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a b s t r a c t

Advances in synthetic routes to chemically modify natural macromolecules such as polysaccharides and
proteins have allowed designing functional hydrogels able to tackle current challenges in the biomedical
field. Hydrogels are hydrophilic three-dimensional systems able to absorb or retain a large volume of
water, prepared from a low percentage of precursor macromolecules. The typical fragile elastic structure
of common hydrogel formulations often limits their usage. Three main fabrication strategies involving
several compounds or multimodified materials known as double networks, dual-crosslinked networks,
and interpenetrating networks have been explored to impart mechanical strength to hydrogels. Widely
investigated for synthetic polymers, these approaches allow obtaining added-value hydrogels with a
large spectrum of mechanical properties. Advances in the development of such hydrogels with bio-
macromolecules as main constituent materials have enabled the fabrication of hydrogels with improved
key properties for medical use, including biocompatibility, controlled release of active substances and
tailored biodegradability, while exploring sustainable sources. This review describes recent advances in
the use of proteins, as well as natural and semi-synthetic polymers for the fabrication of hydrogels for
biomedical applications. Structures processed via double network, dual-crosslinked, or interpenetrating
network strategies are reviewed, and emphasis is given to the type of chemical modifications and re-
actions, as well as the covalent and non-covalent interactions/bonds involved in those mechanisms.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hydrogels for biomedical purposes have been widely investi-
gated over the past two decades. Those have mostly been obtained
using synthetic polymers [1], such as polyacrylamide (PA) [2] or
polyvinyl alcohol (PVA) [3]. A plethora of mechanical behaviors can
be obtained using different synthesis approaches leading, for
example, to high-toughness structures compatible with high
stretchability [4], or soft hydrogels often correlated with self-
healing and/or injectability properties. This wide range of
Mortier), doracosta@ua.pt
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mechanical properties is ascribed to the possibility of easily
modifying synthetic monomers, as well as to controlling and
assessing their polymerization rates. However, uncertainty about
the lack of biodegradability and biocompatibility of most synthetic
systems remains [5,6]. Additionally, the petroleum origin of syn-
thetic polymers constitutes a drawback regarding their sustain-
ability. Some natural macromolecules possess inherent
biodegradability in physiological conditions, well-reported cyto-
compatibility, and even antimicrobial properties. Therefore, their
integration into biomedical hydrogel compositions could prevent
postimplantation rejection and infections. Coming from usually
under-used and discarded human, animal, or plant by-products, the
use of these biomaterials contributes to maintaining the biomass
systemwith a cyclic usage of materials along their lifespan. From a
processing standpoint, the frequent hydrophilicity of nature-
derived molecules often avoids or drastically reduces the usage of
organic solvents during chemical modification reactions or gelation
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processes. The chemical modifications of natural macromolecules
have permitted the increase of key hydrogel features such as
adhesiveness and toughness [7] or self-healing [8]. However, both
wide-ranging modifications and respective characterization of
natural macromolecules still constitute a significant challenge
when comparedwithwell-reported chemical functionalization and
characterization of synthetic polymers. Currently, a main challenge
for natural-based hydrogel fabrication lies in the search for mate-
rials that enable achieving mechanical properties like the ones
previously obtained using synthetic materials, while maintaining
the expected high biocompatibility and biodegradability of natural
ones (Scheme 1).

A straightforward analysis of the mechanical properties of
hydrogels is often focused on stiffness, culminating simply in the
division between stiff and soft structures. However, considering the
movements associated with the healthy function of most tissues
and organs, the functional response of hydrogels to high de-
formations and their ability to recover their properties after several
cycles of mechanical stimulation are more closely correlated with
what might be real mechanical stimulation during medical use.
This performance also correlates with the opposing concepts of
brittleness and toughness, while associated with adequate stiffness
properties. In fact, recapitulating the peculiar behavior of several
animal tissues e such as bone, cartilage [9], skin or tendon e

characterized by the ability to be cyclically deformed and recover
their initial properties in a time-dependent viscoelastic manner is a
goal that has been sought by several authors dedicated to the
design of hydrogels. Despite the wide range of mechanical and
viscoelastic properties showcased by human tissues, it is notable
that most tissues rely on self-assembled common constituents,
namely collagens, glycosaminoglycans, and inorganic particulates
(in bone and dentin) [10]. This can be seen as an inspiring premise
Scheme 1. Main biomacromolecules used and the
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to use finely modified and assembled polymeric biomolecules to
allow for different hierarchical scales of covalent and non-covalent
bonding, enabling the achievement of hydrogels with tissue-like
mechanical response.

Soft hydrogels are usually fabricated from one component with
single or multiple chemical modifications [11,12]. Structures with a
low elastic modulus are often associated with properties as inject-
ability and self-healing capability, rendering them suitable for three-
dimensional (3D) printing [13]. Such systems are usually evaluated
using rheological measurements, permitting the assessment of pa-
rameters such as the storage and loss modulus: G’ and G”, respec-
tively [14]. At this scale, the concept of cohesion is especially
relevant, referring to the viscoelastic properties represented by the
internal strength inside the hydrogel and between the different
entities composing the hydrogel [15]. For strong hydrogels, me-
chanical properties are generally evaluated under compression or
tensile stresses. The processing of tougher hydrogels usually requires
the use of more than one network, especially when natural materials
are involved. Gong et al. [16e18] pioneered the development of a
new class of hydrogels associating one brittle/strong network com-
bined with another soft/elastic one to form a double network (DN)
system. In these systems, two networks formed by different types of
chemical interactions coexist in the same hydrogel, although they are
independent from each other. Most of the previous strategies leading
to tough hydrogels followed the principles of DNs or took inspiration
from the concept. Interpenetrating networks (IPNs) hydrogels, on
their turn, are composed by two or more networks interacting non-
covalently, with mechanical strength remaining generally on the
high number of weak interactions with a low enthalpy for each
interaction [19]. The two networks react between each other, which
is the main distinctive point when compared to DN approaches.
Finally, hydrogels involving a single network able to create two types
general approaches for hydrogel fabrication.
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of bonds are termed dual-crosslinked (DC) [20]. Recently, these
concepts have been investigated using natural compounds as a main
component, leading to satisfactory mechanical properties, namely in
achieving materials covering all the spectra of mechanical behavior,
such as high deformability, toughness and cyclic recovery, hence
keeping up with the current developments in hydrogel processing
science. This allows for the targeting of advanced biomedical appli-
cations such as tailored drug delivery systems [21], wound healing
multi-layer topicals for severe burns [22] or venous/diabetic ulcers
[23e25], bone repair substitutes [26] or skin and cartilage regener-
ation [27,28].

Adhesiveness, explored in more detail in section 4.2, has elicited
high interest in the materials science and biomedical engineering
communities. The fabrication of highly adhesive systems depends
on an adequate balance between the adhesive and cohesive prop-
erties of the developed materials [15]. Whereas the term ‘adhesion’
refers to the ability of a material to directly adhere to an external
substrate, the concept of ‘cohesion’ is associated with the inter-
molecular bonds within the bulk of the material. The role of the
cohesion system has been proven to be extremely important in
preventing the self-disintegration of adhesive materials due to low
intermolecular forces within the materials when compared with
the materialesubstrate adhesive forces. Therefore, the establish-
ment of networks comprising different levels of disruption forces
within the samematerials could be paramount to processing highly
effective biological glues. Adhesive materials, in the form of
hydrogels, have been explored in the biomedical field as self-
fixating devices, as well as glues to counter hemorrhagic phe-
nomena. One peculiarity associated with the development of ad-
hesives for medical use is their requirement for performance under
hydrated/moisture conditions. Therefore, researchers in the field
have directed significant research effort into chemistries based on
mussels and other living organisms capable of naturally establish-
ing strong adhesions in wet environments [29].

The main sources of biomacromolecules available in nature are
polysaccharides and proteins [30,31]. Polysaccharides are
composed of chains of repetitive monosaccharide units linked by
glycosidic bonds [32]. Polysaccharides contain available functional
groups such as amines, carboxylic acids, and hydroxyls for chemical
modifications. On the other hand, proteins are described as a mix of
amino acids such as lysine and glycine [33] and are classified by
their structure organization level as primary, secondary, tertiary,
and quaternary [34e37]. These complex structures make proteins
harder to modify, which has made the application of DN and DC
approaches more challenging thanwith polysaccharides. Moreover,
proteins are also more sensitive to pH and temperature [38] than
polysaccharides are, which could induce precipitation or aggrega-
tion. For example, Baler et al. [36] studied bovine serum albumin-
based hydrogels at various pH values, and observed two forms: 1) a
compact structure so-called N form, and 2) a more open structure,
so-called F form, enabling a better aggregation of bovine serum
albumin units leading to the formation of a non-covalent hydrogel.
At physiological pH, most proteins are negatively charged [39,40],
hampering ionic interactions with negatively charged species or
enabling their occurrence without inducing gelation. However,
negative ionic species interfere with several physicochemical pa-
rameters of proteins, such as surface tension, solubility, stability
and denaturation, impacting their conformations, described as the
Hoffmeister effect [41,42]. Such variation of the conformation can
be explored as an advantage to enhance mechanical properties. For
instance, gelatin e one of the most used proteins for hydrogel
manufacturing e has the capability to form tougher hydrogels after
a cycling temperature process [43,44].

In this review, recent strategies reported to develop hydrogels
for biomedical applications will be addressed with a focus on DN,
3

DC, and IPN approaches using mainly polysaccharides and proteins
as raw materials. Across all strategies addressed in this review, an
extensive focus is on the main biomacromolecules used for
hydrogel development. Emphasis is given to the reactions most
frequently used to modify these biomacromolecules, leading to
specific types of networks: dynamic or static, from weak/ionic in-
teractions to strong types of bonding, and howall these interactions
could coexist to form innovative systems.

