photopolymerization, the
competing Michael-type addition reaction between the thiol
and acrylates takes place at the same time, resulting in a
mixed-mode polymerization. Such mixed-mode polymeriz-
ations can lead to tuneable hydrogel properties, such as
network structure and degradation by adjusting the ratio of
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thiol and acrylate. Furthermore, the residual thiol groups
remain to be utilized to functionalize post-polymerization of
the hydrogel. One elegant approach for the fast polymer post-
functionalization and step-growth polymerization has been
suggested, and it is based on the visible light photocatalytic
thiol-ene “click” reaction.’®! Two model polymers, polybuta-
diene and poly(allyl methacrylates), were modified with a large
range of functional thiols. Subsequently, photoredox thiol-ene
was successfully used to prepare linear polymers by step-
growth addition reactions, which was highly efficient under
low-energy (blue LED, 4.8 W) and eco-friendly visible light in
the presence of air.

Hydrogel crosslinking by enzyme catalyzed reactions

Enzymatic crosslinking is an attractive method, as it offers the
possibility for kinetic manipulation of gel formation in situ by
controlling the enzyme concentration.'*® The advantage of an
enzymatic crosslink is the strongly covalent bonding as well as
rapid gelation (always no more than 10 min) under physiologi-
cal conditions. So far, there are many kinds of enzymatically
catalyzed crosslinked methods for hydrogel formation in situ.
For instance, the transglutaminase (TG) along with calcium
ions as cofactors can promote formation of amide linkages
between carboxamide and amine groups.'”® Another cross-
linking method is the horseradish peroxidase (HRP)-catalyzed
crosslinking reaction. HRP catalyzes the coupling of aniline,**
phenol**’and their derivative tyramine>*"***3° in the presence
of hydrogen peroxide (H,O,). Kuo group constructed a novel
vascularized tissue using an injectable cell-loaded enzymati-
cally crosslinked collagen hydrogel. Collagen was conjugated
with tyramine (collagen-Ph) and the hydrogel was formed in
the presence of HRP and H,0,. The human blood-derived
endothelial colony-forming cells (ECFCs) and bone marrow-
derived mesenchymal stem cells (MSCs) were incorporated in
the hydrogels. The results of cell evaluation indicated that
human ECFCs-lined vascular networks were able to be gener-
ated within 7 days. The animal evaluation further proved that
cell-combined collagen-Ph hydrogel could improve long-term
differentiation of MSCs into osteoblasts as well as the increase
the number of adipocytes in the mouse model after 1 month
of implantation™** (Fig. 10).

Hydrogel crosslinking by “click chemistry”

Utilization of “click chemistry” for design and fabrication of
functional hydrogels grew rapidly since 2001.>> Chemical reac-
tions that are termed click reactions possess advantages such
as high yields under mild conditions, fewer by-products, high
specificity and selectivity. A wide variety of functional groups
can act as attractive candidates for the fabrication of complex
polymeric materials."** Here, we illustrate several classical
crosslinking methods, including (1) Diels-Alder, (2) Schiff
base, (3) oxime and (4) Michael-type addition.

Hydrogel crosslinking by Diels-Alder reaction. Diels-Alder
(DA) reaction is a highly selective [4 + 2] cycloaddition between
a diene (furan) and a dienophile (maleimide), which is free from
side reactions and byproducts. The advantage of this reaction
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Fig. 10 Schematic illustration of fabricating collagen-Ph hydrogel and
in vivo experiment. Collagen was conjugated with tyramine and the
injectable hydrogel containing ECFs and MSCs formed in the presence
of HRP/H,0,. Cell-loaded hydrogels could form vascular networks after
7 days and promote adipose and bone-like tissue formation.
Reproduced with permission from Acta Biomater., 2015, 27, 151-168.
Copyright 2015 Elsevier.'3!

is one-step crosslinking without the use of any initiators, cata-
lysts and coupling agents.*" Polymers were usually modified
with furan or furan derivatives to react with poly(ethylene
glycol) dimaleimide for hydrogel formation."** In recent years,
methylfuran was used to replace furan, because it provided
more electron-rich diene, thus, accelerating the DA reaction at
pH 7.4"** (Fig. 11).