2. Photopolymerizable natural networks

Photopolymerization of modified biomacromolecules, most
commonly under UV light exposure, is commonly used due its fast
reaction and suitable combination with cells for biological pur-
poses. Chemical modification with vinyl moieties and the frequent
use of biocompatible photoinitiators do not affect either the sta-
bility or the content of the initial biomacromolecules. Photo-
polymerized natural networks constitute one of the most
frequently used strategies to obtain DN hydrogels, generally com-
bined with a second step such as soaking (with molecules that
enable the establishment of a secondary network) [45] to achieve
advanced hydrogels.

Polysaccharides have been intensively used in photo-
polymerized systems. Chitosan (CHT), comprising native properties
such as low immunogenicity, antifungal and antibacterial activities,
wound healing effect, and hydrophilicity [46], has often been
considered a promising candidate for the fabrication of advanced
hydrogels [47]. CHT is constituted of N-glucosamine units with a
variable degree of acetyl groups in the 6-amine position and can
mainly be obtained by partial deacetylation of chitin [48]. Chitin is
fully acetylated, inducing poor solubility in aqueous media, which
constitutes an obstacle for chitin-based biomaterials development.
Typically, if the degree of deacetylation (DDA) is beyond 50%, this
polysaccharide is termed CHT; otherwise, the name chitin is used
[49]. CHT is the only polysaccharide that has a positively charged
skeleton that is directly proportional to the DDA. The DDA affects
the cell response; for example, after primary human osteoblasts
seeding on CHT sponges of high and low DDA, Sukul et al. [50]
observed that lower DDA induced an increase in the secretion of
osteoprotegerin and sclerostin as compared with higher DDA. CHT-
positive charges below its pKa (ca. 6.4) are commonly used to
generate electrostatic networks with negatively charged species
such as sodium phytate or sodium tripolyphosphate [51]. Costa
et al. [52] combined two kinds of CHT in the same hydrogel e the
first one by covalent bonding and the second one by electrostatic
interactions e resulting in a hydrogel with high compressive
strength (c.a. 20 MPa) and ability to cyclically recover from defor-
mation. Independently of the electrostatic interactions, the cova-
lent network showed stiff but brittle mechanical properties, which
are the typical properties needed for the fabrication of the first
precursor networks of DN hydrogels. Photosensitive moieties could
be grafted onto CHT by peptide coupling or through direct substi-
tution with methacrylic anhydride [53]. Moreover, CHT does not
require a high degree of methacrylation [54] (around 15e20%) to
form a hydrogel. Using similar strategies based on the combina-
tions of electrostatic and methacrylated networks, alginate (Alg) is
one of the most used natural polymers. Alg is a natural poly-
saccharide extracted from brown algae (Laminaria hyperborean or
Laminaria digitata) [55] composed of an alternation of (1,4)-linked
a-L-guluronate, called G-blocks, and b-D-mannuronate, called M-
blocks. One advantage of Alg is the possibility to create rigid
structures through the chelation of the G-block (composed by 4e6
carboxylate groups) with calcium cations [48,56]. Many strategies
can be used by controlling the molecular ratio between Alg G-
blocks and calcium cations [57], which affect the rigidity and
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elasticity of the hydrogel. Gao et al. [58] reported a degree of Alg
methacrylation up to 61% used on a dual-crosslinked hydrogel. In
this strategy, the UV exposure was performed before the calcium
crosslinking step, which allowed for targeting different biomedical
applications, such as hydrogel fibers, exhibiting a relatively high
tensile stress of 6 MPa for 140% elongation, and adding the possi-
bility for cell encapsulation. Hyaluronic acid (HA) is also an inter-
esting starting material when modified with photocrosslinkable
motifs [59,60], mainly due to its good water solubility at pH 7 and
its ability to form high-water content hydrogels [61,62]. With the
development of medical 3D printing, injectable methacrylated
natural polymer solutions [63] have been widely researched to
print, for instance, biocompatible bone and tissue prostheses. For
this application, cellulose e an abundant polysaccharide composed
only by D-glucose units [64,65] e is commonly used. Ni et al. [66]
mixed a methacrylated hydroxypropyl methylcellulose (HPMC-
MA) with a silk fibroin (SF), forming an injectable solution (Fig. 1).
Formulated with bone marrow mesenchymal stem cells (BMSCs),
the precursor solution could be printed with the desired shape.
Laminarin ewhich is another polysaccharide extracted from algae
[67]e has also beenmodified with vinyl groups to obtain hydrogels
with stiffness tuneable by UV exposure [68].

Gelatin and collagen are the most used proteins for the fabri-
cation of hydrogels, including those with advanced mechanical
Fig. 1. Fabrication of an SF/HPMC DN hydrogel. (a) The process of bioprinting SF/HPMC sc
hydrogel, (d,e,f) SEM images of HPMC-MA/SF loaded with BMSC, and (g) compressive stra
copyright 2020 ACS.
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properties [34e70]. Modifications with photosensitive moieties are
commonly used to set up covalent networks in DC or DN ap-
proaches [71,72], in addition to the self-organization property of
their quaternary structure. For example, Liu et al. [73] studied the
soaking of methacryloyl gelatin (GelMA) into a highly concentrated
tannic acid (TA) solution to produce a hydrogel with high
compressive strength, exhibiting a compressive modulus of
200 kPa and a maximum compressive stress of 4.5 MPa. The acidic
properties of TA did not seem to affect the biocompatibility of
hydrogels and allowed for good adhesion to skin tissue without
sutures. Strategies involving systems combining natural polymers
and proteinse bothmethacrylatede have been considered. GelMA
has been widely investigated to manufacture biocompatible scaf-
folds mimicking the extracellular matrix, and it has been combined
with methacrylated polysaccharides, such as CHT [74], for the
development of injectable hydrogels with wound defect filling
ability, or HA [75] leading to satisfactory mechanical properties and
drug screening applications. Even if the gain in terms of stiffness is
not negligeable, such strategies showed a lack of resistance at high
compression or tension; therefore, a posttreatment, such as soak-
ing with TA [76], was necessary to enhance the mechanical prop-
erties. Zhang et al. [77] investigated a system with three
components with methacrylated CHT and GelMA with degrees of
substitution 26 and 68%, respectively, coupled with polyhedral
affold, (b) the actual view of SF/HPMC hydrogel, (c) DN mechanism of the SF/HPMC
in vs strain cycling curves of HPMC-MA/SF. Adapted from Ref. [66] with permission,



C. Mortier, D.C.S. Costa, M.B. Oliveira et al. Materials Today Chemistry 26 (2022) 101222
oligomeric silsesquioxane. The latter is composed of an inorganic
cluster structure increasing the mechanical properties while
enabling the maintenance of biodegradable behavior. Finally,
blood-derived [78] proteins such as rich platelet lysates [79] have
also been widely used in methacrylated networks to produce soft
scaffolds suitable for cell culture. However, so far, there are no
advanced DC or DN approaches involving such proteins.

3. In situ hydrogel formation based on natural
macromolecules

Although significant advantages are obtained using methacry-
lated networks, either synthetic or natural, they require a fabrica-
tion process through (i) the transformation of modified
biomacromolecules previously obtained via a full-synthesis process
followed by (ii) polymerization through exposure to light or radical
reaction. Such multistep synthesis and fabrication approaches
present a drawback for the production and commercialization of
the resulting hydrogels. Nevertheless, other types of reactions be-
tween natural networks involving other types of chemical modifi-
cations allow for the fabrication of a final hydrogels in one single
step or even spontaneously in situ conditions (Table 1). The high
density of reactive groups such as amine, carboxylic, or hydroxyl
Table 1
Examples of full natural-based hydrogel formulations.

Constituent macromolecule(s) Strategies and main chemical routes

CHT DC photopolymerization þ hydrogen bonding or
electrostatic interactions

Alg DC photopolymerization þ hydrogen bonding or
electrostatic interactions

CHT/Alg DN hydrogen bonding or electrostatic interactio

CHT DN covalent bonds þ hydrogen bonding or electr
interactions

Modified gelatin DC
Schiff bases/Michael addition þ hydrogen bondi
electrostatic interactions

Alg/gelatin/CMC Multinetwork photocrosslinking þ Schiff bases
CHT/Dextran DN

Schiff bases þ oxidation þ hydrogen bonding or
electrostatic interactions

CHT/Me-cellulose IPN
Schiff bases þ thermal treatment

HA/micelle IPN/DN
Schiff bases þ hydrogen bonding or electrostatic
interactions

HA IPN boronate ester

Alg/EGCG DN boronate ester þ oligomerisation

Silk/gelatin DN enzymatic bond þ thermal rearrangement

Alg/gelatin DN enzymatic bond þ hydrogen bonding or
electrostatic interactions

Alg DC click reaction þ hydrogen bonding or electro
interactions

Dextran/gelatin IPN click reaction
HA/collagen IPN bisulfide bridge þ click reaction
HA DN photopolymerization þ hosteguest interacti

CMC/CD/agarose DN hosteguest interactions þ thermal rearrange

CHT/gelatin DC/DN pseudo polyrotaxane system/hydrogen b
or electrostatic interactions/structural rearrange

Multi-modified CHT DN photopolymerization þ hydrogen bonding o
electrostatic interactions

Multi-modified CHT DC click reaction þ hydrogen bonding or electro
interactions

5

natively present in many biomacromolecule structures facilitates
the establishment of many networks. This pathway allows for tar-
geting properties such as stimuli responsiveness, reversibility of
soft/tough hydrogel properties, and achieving transient inject-
ability [80].

3.1. Fully polyelectrolyte associations

DN and IPNmay be used for advanced hydrogel structures using
only electrostatic forces to connect different networks, generating
non-covalent crosslinked biomaterials [100]. The mixture of high
density of positive and negative charges allows to reach IPN by
ionic interactions. Such strategies can be controlled by the pH,
directly affecting the number of charges in the biomacromolecules
structures, and leading dynamic responses for soft hydrogels with
drug delivery applications. A useful example of natural compounds
to highlight this strategy is the combination of a positively charged
CHT and negatively charged Alg to establish an initial stable elec-
trostatic network [101]. Tang [81] and co-workers mixed CHT and
Alg e positively and negatively charged, respectively e which
enabled directly obtaining the first network based on poly-
electrolyte assembly. The DN was subsequently achieved by ionic
crosslinking, by soaking in a calcium chloride bath to trigger the
Main properties e applications Ref.

High mechanical strength, recovery from strain e cell
encapsulation, drug screening

[52]

Microfibres, injectability, scaffold production e cell
encapsulation

[58]

ns High compressive properties, self-healing, injectability
e heavy metal ions removal, electronic devices, waste
treatment

[81]

ostatic High mechanical properties e cytocompatibility, super-
absorbent electronic devices

[82]

ng or
Soft hydrogel, injectability, adhesion properties e
wound closure, antimicrobial, drug delivery

[83]

Soft hydrogel, injectability e wound dressing material [84]
Soft hydrogel, injectability, Self-healing, Adhesive
properties, pH sensitive e wound dressing

[85]

Release of bioactive molecules, soft materials, dynamic
hydrogel, self-healing e test for cosmetic applications

[86]

Adhesive properties, soft hydrogel, self-healing e

wound dressing
[87]

Injectability, cytocompatibility, self-healing e cell
encapsulation

[88]

Conductive hydrogel, self-healing, stretchability, e
biocompatibility, implantable device

[89]

High mechanical properties e bone regeneration,
biodegradation

[90]

Soft hydrogel e 3D cell culture, drug screening [91]

static Soft and tough hydrogel, self-healing, injectability e

biocompatibility, cell encapsulation
[92]

Soft hydrogel, injectability e drug release [93]
Injectability e drug release, cartilage-filling biomaterial [94]

ons Soft/tough dynamic hydrogel, shear-thinning e

cytocompatibility, dynamic cell culture
[95]

ment Soft hydrogel, injectability, self-healing, photo
switchable, reduction-responsive e drug-release
systems

[96]

onding
ment

Shear thinning, self-healing, soft hydrogel, injectability
e bioink applications

[97]

r Tough hydrogel, injectability e tissue adhesion,
antibacterial activity

[98]

static Soft hydrogel, injectability, self-healing, pH sensitivity
e controlled crosslink density, thermodynamic
properties, anti-EDTA performance

[99]
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formation of the complex Alg G-block reaching a compressive
strength of 70 kPa at 70%maximumdeformation. Gierszewska et al.
[102], instead, took advantage of the ability of CHT to be ionically
crosslinked using salts such as tripolyphosphate. CHT can be
studied with both negative and positive charges using carbox-
ymethyl chitosan (CMC-CHT), which can also enhance its water
solubility [103]. Depending on the pH of the media, CMC-CHT can
behave differently, with the capability to interact with positive and
negative charges. In an interesting approach resembling an IPN, Lv
et al. [104,105] used a pH gradient from 2.7 to 6.5 and showed that
CMC-CHT and Alg could be first ionically crosslinked through
electrostatic interactions. Similar strategies involving proteins e

which may be the key to enable cell adhesion and biomaterials
degradability by cells e and other polysaccharides are also an op-
tion: Ng et al. [43] mixed CHT and gelatin at an acidic pH; then, an
increase in pH induced the formation of negative charges on gelatin
to trigger the electrostatic gelation between positively charged CHT
and gelatin. Yan et al. [106] used the versatility of CMC-CHT in a DN
hydrogel combined with agar gel and coordinated with ionic cop-
per. A posttreatment using EDTA, able to chelate copper, allowed
for the selective removal of the electrostatic interaction between
CMC-CHT and copper and the switch to a softer agar-based
hydrogel.

3.2. Covalent dynamic and stiff natural networks

To surpass the low reactivity of some components, a variety of
strategies are based on the addition of small molecules. Those may
be either administered to the system as free components (usually
called crosslinkers) or grafted into polymeric chain, to reinforce the
biomacromolecules basic networks. Hydrogel strategies involving
small biocompatible molecules used as linkers and biopolymers/
proteins have been widely explored to establish covalent networks
[107]. These small molecular weight molecules permit a higher
number of connections between biomacromolecules chains which
increase artificially the molecular weight and therefore can lead to
a better organization of networks. For instance, Wang et al. [108]
used an SF/cellulose system, first covalently crosslinked using
epichlorohydrin under NaOH/Hþ generating covalent bonds be-
tween the hydroxyl available functions of both cellulose and silk. By
bubbling CO2 inside the precursor hydrogel, cellulose chains re-
aggregated and formed a strong network by hydrogen bonding
and entanglement of its chains. Sacco et al. [109e111] used the pH
sensitivity of boric acid to connect a modified CHT with lactose
using a DC approach. Section 3.2.2 provides more details about this
pathway; however, here, the focus is on the diol function of lactose
grafted on CHT, creating reversible links with boric acid. Genipin e

a covalent linker of amine groups e is also a popular crosslinker
used in hydrogel preparation strategies, especially for components
possessing a large number of amines, such as gelatin [112] or CHT.
For instance, Azevedo et al. [82] covalently bound two types of CHT
using a double-syringe device in a DN approach. Genipin covalently
bound the amine groups of both CHTs, and additional non-covalent
interactions through iron complexation enabled ultra-tough bio-
materials to be realized, with a maximum strength of 1.05 MPa at
90% compression. Other very well-established crosslinking strategy
is based on EDC/NHS, which constitutes an easy way to bond nat-
ural networks due to their ability to establish covalent bonds be-
tween amine and carboxyl groups. Such approach was explored by
Zhu et al. [113] to develop a multicomponent system involving
bacterial cellulose (BC), Alg, and poly-g-glutamic acid (PGA), in
which EDC/NHS agents were used to activate carboxylic groups
from BC and PGA and form an initial covalent network. In a second
step involving Ca2þ soaking, the remaining Alg was ionically
crosslinked. It is assumed that the high presence of free carboxylic
6

and amine groups generates a dense network of hydrogen bonding
capable of hardening the whole hydrogel. An original DN approach
from Guo et al. [83] showed that TA could also be used to chemi-
cally modify gelatin using a basic medium and air bubbling (Fig. 2).
Such TA-modified gelatin (Gel-TA) was introduced in a double-
syringe system and simultaneously poured with silver nitrate,
inducing the formation of the gel by contacting the amine
composing the surface of the skin by (1) a reversible covalent bond
via Schiff base (see 3.2.1) and (2) an irreversible covalent bonding
via Michael addition (see 3.2.4). The tensile mechanical properties
showed to be satisfactory for wound healing purposes, similar to
surgical sutures, with a maximum supported stress of 6.6 MPa at
111% elongation.

3.2.1. The schiff base approach
Several biomacromolecules possess available amine functional

groups susceptible to reactions with aldehydes to generate
reversible bonds known as Schiff bases [114]. Such bonds are the
product of condensation between primary amines and reactive
carbonyl groups by nucleophilic addition driving to a hemiacetal
intermediary state finishing by a dehydration step. Depending on
the atoms linked to the amine, these bonds are characterized by
imine, oxime, or hydrazone groups. Stable at physiological pH,
Schiff bases can return to their initial state with pH variation and
have been used to develop dynamic systems such as self-healing
hydrogels or drug delivery systems [115]. Gelatin with its large
number of nucleophilic amines is a useful platform to investigate
Schiff base systems. For instance, Xu et al. [84] studied the modi-
fication of gelatin through beam polymerization, inducing the for-
mation of aldehyde groups by self-oxidation on the terminal amino
side chain residues of gelatin. This newly generated aldehyde
spontaneously reacted with the remaining amines of the gelatin to
form covalent crosslinks using the Schiff base approach. All poly-
saccharides possessing vicinal diols can also be oxidized by cleav-
age with periodate species into their dialdehyde derivatives;
examples include cellulose [116], Alg [117], dextran [85] or starch
[118]. For instance, Zheng et al. [119] first performed the oxidation
of microfibrillated cellulose using NaIO4 and then used the available
amines of gelatin to trigger the formation of a Schiff base through
an IPN hydrogel. CHT, whose backbone also constitutes an impor-
tant source of amines depending on DDA, enables the generation of
stable and dense imine bonds for Schiff base hydrogels [86]. For
example, Yan et al. [120] used a two-syringe system, containing in
one a mix of glycol-CHT/CaCl2 and in the other a mix of Alg/
dialdehyde-PEO molecules. When the two solutions were poured
simultaneously, the formation of a tough DN hydrogel with an
electrostatically crosslinked Alg and a covalently linked CHT by
Schiff base was obtained. Another polysaccharide that has been
shown to be an interesting platform for such an approach achieving
DC and DN hydrogels is HA [121,122]. In fact, Yang et al. [87]
investigated a multicrosslinked DN hydrogel with three chemical
modifications on HA (Fig. 3): (1) an oxidated HA (OHA), (2) on this
OHA, dopamine (Dop) moieties were added (resulting in an OHA-
Dop), and (3) on another HA, amine synthons were grafted
(resulting in a HA-ADH). The two systems were intimately associ-
ated during a double injection, inducing the formation of hydrogen
bonding, aromatic interactions, and Schiff bases. By adding alde-
hyde terminated with Pluronic F127 micelles, the hydrogel was
reinforced, enabling it to reach amaximum compressive strength of
5.7 MPa under a displacement of 80%, which can fit the motion of
skin for potential use in wound-healing fields. Regarding the syn-
thesis of aldehyde derivatives of natural compounds, it is also
important to mention that enzymatic strategies [123] can be used
to transform amines into aldehydes. This subject is discussed below
in section 3.2.3.