Hydrogel crosslinking by Schiff base formation. The formation
of Schiff base conventionally occurs between amino and alde-
hyde groups to generate an imine linkage under physiological
conditions. It can be easily applied to construction of an
injectable and in situ forming hydrogel, because the aldehyde
group can strongly adhere to tissues or organs."*®> The Schiff
base takes advantage of dynamic equilibrium between the
Schiff base linkages and the aldehyde and amine reactants;
these linkages can be viewed as pseudo-covalent bonds. The
uncoupling and recoupling of imine linkages take place in
hydrogel networks, resulting in self-healing capability of the
hydrogel."*® For example, a self-healable polymeric hydrogel
could be fabricated via self-crosslinking between the amino
group from acrylamide-modified chitin (AMC) and dialdehyde
group (ADA) from oxidized alginate. The self-healing capability
is also dependent on the molar ratio of AMC and ADA as well
as the surrounding pH"*’ (Fig. 12).

In another case, the reaction of Schiff base can also occur
between aldehyde and hydrazide groups. Ma et al.'*® devel-
oped a novel injectable hydrogel for protein delivery by self-
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furan ring accelerates DA
reaction

Fig. 11 Schematic illustration of Diels—Alder (DA) reaction. When the
furan group is replaced by methylfuran, DA reaction accelerates and
hydrogels can be synthesized efficiently at pH 7.4 since the methylfuran
group provided a more electron-rich diene. Reproduced with permission
from Biomacromolecules, 2018, 19, 926—935. Copyright 2018 ACS.***
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Fig. 12 Schematic illustration of Schiff base formation and self-healing
process. The self-crosslinked hydrogel was synthesized via Schiff base
linkage between the amino group of acrylamide-modified chitin (AMC)
and the dialdehyde group (ADA) of oxidized alginate. The self-healing
capability relied on the molar ratio of AMC and ADA as well as pH.
Reproduced with permission from Soft Matter, 2015, 11, 3971-3976.
Copyright 2015 RSC.**’

Healed zone

/—ff‘rf‘f“b

(= /\/\ Healmg
B U D e S LJ

crosslinking of aldehyde hyaluronic acid (HA-CHO) and hydra-
zide-modified poly (y-glutamic acid) (y-PGA-ADH). The gelation
time of hydrogel was as fast as 9s with high swelling ratios.
Simultaneously, the hydrogel exhibited favorable mechanical
properties and biocompatibility.

Hydrogel crosslinking by oxime crosslink. Oxime crosslink is
a reaction between an aminooxy/hydroxylamine group and an
aldehyde or ketone. The oxime bond exhibits enhanced hydro-
lytic stability as the equilibrium lies far toward the oxime.*
Like DA (Diels-Alder) reaction, it is a chemo-specific “click”
reaction as 2 reactive agents react efficiently and specifically
with each other, even in the presence of other functional
groups. Besides, the oxime formation can be catalyzed under
acidic conditions and the only byproduct is water.>*®* Compared
with a hydrazine, an oxime bond is more stable. But it is
reversible in some biologically relevant environments.?”
Mukherjee et al®' developed self-healing oxime-functional
hydrogels, which could undergo a reversible gel-to-sol tran-
sition via oxime exchange under acidic conditions. They syn-
thesized keto-functional P(DMA-stat-DAA), and the hydrogel
was prepared by adding difunctional alkoxyamines into the
P(DMA-stat-DAA) polymer solutions. In the presence of excess
of monofunctional alkoxyamine and an acid catalyst, the
reversible sol-to-gel transition could be realized and awarded
hydrogels with self-healing ability (Fig. 13).

Hydrogel crosslinking by Michael addition. Michael type-
addition or Michael addition is a facile reaction between
nucleophiles (Michael donors) and activated electrophilic
olefins or alkynes (Michael acceptors) whereby a nucleophile is
added across a carbon-carbon multiple bond. On the one
hand, the donor has sufficient nucleophilicity. Donors include
not only enolate nucleophiles but also non-enolate nucleo-
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Fig. 13 Schematic illustration of self-healing behaviour. Two previously
cut pieces of hydrogels (a) were placed in contact for 2 h (b) and the
repaired gels were stretched with tweezers (c and c’); the healed gels
were suspended under gravity (d and d’). When the gel was self-healed
for 24 h, the hydrogel was cut again (e). Reproduced with permission
from Soft Matter, 2015, 11, 6152—6161. Copyright 2015 RSC.**