Fig. 2. Schematic representation of a DN approach mixing gelatin modified with TA (Gel-TA), enabling chemical crosslinking via Michael addition or Schiff base and non-covalent
interaction. Adapted from Ref. [83] with permission, copyright 2018 Elsevier.
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3.2.2. Boronate ester bonding approach
Boronate ester formation involves a reversible covalent bond

between a trigonal boronic acid and a 1,2 or 1,3-diol species [124].
This bond has dynamic behavior, and its stability is governed by the
pKa of the directly implicated bonds, such as the type of diol and/or
boronic acid. Acidic media tend to pull the equilibrium to the acid
side (acyclic structure), whereas a neutral/basic medium favors the
formation of the ester (cyclic structure). Reversible boronic acid
chemistry [125] is an alternative to Schiff base systems, with better
control of reactivity. Along with Schiff base hydrogels, there has
been significant interest in producing injectable and self-healing
hydrogels [126,127]. PVA, composed by an alternation of such diol
motifs, was studied [128] to connect natural polymers such as
laminarin [129], modified by boronic acid moieties. Regarding
natural polymers, boronate ester strategies are particularly inter-
esting because some of these molecules, including Alg, possess
native diol motifs, avoiding extra modification steps [130]. Hong
et al. [131] modified Alg with boronic acid by EDC/NHS coupling at
pH 5.5. Then, the obtained boronic acid Alg was simply dissolved in
PBS at pH 7.4 to trigger the boronate ester reaction with the diol
motifs of the same Alg, leading to a self-healing and stretchable
adhesive DC hydrogel, opening the way to other applications such
as biocompatible glues [132]. To have better control of the boronate
ester bonding and, consequently, the mechanical behavior of the
hydrogels, Figueiredo et al. [88,133], followed an IPN approach with
an independently modified HA with phenylboronic acid and with
various derivatives of sugars with diol motifs such as fructose
(Fig. 4). After mixing, the resulting hydrogels, linked by different
boronate esters, exhibited a variation of the pKa, enabling the re-
searchers to obtain hydrogels with different mechanical behaviors,
ranging from soft to ‘strong’. Indeed, depending on the bonding
strength between fructose and several boronic acids both grafted to
HA, the pKa vary induces a different elastic modulus with, for
instance, a G0 of 424 Pa for the formulation HA-phenylboronic acid/
HA-fructose and a G’ of 156 Pa for the formulation HA-
benzoboroxole/HA-fructose. Additionally, the reversibility feature
of the boronate ester enabled switching from a viscoelastic
hydrogel to a tougher hydrogel.

Another strategy using boronate ester bonding consists of
linking natural polymers and biomacromolecules, such as
biocompatible polyphenols (TA, ellagic acid, or epigallocatechin
[EGCG]), which possess a high number of hydroxyl moieties [134].
Choi et al. [89] combined a boronic acid-Alg with oligomerized
EGCG (OEGCG) constituting a network itself and the mixture of
7

both, results on a quasi-IPN system. Using the available 1,3-diol
functions onto the OEGCG, boronic acid-Alg reacted to form boro-
nate ester. The obtained hydrogels, like other boronate ester
hydrogels, showed not only self-healing ability and stretchability
but also conductivity due to the delocalized system from the EGCG
and granted biocompatible features to implantable devices for drug
delivery on demand. The boronate ester approach could also be
combined with other crosslinked systems to build DN hydrogels.
For example, Amaral et al. [135] studied a cell-laden injectable
hydrogel based on Alg and laminarin modified with 3-
aminophenylboronic acid reacting with the Alg diol motifs. After
bioprinting, the resulting hydrogel was crosslinked by Ca2þ to form
the DN system by electrostatic interaction with Alg carboxylate.
Working under physiological conditions, MC3T3-E1 preosteoblasts,
L929 fibroblasts, and adenocarcinoma MDA-MB-231 cell lines were
loaded inside the hydrogel at 37 �C, and in vitro cytocompatibility
was observed with cells remaining viable for up to 14 days.

3.2.3. Enzymatic chemical reactions
Enzymatic reactions [136e138] leading to irreversible covalent

networks can be a suitable choice when high mechanical behaviors
(i.e., high resistance to the breaking, stretchability or high per-
centage of recovery) are targeted. These strategies generally involve
an amide reacting with an amine species, resulting in a strong co-
valent bond catalyzed by an enzyme [139]. Such strategies are
particularly interesting with proteins that have a significant free
amine, lysine, or carboxamide moieties composing their complex
structures. For instance, using an SF/gelatin system [140], Jiang et al.
[90] first crosslinked SF by adding a mix of Horseradish peroxidase
(HRP) and H2O2 [141]. SF was modified with tyramine moieties e

which were catalyzed by HRP/H2O2 e to generate CeOeC bonds
between phenolic rings. Then, a saline soaking step was performed
to induce the self-organization of gelatin chains by hydrophobic
interactions. This DN strategy combining two types of crosslinking
e enzymatic and salt-assisted e led to the formation of gels with
high compression mechanical properties, exhibiting high stretch-
ability ~200% (maximum elongation) and elastic modulus of
0.13 MPa. The tyramine moiety [142,143] is widely used in enzy-
matic strategies combinedwith HRP enzyme catalyzed by H2O2. For
example, after a modification of HA with tyramine moieties, Jooy-
bar et al. [144] produced an injectable hydrogel combined with
platelet lysates for cell activity support. Another enzyme, trans-
glutaminase [145,146], widely used in the agri-food industry, can
chemically crosslink a large range of proteins depending mainly on



Fig. 3. (a) Schematic representation of the injectable and multicrosslinked DN AF127/HA-ADH/OHA-Dop hydrogel preparation and the application in full thickness skin wound
healing; (b) gross appearance of wounds from day 0 to day 14 for Saline, Mepitel, HA-ADH/OHA-Dop, and AF127/HA-ADH/OHA-Dop hydrogel treatment groups; (c) statistical graph
of granulation tissue thickness at day 14 post-treatment; (deg) macroscopic self-healing performance of the AF127/HA-ADH/OHA-Dop hydrogel: Two disk-shaped hydrogels
(stained with rhodamine B and trypan blue, respectively) were cut into two pieces, respectively. Then, the four pieces of alternate colors were combined into two integral blended
hydrogel disks, which could be lifted after several minutes; (h) schematic diagram of self-healing mechanism. Adapted from Ref. [87] with permission, copyright 2020 ACS

C. Mortier, D.C.S. Costa, M.B. Oliveira et al. Materials Today Chemistry 26 (2022) 101222

8



Fig. 4. (a) Strategy pathway from HA to form HA derivatives; (b) double-syringe process of hydrogel formation; (c) dynamic rheologic behavior of HA networks based on boronic
acid/fructose crosslinks (G0 , filled symbol; and G'�, empty symbol), ratio molar of 1 for each formulation; (d) cell viability test assays. Adapted from Ref. [88] with permission,
copyright 2020 ACS.
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the percentage of available amine groups. The enzymatic coupling
reaction occurs between g-carboxamide groups of glutamine and,
generally, ε-amino groups from lysine residues [147], resulting in
the ε-(g-glutamyl)lysine peptide bonds formation. Associationwith
biopolymers is also possible [148], Chen et al. [91] studied a DN
gelatin/Alg system, where gelatin was first crosslinked by trans-
glutaminase, followed by soaking in a CaCl2 solution to ionically
crosslink Alg. This hydrogel constituted a suitable candidate for a
3D extrusion based on a bioprinting process for cell delivery
because SH-SY5Y cells were encapsulated inside the hydrogel and
grown efficiently during 5 days in culture.

3.2.4. "Click" reactions
An alternative to irreversible covalent bonding relies on ‘click’

chemistry strategies, in which Diels-Alder, Huisgen cycloaddition,
Thiol-ene, and Michael addition reactions are the most used
pathways [149e151]. Combining modified natural macromolecules
such as HA [152], gelatin and/or CHT [153e155], using smaller
molecules as linkers, such as linear or branched PEG species grafted
with a diene species, is one of the most used ‘click’ reaction stra-
tegies. Strategies based on reactions between electron donor spe-
cies and electron acceptor species are the pillar of ‘click’ reactions
and can be applied to other chemical pathways. For example, an
alkene or alkyne species can react with a thiol to form strong co-
valent bonds through a thiol-ene/yne reaction [156], which can be
combined with natural polymers [157] and proteins to form
hydrogels. Ghanian et al. [92] investigated a DC approach involving
Alg modified with furan moieties by EDC/NHS coupling in a pre-
liminary reaction. The hydrogel was obtained through a Diels-Alder
reaction with a tetra-maleimide-modified 4-arm PEG, exhibiting
relatively high compressive properties with amaximum strength of
9

0.45 MPa at 76% compression. Likewise, two natural compounds
can be linked using this strategy; for example, Piazza et al. [93]
grafted furan moieties into a dextran backbone using a DMAP/DCC
coupling reaction and ‘clicked’ it into a gelatin modified with
maleimide moieties. Another ‘click’ reaction example is an inverse
electron demand Diels-Alder coupling reaction between the nor-
bornene and the tetrazine, a rich electron donor species [158,159].
This strategy can be performed at RT and, more importantly, in
aqueous media [160,161]. This chemical pathway could be used
with natural polymers [159] and proteins [162] and has been
proven to have lower toxicity for tetrazine compared with furan
derivatives.

In a DC approach, Yao et al. [94] modified HA with thiol and
maleimide groups separately using EDC/NHS coupling. By simple
mixing, two crosslinks occurred with the formation of reversible
disulfide bonds (between two thiol functions) and a thiol-ene re-
action (between thiol and maleimide groups). Another option
consists of the use of alkynes instead of alkenes; for example,
P�erez-Madrigal et al. [163] combined Alg and modified thiolated
HA in a DN approach. Initially, the thiolated HA reacted with a
modified alkyne-PEG, yielding the first network, and then, the
precursor hydrogel was immersed into a CaCl2 solution to ionically
crosslinked Alg. Mechanical tests on such hydrogels exhibited
breaking at 70% without the Ca2þ crosslinking and a sustainability
to compression at 95% for the hydrogel that was crosslinked with
Ca2þ. A similar approach was used with modified maleilated CHT
and thiolated HA, followed by an ionic crosslink of the CHT posi-
tively charged with anionic salt [164]. Due to the relatively low
strength of such bonds, this strategy is particularly used to prepare
soft hydrogels for drug delivery although they did not show high
resistance.



C. Mortier, D.C.S. Costa, M.B. Oliveira et al. Materials Today Chemistry 26 (2022) 101222
IPN between proteins and natural polymers [165] have also been
widely investigated due to the large number of amine groups
available to graft thiol or double-bonded derivates. Such coupling
strategy involves a thiol function activated generally via a radical
initiator leading to an intermediary specie with a S� reacting with
an alkene group. This reaction is described as a cyclic coupling
mechanism allowing high yield, lack of side products and a
compatibility with aqueous medium which constitute an inter-
esting point for biocompatible hydrogel fabrication. Li et al. [166]
connected two networks of HA and collagen [167] through thiol-
ene reaction. HA was modified with thiol groups using cysteine at
RT, whereas collagen was modified with maleic anhydride. After
mixing, the gelation occurred over aminute at 37 �C, at pH 7. Taking
advantage of the strong ionic crosslinking between Alg and calcium
cations, Trujilo et al. [168] modified an Alg backbone with nor-
bornene groups [169] and covalently interconnected it using
dithiothreitol or thiolated derivatives to establish an initial
network. Additionally, fibronectin, which is an extracellular matrix
protein, was modified with maleimide groups and connected with
norbornene-Alg derivatives through a thiol-ene reaction using
thiolated linkers such as dithiothreitol [170]. Original strategies
combining hosteguest (see part 3.3.1) and thiol/norbornene groups
could be designed to introduce reversibility into the system [171].

Another type of ‘click’ reaction that could be used to covalently
connect two networks is the 1,3-dipolar cycloaddition derived from
the Huisgen reaction between an alkyne and an azide group [172].
Initially, this reaction was not preferred because of the copper de-
pendency during the catalytic process [173], which is not compat-
ible with biomedical purposes. To avoid the metal catalytic process
and open the way to the synthesis of biocompatible hydrogels,
several strategies have been studied. Among them, the reaction of
an azide with a ring-strained alkyne, also called ‘strain-promoted
azide-alkyne cycloaddition’ [174], has been studied. This reaction,
popularized by Bertozzi et al. [175], is based on an alternative mode
of biorthogonal reactivity through a copper-free [3 þ 2] cycload-
dition reaction. Taking advantage of the instability of strained
cycloalkynes to decrease the activation energy, the reactionwith an
azide group was triggered to form the triazole ring. Triazole rings
act as linkers to graft a broad range of materials, including natural
polymers [176,177]. For example, Truong et al. [178] modified CHT
with an azide group and used it along with a tri-branched PEG with
a strained alkyne at the tail of each PEG arm. Undermild conditions,
the azide-CHT and the tri-branched alkyne PEG reacted without
any metal catalyst, forming an injectable hydrogel within an hour.
This system has shown suitability as a 3D scaffold for human
mesenchymal stem cell (MSC) encapsulation. Currently, the most
used moiety in the copper-free cycloaddition strategy is dibenzo-
cyclooctyl (DBCO) [179,180], or cyclooct-1-yn-3-glycolic acid (CGA)
[181], which can be easily grafted to natural polymers through
simple peptide coupling by EDC/NHS activation.

The use of a copper-free cycloaddition reaction in DC/DN and
IPN approaches has not been fully developed; most of the hydrogels
with these covalent bonds are soft and lead to injectable systems.
For instance, Fan et al. [182] connected two networks of CHTand HA
through a ‘click’ chemistry process using modified HA azide and a
CHT modified with an oxanorbornadiene moiety, which reacted
like an alkyne to form a triazole linker. To deal with the complexity
of such a system but also the advantages of its use and compatibility
with natural compounds, in 2018, Takemoto and co-workers [183]
reported a study on an IPN connected by strain-promoted azide-
alkyne cycloaddition reaction involving a DBCO-branched Alg
(bAlg-DBCO) and functionalised cells (C2C12) with azide moieties
(Fig. 5). This study paved the way to new thinking about bio-
materials development using living material through a sustainable
process [184].
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3.3. Supramolecular hydrogels

Limiting the gelation steps in hydrogel fabrication for rapid
translation into medical devices is a key point for researchers and
hospital personnel. For this purpose, self-assembled and supra-
molecular systems have an important role because of the capability
of the hydrogel to form spontaneously, without the addition of
further chemicals or catalysts. Based only on non-covalent and
weak interactions such as hydrogen bonding, van der Waals, hy-
drophobic, and p-p stacking [185,186], such strategies constitute a
high challenge with natural DN, DC, or IPN inwhich many chemical
groups are involved and could destabilize these bonding. Never-
theless, many strategies involving highly or multimodified bio-
macromolecules allow enough of these supramolecular
interactions to be obtained, achieving structured organization for
soft drug delivery systems or dynamic ‘smart’ hydrogels. So far,
mechanical properties with tough features have only been achieved
through combination with stronger covalent bonds.

3.3.1. Hosteguest interactions
The concept of a molecular machine popularized by the 2016

Nobel Prize in Chemistry inspired many researchers around the
world to develop dynamic systems based on supramolecular in-
teractions. Hosteguest strategies [187,188], belong to this category,
in which two systems interact with each other by a mechanism of
reversible trapping. One molecule, called the ‘guest’, gets trapped
inside another, called the ‘host’, viaweak interactions. This strategy
relies on the ability of these molecules to interact efficiently, and it
depends also on the diameter of the ‘host’molecules whichmust fit
to the steric feature of the ‘guest’. Additionally, the chemical af-
finities (hydrophobic, hydrophilic) of the two entities also must be
compatible. The reversibility of the bonding depends mainly on the
‘guest’ molecules which must be capable of changing its steric
environment inducing its release of the ‘cage’ molecules by an
external stimulus such as UV and pH. Natural-based hydrogels
bonded by such mechanism mainly concern soft hydrogels with
self-healing and injectability properties. Tough hydrogels can be
achieved, but this generally requires an association with synthetic
polymers such as PA [189,190]. a,b,g-cyclodextrin (CD) molecules
are often used for supramolecular cages as the ‘host’ component
[191], able to trap the ‘guest’ moieties, which are generally low-
weight molecules. These low-molecular-weight-trapped species
generally have the ability to change their space conformations by
stimuli (i.e. pH, wavelength, charge), inducing the breaking of weak
interactions, permitting release from their ‘cage’. Burdick and col-
laborators [192,193] highlighted the potential of hosteguest in-
teractions through HA-based hydrogel systems, allowing for shear-
thinning and injectability features after the grafting of CD and
adamantane (Ada). Additionally, a methacrylated HA [95] was
added to this network to develop a DN system achieving high
mechanical properties, presenting an elastic modulus of 85.7 kPa
with a fracture strain of 86.5% in compression. A fully non-covalent
crosslinked hydrogel could also be considered. Kim et al. [96]
studied a DN system constituted by a self-assembled agarose
network mixed with a CMC modified with azobenzene moieties as
guest molecules, trapped by a double host used to link azobenzene-
grafted CMC. The resulting hydrogels exhibited multiple function-
alities such as self-healing and photo switchability due to the cis/
trans conformation of its azobenzene-grafted moieties, and the
mechanical studies showed a maximum elongation of 4.57 kPa at
231.9%. The use of two b-CD linkers has been enhanced by varying
the number of host or guest molecules. For example, Fan and co-
workers [194] synthesized a b-CD-network composed of several
b-CDs connected in a series and associated with CMC in an IPN
system. After the synthesis of the b-CD network, positively charged



Fig. 5. (a) Schematic illustration of cell-crosslinked hydrogel through “click” chemistry strategy; (b) digital image of CxGel prepared through ‘click’ reaction between azide-modified
C2C12 cells (2.0 � 106 cells) and bAlg-DBCO solution (2%). Scale bar indicates 5 mm; (c) digital image of in vivo-formed CxGels. LifeAct-GFP-expressing azide-modified C2C12 cells
(4.0 � 106) were suspended with 200 mL of bAlg-DBCO solution (2%) and immediately injected subcutaneously into the muscle layer of the back of each mouse; (d) force recovery of
injured femoral muscle treated with CxGels prepared through ‘click’ reaction between LifeAct- GFP-expressing azide-modified C2C12 cells (5.0 � 106) and 250 mL of bAlg-DBCO (2%)
or C2C12 cell-encapsulating control physical gels, prepared through non-covalent crosslinking reaction between 250 mL of bAlg solution (2%) and CaCl2 solution (0.5%) in the
presence of azide-modified C2C12 cells (5.0 � 106 cells). Error bars: standard deviation (n ¼ 3). Adapted from Ref. [183] with permission, copyright 2018 Nature.
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Ada molecules were trapped inside its structure. These positive
charges reacted with the negative charges of CMC and generated an
electrostatically connected IPN. In addition to the positive Ada,
some ibuprofen molecules were trapped in the b-CD network to
release these molecules for sustained drug delivery. The strategy
consisting of adjusting the ratio of host or guest molecules grafted
into the natural skeleton of polymers allowed for tuning the me-
chanical properties of the hydrogel and therefore the release of
drug molecules such as doxorubicin or doxycycline [195]. Ooi et al.
[196] highlighted this phenomenon by working with an Alg
network modified with CD and crosslinked multibranched PEG
modified with Ada. Hydrogel toughness increased with the number
of available guest molecules with bi-, quadri-, and octo-branched
PEG-Ada.