philes such as amines, thiols, and phosphines. On the other
hand, the acceptor with electron withdrawing and resonance
ability can stabilize the anionic intermediate. In detail,
Michael addition acceptors include acrylate esters, acryloni-
trile, acrylamides, maleimides, alkyl methacrylates, cyanoacry-
lates and vinyl sulfones. Advantages of Michael addition
include mild reaction conditions, highly regioselective and
efficient click chemistry, and favourable reaction rates.'*’
Moreover, coupling of polymers is always facilitated by the
Michael reaction, which makes the reaction well-suited for
gene transfection, cellular scaffold and tissue replacement.”®
For construction of hydrogels, Michael addition often refers to
thiol containing polymers added to the activated
a,p-unsaturated carbonyl polymers under basic conditions.™*°
As thiols are present in proteins in cysteine residues, hydrogels
can be easily synthesized between proteins and vinyl contain-
ing polymers. However, there are side reactions in thiol
Michael additions, because disulfide bonds could form during
the addition process.

A chitosan-based hydrogel with high mechanical strength
was prepared via Michael addition."*" Hydrogels were fabri-
cated from poly(ethylene glycol) diacrylate (PEGDA) and 3 thio-
lated natural polymers (chitosan, gelatin and heparin) via
Michael addition under physiological conditions. Poly(ethyl-
ene glycol-b-caprolactone-b-ethylene glycol) (PECL) micelles
with double bonds (bi-acrylated PECL micelles) were also
incorporated to form mechanically reinforced chitosan-based
hydrogels. Drugs were trapped inside the PECL micelles and
hydrogels containing these drug-loading micelles exhibited
excellent delivery performance (Fig. 14).

Another in situ-forming Michael addition hydrogel was syn-
thesized by mixing dithiothreitol (DTT) and glycidyl methacry-
late derivatized dextran (Dex-GMA) in phosphate buffered
saline (PBS). By changing the pH of PBS, the mechanical pro-
perties, gelation and the degree of swelling of the hydrogels
could be easily tuned. The cell-loaded hydrogel exhibited good
viability and cytocompatibility.'*>
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Fig. 14 Schematic illustration of Michael addition of chitosan-based
hydrogels cross-linked with PECL micelles. Chitosan, gelatin and
heparin were thiolated and crosslinked with PEGDA and bi-acrylated
PECL micelles at different molar ratios. Reproduced with permission
from J. Mater. Chem. B, 2017, 5, 961-971. Copyright 2017 RSC.***

Hydrogel crosslinking by dynamic covalent chemistry

The reversibility in hydrogels can be achieved via both physical
crosslinks and reversible covalent bonds. The advantage of a
reversible crosslink is its ability to make the hydrogels not
only maintain the robust integrity of covalently cross-linked
materials, but also employ the intrinsic reversibility of physical
crosslinking.'*® Boronic ester, as an example of a molecule
containing dynamic covalent bonds, has a great potential for
preparation of self-healing hydrogels. Recently, reversible boro-
nate esters prepared from boronic acids and 1,2- or 1,3-diols
have been explored to create self-healing hydrogels."** In
aqueous media, the strength and reversibility of a boronate
ester are largely dependent on the pH value of solution and
the pK, of the boronic acid component. Formation of the boro-
nate ester bond is favoured at pH values above the pK, of the
boronic acid, whereas the free boronic acid and diol are
favoured at pH values below the pK,. This dynamic equili-
brium between diol/boronic acid and boronate ester governs
bond rearrangement to exhibit a self-healing behaviour. The
newly formed bonds could span the damaged interface
between 2 boronate ester-cross-linked materials. Smithmyer’s
group™*® developed new boronic acid-based hydrogels that
exhibited good viability in MDA-MB-231 breast cancer cells
and CCL151 pulmonary fibroblasts. Huang et al. synthesized
injectable hydrogels based on boronated PEG coupling with
various linkers to form dynamic boronate ester bonds, such as
plant derived polyphenols ellagic acid (EA), epigallocatechin
gallate (EGCG), tannic acid (TA), nordihydroguaiaretic acid
(NDGA), rutin trihydrate (RT), rosmarinic acid (RA) and carmi-
nic acid (CA)."*® Among all polyphenol linkers, the ellagic acid
(EA), epigallocatechin gallate (EGCG) and tannic acid (TA) were
proved to form stable hydrogels under physiological con-
ditions. Chen et al.'*’ prepared 2 kinds of cell-membrane
mimicking copolymers based on 2-methacryloyloxyethyl phos-
phorylcholine (MPC), which were modified with benzoxaborole
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Fig. 15 Schematic illustration of a smart hydrogel with dynamic
covalent bonds based on boronic acid/salicyl hydroxamate, which incor-
porated an apoptosis enzyme, cytochrome c. The hydrogel is bioactive
and responsive to controlled administration. Reproduced with per-
mission from Tetrahedron, 2017, 73, 499-4987. Copyright 2017
Elsevier.14°