Regarding hosteguest networks based on proteins, Wang et al.
[197] studied a mechanically reinforced hydrogel of GelMA mixed
with a precursor host/guest solution constituted by 1) amodified b-
CD with two vinyl moieties and 2) mono-modified Ada molecules
with one vinyl moiety. Despite the hosteguest interactions, this
precursor solution had no gel property. However, once mixed with
GelMA and after photopolymerization, all the vinyl moieties reac-
ted together to form a covalent network of methacrylated gelatin
connected with Ada and b-CD, which formed an additional non-
covalent network via hosteguest interactions. This strategy leads
to mechanically reinforced DN hydrogels with self-healing prop-
erties, injectability for 3D-bioprinting, and biocompatibility
imparted by the gelatin network. Silk fibroin (SF) is a natively
strong protein widely used when high mechanical properties are
targeted. For example, Huang et al. [198] used two networks of
different modified silk networks, one with b-CD and another with
cholesterol, which is another guest molecule [187]. In this system,
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mechanical properties depend on the SF itself, creating a strong but
brittle network, and the hosteguest interactions with b-CD/
cholesterol enhance the elastic domain and permit self-healing
resulting in a DN system.

Finally, sliding-ring polyrotaxanes [199,200] integrate an orig-
inal approach in the same frame of hosteguest strategies consisting
of trapping linear chains grafted to a polymer, weak interactions
between several stacked CDs, and linear chains generating a
hydrogen bonding network. The CDs inserted along the poly-
ethylene glycol (PEG) chain have the capacity to slide over the
polymer chain. Such interesting system allows an equal distribu-
tion of the forces along of the 3D matrix, when submitted upon a
force loading.

Although synthetic polymers have constituted a good platform
to investigate such an approach [201e206], recently, natural poly-
mers [207,208] have been chosen to bring biocompatibility and
biodegradability to such systems. Polyrotaxane strategies could
also be applied as bioinks, where shear-thinning and long-time
maintenance are required [207]. For example, Hu et al. [97] inves-
tigated a DC hydrogel constituted by gelatin and PEGylated-CHT
(CHT-mPEG). A certain amount of a-CD trapped the side chains
and triggered a stacking of several a-CD units to finally establish a
non-covalent interaction with other trapped side chains (Fig. 6).
Regarding the original pathway to obtain non-covalent interactions
with this strategy and the relative lack of research with natural
polymers, the polyrotaxane approach constitutes a top field of in-
terest in the association of natural networks in the near future.

3.3.2. Adhesive phenolic hydrogels
Wound burns and basically all skin breaches require biomedical

devices adhering to skin, adapting to its morphology with no



Fig. 6. (a) Schematic illustration and flowchart of CHT-mPEG formulation, bioink preparation, DC system, and 3D bioprinting process; (b) macroscopy image of bioprinted con-
structs crosslinked by dual physical crosslinking (b-GPS and a-CD) or single crosslinking (only b-GPS or a-CD). a-CD was added to the bioinks; (c) macroscopy image of DC and cell-
laded bioprinted constructs cultured in medium under the condition of normal cell culture. Adapted from Ref. [97] with permission, copyright 2020 KeAi.
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invasive properties and able to sustain itself on the skin in motion.
Also, adhesives are important to treat, for example, postoperative
wounds in internal organs, and the hemostatic properties of some
of these materials have also been explored in the biomedical field.
The chemistry of phenolic compounds [209] and, more specifically,
catechol-based systems [210] have been widely used in adhesive
[29] hydrogel fabrication for biomedical applications. Thanks to its
delocalized structure and its electron donor properties, the
phenolic ring has several states of oxidation and could therefore
interact through different types of bonding from covalent to non-
covalent bonds. Catechol, for example, possesses two oxidation
states: o-quinone and semiquinone [210e212]; depending on the
state, the strategy could lead to non-covalent (for non-oxidated
state) or covalent (for oxidated state) bonds. The non-oxidated
catechol could be combined with most of the previously pre-
sented networks [213]; for example, Wang et al. [98] used a DN
system of photocrosslinkable CHT combined with a CHT grafted by
Dop moieties. The coordination of the catechol moieties by iron led
to an injectable hydrogel with tissue adhesivity and antibacterial
activity suiting for wound healing. The mechanical properties
exhibited a maximum compression strength of 0.69 MPa at 90%
suitable for wound-healing applications. A similar approach was
used by Li et al. [99] with the study of a DC hydrogel starting from
CHT and grafted with two moieties, furfural, and catechol. The first
is covalently crosslinked through a Diels-Alder reaction with
dimaleimide PEG, and the second one is non-covalently crosslinked
via iron complexation of catechol moieties. For both latter cases, the
obtained hydrogels were soft and used for injectability purposes. To
enhance hydrogel strength in compression and elongation using
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this phenol-based strategy, it is usually necessary to use the oxi-
dated state to form strong covalent bonds [214e216]. Following an
IPN approach, Hu et al. [85] linked an oxidized dextran branched
with catechol moieties mixed with a CHT modified with trimethyl
ammonium (for antibacterial purposes). The system had two co-
valent bonds: (1) Schiff bases between CHT amines and dextran
aldehydes functions and (2) covalent irreversible bonds from two
oxidated catechols. Cyclic compression study at 60% strain
(~25 kPa) of such hydrogels showed good and fast recoverability
after all the cycles, meaning that these systems presented good
anti-fatigue behavior. DNs could also be considered; for example,
Guo et al. [217] proposed a catechol-based hydrogel starting with
the coupling of HA by Dop moieties. After mixing with Alg, NaIO4
was added to initiate the gelation process involving the oxidation of
the catechol moieties and the formation of covalent bonds between
catechol phenyl rings. Ionic crosslinking of Alg was then triggered
by Ca2þ to form a highly stretchable, tough (461 kJ/m3) and adhe-
sive DN hydrogel, compatible with human umbilical vein endo-
thelial cells (HUVECs) 3D culture.

Many other natural compounds could be a source of catechols or
other phenolic moieties to develop adhesive hydrogels. TA, already
mentioned in this review, could be used as a crosslinking agent for
many proteins [209,218e220], or included in natural structures to
build adhesive hydrogels [221,222], thin films [223e225] or
nanoparticle emulsions [226]. Moreover, TA presents antioxidant
activity due to its phenolic groups and is recognized as safe by the
Food and Drug Administration (FDA) [227]. Wang et al. [228]
studied a hydrogel from g-PGA covalently linked with ethylene
glycol diglycidyl ether, in which TA was added to establish an
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efficient hydrogen bonding network, reaching a robust skin-
integration, anti-UV, and self-recovery hydrogel for wound heal-
ing. As previously presented in section 3.2, TA could also be
modified; in fact, Chen et al. [221] proposed an original hydrogel
fabrication with TA and thioctic acid through a ring-opening
polymerization. Thioctic acid, a small biocompatible molecule,
was first polymerized resulting in a linear polymerwith sulfide tails
and then reacting with the phenolic ring of TA to form a robust
covalent network. Several subsequent cycles of freezing/thawing
induced the formation of a hydrogen bonding network, which led
to a highly adhesive, injectable, and self-healing hydrogel. Galloyl is
a substructure of TA, which could be easily grafted by peptide
coupling using EDC/NHS [229,230], and can also be used as a
crosslinking agent [231].

3.3.3. Nucleobase self-assembly
Recently, the fast propagation of SARS-CoV-2 forced scientists to

find ways to diagnose, evaluate, and localize infected people to take
health measures such as quarantines or confinements. In that aim,
DNA hydrogels [232] found applications in the biosensor field for
detecting the virus using DNA's ability for hybridization [233,234],
resting on the supramolecular pairing of nucleobases. Better known
as Watson-Crick or Hoogsteen interactions, such interactions were
described as hydrogen bonding and p-p stacking networks be-
tween nucleobases: adenine/thymine or cytosine/guanine [235].
Recently, guanine has attracted a lot of attention for its ability to
form stable 3D complexes called G-quadruplexes, formed by the
stacking of several plans composed of four guanines chelated by a
cation [236]. Such interactions are an inspiration to biomaterials
researchers to develop advanced biomedical hydrogels [237] due to
the native biocompatibility of nucleobases and the possibility of
modifying their structures.

Natural polymers crosslinked through nuclear base pairing have
been investigated [238]. An HA-based hydrogel grafted indepen-
dently with guanosine and cytosine [239] formed soft hydrogels
with self-healing properties. This base-pairing effect could be more
efficient and lead to high mechanical properties with the involve-
ment of nucleotide sequences. Liu [240,241] and co-workers
investigated DN systems involving a DNA sequence as a network
itself. This network was composed of DNA linear sequences, so-
called ‘linkers’, and a branched complementary DNA sequence
called a ‘Y-scaffold’. These two sequences interacted by hybridiza-
tion to form a full DNA hydrogel [242,243]. The linkers are
composed of 44 nucleotides, and the Y-scaffold is composed of 40
nucleotides; their association produced a precursor hydrogel at ~4%
w/v in PBS of pure DNA hydrogel. DNA sequences can be added onto
biocompatible polypeptides [244,245], yielding an efficient asso-
ciation with DNA linkers. As described in section 3.2, TA can
covalently link several natural macromolecules. Haeshin Lee and
collaborators [220,246] proved that TA is also capable of cross-
linking DNA sequences [247], leading to a mechanically tough
hydrogel termed TNA hydrogel (TA þ DNA). Here, TA plays the role
of molecular glue by hydrogen bonding with the phosphodiester
linker connecting nucleotides from the salmon DNA sequence.
Additionally, the salmon DNA sequence promotes an efficient base-
pairing interaction using an alternation of guanosine and cytosine
nucleotides, leading to a double non-covalent hydrogel with full
biocompatibility and high adhesive properties. DNA sequences are
interesting biological macromolecules because of their reactivity
with targeted biological cancer cells to inhibit their activity, such as
prostate cancer cells [248], making the delivery of a DNA sequence
a promising goal for biomedical DNA hydrogels. Taking advantage
of the benefit of HA water solubility, Fujita et al. [249] grafted two
short and complementary sequences of nine oligonucleotides into
HA backbones and fabricated a stiff hydrogel exhibiting an elastic
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modulus of 100 Pa. Willner and co-workers [250e252] explored
two supramolecular assemblies: (1) base pairing of oligonucleo-
tides and (2) G-quadruplexes using cellulose. In an initial DC
approach, cellulose was grafted with catechol moieties and an
oligonucleotidewithmainly guanosinemoieties able to promote G-
quadruplex self-assembly (Fig. 7). Adding a strong species acceptor,
bipyridinium dithienylethene, formed the first reversible cross-
linking with oxidized catechol moieties. On the other hand, the
potassium cation triggered the guanosine unit DNA sequences
through self-assembled G-quadruplex interactions. A second
similar DC strategy was also studied using complementary se-
quences of a specific oligonucleotide inducing the formation of base
pairing using about 10 nucleobases connected by hydrogen
bonding. Their results showed the possibility of utilizing parame-
ters such as oxidation or spectroscopy to switch from soft to stiff
hydrogel with self-healing and shape memory features.

4. Natural hydrogels supported by synthetic networks

Synthetized from monomers of low molecular-weight, the
structure and size of synthetic polymers are easily controllable via
classical organic chemistry reactions, which has facilitated
exploring a larger spectrum of mechanical behaviors of hydrogels
prepared from these molecules, with reported soft to tough fea-
tures [253]. Furthermore, improving the characterization of such
materials allows for better controlling their reactivity to design
enhanced systems with, for example, switching ability, drug de-
livery, or self-healing properties. The combination of synthetic
polymers with natural macromolecules constitutes a strategy that
aims at conserving the versatile and increased mechanical prop-
erties enabled by synthetic materials and, at the same time,
permitting biofunctionality (e.g., improved biocompatibility and
biodegradability) achieved from the intrinsic properties of several
natural counterparts.

Combinations of synthetic and natural networks constitute one
of the easiest ways to produce hydrogel devices with high
stretchability and no breaking at high compression (Table 2). For
example, Guo et al. [254] used agarose sol-gel transition properties
associated with a strong covalent PA network to obtain a robust
hydrogel with extremely high stretchability features exhibiting a
maximum strength of 0.85 MPa at 1767%. The obtained hydrogel
also showed switching mechanical properties depending on
agarose self-assembly from random coils into ordered fibers by
cooling/heating cycles switching from a storage modulus of
0e0.4 MPa, respectively. Guo et al. [255] investigated an ionically
linked Alg combined with a covalent PAA hardened using acrylic
linkers, polyethyleneglycoldialdehyde (PEGDA). This hydrogel
exhibited toughness with no breaking even at high strain and under
a compressive stress superior to 40 MPa, combined with a satis-
factory biocompatibility and biodegradability suitable for bone
repair. The strategy that combines the electrostatic behavior of
natural polymers and covalent synthetic networks can be applied
to almost all the other polysaccharides available and capable of
establishing electrostatic interactions [256,257]. For instance,
Zhang et al. [258] used a low molecular-weight CHT electrostati-
cally connected to citrate [259] or sulfate [260] anionic species
associated with poly (N-(2-hydroxyethyl)acrylamide) reinforced by
an organic linker. Synthetic networks could also be used for elec-
trostatic interactions such as PAA, which is negatively charged, used
as a co-network to set up rigid domains with a positive charge. Cao
et al. [261] showed that a PAA/CHT hydrogel could behave differ-
ently when a cationic or anionic specie is used. Here, the strategy
was to play on the ability of both networks to be attracted and
therefore generate rigid domains to sustain up to 2.80 MPa of strain
at 541% elongation or repulsed by the negative PAA charges.



Fig. 7. (a) Synthesis of a triple-trigger stimuli-responsive hydrogel responding to light, redox agents or chemical agents; (b) SEM images corresponding to the cyclic and reversible
interconversion between the high-stiffness hydrogel (state VII) and low-stiffness hydrogels are triggered via three different stimuli: Kþ/CE (state VII / state VIII), UV/vis (state VII
/ state IX) and redox (state VII / state X); (cee) triple-triggered self-healing of the stiff hydrogel in state VII crosslinked by the G-quadruplexes and Dop/DTEc interactions using
(c) chemical triggers, (d) photochemical triggers, and (e) redox triggers. Adapted from Ref. [250] with permission, copyright 2018 ACS.
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Synthetic polymers are also of high interest when conductive
biomaterials are targeted. Generally, conductivity is set up using a
delocalized p-p network such as polyaniline [123], graphene oxide
[262] or other inorganic materials such as carbon nanotubes [263]
or polythiophene [44]. Gan et al. [264] used the ability of poly-
pyrrole to bring conductivity to DN hydrogels involving CHTand PA.
Using a single FeCl3 soaking, CHT and pyrrole monomers were
electrostatically crosslinked and polymerized, respectively, leading
to a tough and conductive hydrogel. Polypyrrole has doped and no-
Table 2
Examples of synthetic/natural hydrogel formulations.

Constituent macromolecule(s) Strategies and main chemical routes

PA/agarose DN photocrosslinking þ thermal rearrangeme

CHT/PAA/PA/halloysite nanotubes Hybrid DN/DC co-radical polymerization þ hy
bonding or electrostatic interactions

CHT/PEGDA DN photopolymerization þ hydrogen bonding
electrostatic interactions

CHT/PAA DN radical polymerization þ hydrogen-bondin
electrostatic interactions

CM-CHT/NIPAm/GO DN radical polymerization þ hydrogen bondin
electrostatic interactions

CHT/PAM/PPy IPN photo and radical polymerization þ hydro
bonding or electrostatic interactions

PAM/silk/SDS micelle DN photo þ thermal polymerization

CNC@TA/PVA borax DN boronate ester bond þ hydrogen bonding
electrostatic interactions

PVA/PAA þ PEGDA/cellulose Multi-network radical polymerization þ hydro
bonding or electrostatic interactions

CHT/PA/PAA/SiO2 Composite DN sol-gel process þ hydrogen bon
electrostatic interactions
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doped states, enabling the loading/releasing of drugs such as
dexamethasone through an electrostatic process. Zhao et al. [265]
used proteins to develop a DN hydrogel from PA, micelles, and silk
fibers in an IPN approach with fast gelation under mild conditions.
With the presence of sodium dodecyl sulfate micelles, strong hy-
drophobic and electrostatic interactions were set up and induced
the sol-gel transition of the silk fibers to form the hydrogel able to
support an elongation strength of 0.44 MPa until 900% deforma-
tion. To solve the adhesion problems of tough hydrogels, Karami
Main properties e applications Ref.

nt Thermal reversibility, high stretchability, high fracture
strain e biochip fabrication, stem cell differentiation,
bone defect repair

[254]

drogen Self-recoverability, high tensile stress, stretchability,
and toughness e load-bearing structural materials

[257]

or High compressive strength, high elongation at break e

wound healing, antibacterial, anti-inflammatory
vascularization-promoting, skin repair

[260]

g or High compressive strength, high elongation at break e

antifreeze sensors, conductive hydrogels, biosensors,
wearable devices

[261]

g or High compressive strength, high elongation at break e

remote actuators, healthcare biosensors, wound repair,
conductive devices, biocompatibility

[262]

gen Tough hydrogel e wound repair, biocompatibility,
conductive devices

[264]

High stretchability, toughness e biocompatibility, low
cytotoxicity

[265]

or High stretchability, self-healing e flexible/wearable
electronic devices, biocompatibility

[267]

gen High strength, self-healing e shape memory device,
antibacterial properties

[268]

ding or High strength e conductive hydrogels, sensors, electric
skin, wearable devices, motion detection

[269]
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et al. [266] worked on a system of three components with the in-
clusion of cellulose nanofibers in an Alg and a dimethacrylate PEG
matrix. Cellulose fibers contributed to reinforcing adhesion by
hydrogen bonding and fiber penetration into the skin.

When more than two components are involved in the fabrica-
tion of hydrogels, DC, DN, and IPN approaches can be combined,
which impacts the viability and increases the complexity or the cost
of such a process. Lin et al. [267] proposed a strategy that combined
many approaches: (1) cellulose nano crystals were used as a main
network covered by TA, so-called TA@CNC, coordinated by silver,
and (2) the latter was mixed with PVA and crosslinked via boronate
ester using sodium borate, leading to a highly stretchable hydrogel
until ~4000% elongation suitable for artificial skin-like bio-
materials. Wang et al. [268] used three systems where quaternized
cellulose/PVA/PAA were put together to form a multifunctional
hydrogel. Quaternized cellulose was responsible for the antibacte-
rial properties; meanwhile, synthetic polymers carried the tough-
ness and self-healing properties. In the same vein, Li et al. [269]
used a combination of neat CHT, PA, and PAA. First, PA and PAAwere
co-polymerized through a sol-gel process at 37 �C, forming the
covalent network. Then, the hydrogel was soaked in iron oxide
solution, inducing the coordination of all the available functions
(amine, carboxylate, hydroxyl) in a large network of ionic and
hydrogen bonding to form a tough hydrogel able to support an
elongation strength of 1.13 MPa. Zhao et al. [270] investigated a
conductive self-healing hydrogel from three biocompatible mate-
rials: PVA/agarose/carboxyethyl CHT (CEC) with silver nanowires
trapped in the matrix for the conductivity. Using the large number
of 1,3-diol functions of the PVA, borax, and glycerine were used to
covalently link PVA diols, whereas agarose and CEC contributed to
the hydrogel cohesion by hydrogen bonding.