and catechol pendant groups. Hydrogel gelation occurred
rapidly at pH 7.4 and the hydrogels exhibited self-healing
ability as well as pH/sugar duel responses. Also, hydrogels con-
taining dynamic bonds between boronic acid and alginate
were prepared,'*® the carboxyl groups of alginate were conju-
gated with the amine group of boronic acid (alginate-BA) and
the reversible boronate-cis-diol complexation took place
between boronated groups and the intrinsic cis-diol along algi-
nate backbones. Seidler et al. applied a molecular recognition
strategy based on boronic acid/salicyl hydroxamate, where an
apoptosis enzyme, cytochrome c, was encapsulated into a
hydrogel via dynamic covalent interactions (Fig. 15)."*° This
strategy facilitated the structural integration of native enzymes
into the hydrogel scaffold and provided a stimulus-controlled
enzyme release.

Perspectives
Comprehensive hydrogel crosslinking strategies

Hydrogel properties are highly associated with their cross-
linking methods, so functional improvement of hydrogels is
extremely dependent on the innovation of fabrication strat-
egies. Normally, chemical methods are apt to achieve a stable
hydrogel with suitable mechanical properties, whereas a physi-
cal method takes advantage of biocompatibility owing to the
absence of chemical crosslinking agents. Consequently, a com-
bination of physical and chemical approaches would be bene-
fitable for attaining balanced properties of hydrogels. Actually,
several pioneering studies have reported applying the com-
bined crosslinking strategy to produce self-healing hydro-
gels."® For instance, a double crosslinked hydrogel was pre-
pared via physical crosslinking of hydrogen bonds and chemi-
cal crosslinking of imine bonds. This type of hydrogel
exhibited an excellent self-healing capabilty. Besides, the
physical crosslinking can act as the secondary crosslinking for
enhancing the mechanical strength of a hydrogel.
Consequently, a comprehensive crosslinking strategy of hydro-
gel generation paves a new way to construct self-healing smart
hydrogels.

852 | Biomater. Sci, 2019, 7, 843-855

View Article Online

Biomaterials Science

Hierarchical structures of hydrogels

Ideally, bio-inspired hydrogels should have anisotropic and
highly ordered architecture because natural soft tissues or
organs consist of multiscale hierarchical structures."?
Hydrogel crosslinking methods play a pivotal role on determin-
ing the inner structure of hydrogels. So far, a bi-layered compo-
site hydrogel with a well-designed hierarchical structure was
successfully developed to promote osteochondral tissue regen-
eration."*'>* Thus, the hierarchically biomimetic structure of
hydrogels should be considered as a crucial factor prior to
designing and constructing new functional hydrogels. For
example, the double crosslinking and interpenetrating
polymer network (IPN) hydrogels usually have hierarchical
structures as they are prepared using step by step crosslinking
procedures.

Intelligent stimuli-responsibility of hydrogels

Hydrogels, particularly injectable ones, have been widely
applied in drug delivery systems. However, designing an intelli-
gent hydrogel for drug delivery that can be modulated by
physical and chemical stimulation is still a major challenge in
the field of hydrogel-based drug delivery. This kind of drug
delivery system is capable of releasing an appropriate amount
of drug whenever required by the inflammatory tissue. To
realize the on-demand drug release therapeutics, hydrogels
should be synthesized via physical or chemical stimuli-respon-
sive interactions.'”® The method of drug-loaded hydrogel
preparation influences the stimuli-responsive drug delivery
behaviour and more innovative crosslinking methods should
be proposed.

Conclusions

In this review, we summarized the typical crosslinking
methods of hydrogel synthesis involving physical and chemical
strategies and illustrated their specific mechanisms and con-
ditions of hydrogel formation. We also suggested potential
prospects of hydrogel development based on a balanced com-
bination between physical and chemical approaches, construc-
tion of hierarchical hydrogels and stimuli-responsive hydrogels
for drug delivery systems. In the future, hydrogels with desir-
able mechanics and favourable biocompatibility could be
useful for tissue engineering and regenerative medicine.
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