5. Critical discussion, future trends and conclusions

The chemical modification of natural polymers and proteins has
enabled the fabrication of a variety of hydrogels for biomedical
applications. In specific, the manufacturing of natural-based
hydrogels with tailorable mechanical properties e namely with
high toughness and the ability to withstand cyclic deformation e

has been challenging, with the adaptation of standard DN, DC or
IPN strategies, with the main concepts and applications primarily
developed for synthetic polymers, to circumvent difficulties asso-
ciated to these processes.

Networks modified to show chemical responsivity to light are
well-explored approaches to confer on-demand crosslinking ability
to natural molecules. Therefore, this approach is a well-established
way to produce biomedical hydrogels, as well as, to prepare pre-
cursors amenable to integrate a plethora of combinatorial strate-
gies, mostly comprising photocrosslinking and non-covalent
network reinforcement. Photopolymerization reactions are rela-
tively fast and mostly easy to apply. Despite the generation of free
radicals during exposure to irradiation, well-controlled reactions
are often compatible with high cell viability, low tissue damage,
and overall clinical requirements. One important impairment
associated with photocrosslinking strategies concerns the effective
penetration of light through biological matter. Indeed, photo-
polymerization processes could be limited when precursor solu-
tions are opaque and tend to absorb the used irradiation at the
relevant photoinitiator absorption wavelength, or when injured
tissues are not at superficial locations amenable to be homoge-
neously and effectively irradiated, which is often the case
for intracorporeal applications. Electrostatically reacted bio-
macromolecules are often associated with methacrylated networks
to reach high mechanical performance. Those have allowed
achieving cohesive hydrogels with use as, for example, pH-
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dependent soft devices. Facing the relative weakness and insta-
bility of such interactions and, importantly, their usual dependency
on conditions that diverge from the physiological range (e.g. the
dependency on acidic pHs to achieve charged amine groups) the
use of dynamic covalent networks based on reversible bonding
through Schiff base and boronic ester may be useful to create
multistimuli-responsive (e.g., to pH, temperature, ionic strength,
glucose) devices capable of being stimulated within cytocompat-
ible conditions [271].

Additionally, the pursuit of a better control of the rate of such
interactions or more complex associations involving DN could lead
to development of materials with higher resistance. Systems based
on irreversible bonds formed after enzymatic and ‘click’ reactions
have been very valuable to enable tough protein-based hydrogels
with high stretchability and biocompatibility. However, the reac-
tivity of enzymes with biological molecules makes the effects of
their combination with cells or other living organisms uncertain.
The adaptation of combined chemical routes to achieve mechani-
cally versatile hydrogels to biorthogonal chemistries, i.e., highly
selective chemical reactions that occur independently from
endogenous cellular groups, may be an interesting manner to avoid
unspecific interactions of crosslinkers with surrounding tissues and
cells [272]. Also, chemical strategies involving the usage of small
molecules widely discussed in this review, often involving PEG
derivatives, used as linkers or crosslink agents may also elicit
toxicity and biological unpredictability issues. In fact, the use of
such small molecules to enhance the mechanical properties of
biomedical hydrogels is still an open debate. There is an idea that
the postelimination of these small molecules avoids any toxicity,
against the counter idea arguing that even traces could affect the
biocompatibility and bring new problems, including antigen-
specific reactivity [273]. Therefore, the development of ‘eco-
friendly’ chemical routes to modify natural components is funda-
mental to enhance all the physical and chemical properties of
biomedical hydrogels. Hydrogels composed of natural components
represent a higher challenge for researchers but also constitute a
way for medical devices production to align with sustainable eco-
nomic and ecological politics.

Several works presented in this review and elsewhere in the
recent scientific literature use the term ‘green chemistry’ to define a
sustainable way to produce chemicals or materials [274] involving
hydrogel manufacturing. The 12 principles of green chemistry, such
as prevention, less hazardous chemical syntheses, atom economy,
and catalysis processes, were created to support the development
of a ‘good sense’ reflexion to reactions and materials fabrication.
Using a full base of natural components for advanced hydrogel
production respects the principles of ‘green chemistry’ in terms of
renewable resources and encourages the cyclic usage of biomass,
highly beneficial to the environment and local economy. From
Tables 1 and 2 of this review, it is possible to distinguish the link
between the used approaches, mechanical properties, and appli-
cations to finally establish the limitations of the currently available
medical hydrogels. Using synthetic polymers in a hydrogel
formulation generally allows for achieving high mechanical prop-
erties (i.e., high elongation and compression features, high per-
centage of recovery), and there is evidence that synthetic polymers
do not obtrude biocompatibility or cell viability. Self-healing ability
has been widely reported for fully natural formulations, where the
mechanical properties are often lower than for synthetic counter-
parts, possibly permitting a better recovery of molecular in-
teractions after structural damage. Furthermore, for a plethora of
proteins and some polysaccharides, biodegradability issues are also
manageable due to higher assimilation by the body. DC approaches,
mainly explored for modified biomacromolecules, enable devel-
opment of multifunctional hydrogels using fewer materials with a



Fig. 8. General schematic outline of the classic and future strategies for hydrogel fabrication.
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lower degree of complexity. It is interesting to discern the ability of
fully natural associations to achieve high mechanical properties,
which are lesser than with synthetic ones but still enable the study
of all the spectra of medical applications.

Considering the plethora of chemical pathways discussed in this
review, it is interesting to highlight which ones are the most
promising regarding the development of TE systems. The usage of
natural linker molecules, such as TA, to harden a system is a com-
mon strategy [275] to avoid synthetic crosslinking agents. Due to its
ability to crosslink proteins and polysaccharides, using either
electrostatic interactions or hydrogen bonding, TA can also be
grafted to a natural polymer backbone by chemical functionaliza-
tion. Strategies involving supramolecular self-assembly constitute
interesting approaches because of the large range of ‘smart’ appli-
cations and the inherent TA adhesive capacity. Hosteguest ap-
proaches seem to be promising in leveraging natural molecules for
precise drug delivery and responsive hydrogels, especially because
the main molecules involved, CDs, already come from natural
sources. The possibility to adjust the diameter of CDs allows envi-
sioning a number of ways to trap functional groups and investigate
new types of interactions between natural compounds. The
switching process triggered by external stimuli such as electro-
chemical variations, light exposure, and so on, constitutes a clean
way to work on the internal variation entropy of the hydrogel and
therefore its stability from soft to tough states. In 2016, Sir J. Fraser
Stoddart, Bernard L. Feringa and Jean-Pierre Sauvage received the
Nobel Prize in Chemistry for their research on ‘molecular machine
straitly’. They showed the possibility to play with the conformation
and space of molecules to switch from one specific shape to another
with a variation of the system entropy. Such a system might be
applied to DN, DC, and IPN hydrogels and more specifically to
stimuli-responsive biomaterials involving natural components.
Currently, such systems are mainly based on synthetic molecules/
polymers, which is why transposing such an approach to natural
polymers and proteins constitutes a high and ambitious challenge
for the coming years.

In summary, classical IPN, DC, and DN can be conceptualized
using a graphic concept close to ‘puzzle pieces’ representing com-
binations of blocks (networks/biomacromolecules), which may be
chemically modified or not (Fig. 8). By convention, blue blocks
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represent modified biomacromolecules (i.e. using a synthesis
pathway) and green blocs correspond to native biomacromolecules
able to react even without chemical modifications (such as the
ability of CHT to stablish ionic interactions or a Schiff base gener-
ated by native free amine). For Blue blocks, modification(s) are
symbolized by an external or internal extension (an extra half-
circle). These blocks can be connected by crosslink agents into a
covalent or non-covalent system. In a future perspective, we believe
that the insertions of more modifications into ‘puzzle pieces’ may
enable more possibilities of interactions for one single block.
Classical concepts could also be joined/mixed with, for example, an
association of IPN and DC forming DN-like structures. Also, multi-
modified biomacromolecules integrated into classical or advanced
strategies may be explored as future targets in which the classical
concepts e IPN, DC or DN e will be used as ‘basic tools’ to create
innovative and high-performing combinations. The development of
new materials (or upgrade the functionalization of existing ones),
new synthesis pathways with higher yields and more efficient
purification technics may allow to develop new and more me-
chanically versatile hydrogels.
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Abbreviations

N double network
DC dual-crosslinked
IPN interpenetrating network
ECM extracellular matrix
CHT chitosan
HA hyaluronic acid
Alg sodium alginate
BSA bovine serum albumin
GelMA methacryloyl gelatin
TA tannic acid
CD cyclodextrin
SF silk fibroin
CMC carboxymethyl chitosan
CNC cellulose nano crystals
EGCG epigallocatechin
PA polyamide
PAA polyacrylic acid
TPP tripolyphosphate
TG transglutaminase
PBS phosphate-buffered saline
PVA polyvinylalcohol
PEG polyethyleneglycol
PEO poly(ethyleneoxyde)
PEGDA polyethyleneglycoldialdehyde
Ada adamantane
EDTA ethylenediaminetetraacetic acid
DTT dithiothreitol
EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
NHS N-hydroxysuccinimide
DMAP 4-dimethylaminopyridine
GO graphite oxide
DDA degree of deacetylation
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