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ABSTRACT: Polysaccharides are carbohydrate polymers that are major compo-
nents of plants, animals, and microorganisms, with unique properties. Biological
hydrogels are polymeric networks that imbibe and retain large amounts of water and
are the major components of living organisms. The mechanical properties of
hydrogels are critical for their functionality and applications. Since synthetic
polymeric double-network (DN) hydrogels possess unique network structures with
high and tunable mechanical properties, many natural functional polysaccharides
have attracted increased attention due to their rich and convenient sources, unique
chemical structure and chain conformation, inherently desirable cytocompatibility,
biodegradability and environmental friendliness, diverse bioactivities, and rheological
properties, which rationally make them prominent constituents in designing various
strong and tough polysaccharide-based DN hydrogels over the past ten years. This
review focuses on the latest developments of polysaccharide-based DN hydrogels to
comprehend the relationship among the polysaccharide properties, inner strengthening mechanisms, and applications. The aim of
this review is to provide an insightful mechanical interpretation of the design strategy of novel polysaccharide-based DN hydrogels
and their applications by introducing the correlation between performance and composition. The mechanical behavior of DN
hydrogels and the roles of varieties of marine, microbial, plant, and animal polysaccharides are emphatically explained.

1. INTRODUCTION
As cross-linked polymer networks are infiltrated with water,
hydrogels form the major parts of animals that possess extreme
mechanical properties.1 These properties include fracture
toughness (tendon of 20−30 kJ/m2, skeletal muscle of
∼2490 J/m2, articular cartilage of 800−1800 J/m2, and heart
valve of ∼1000 J/m2) and tensile strength (tendon of 10−100
MPa and aorta of 0.2−3.7 MPa).1 Hydrogels require high
mechanical properties to be applied in many fields, such as
biomaterials and smart machines.2 Strategies have been
proposed to fabricate hydrogels with high fracture toughness,
strength, resilience, and interfacial toughness as well as fatigue
and interfacial fatigue thresholds. Such hydrogels include DN
hydrogels, nanocomposite gels, topological slide-ring gels, and
dual-cross-link gels. DN hydrogels are considered some of the
toughest hydrogels,2 and a series of polysaccharide-based DN
hydrogels with notable mechanical properties, features, and
applications have been fabricated. For example, a sodium
alginate (SA)/polyacrylamide (PAAm) DN hydrogel with a
fracture toughness of ∼9000 J/m2 and a notch insensitivity
(Figure 1A) has been prepared.3 Moreover, in 1991, binary
polysaccharide hydrogel networks were summarized (Figure
1B).4 The synergistic interaction and gelation of two kinds of
polysaccharides in water, xanthan gum (XG) and konjac
glucomannan (KGM), were investigated in 1995 (Figure
1C,D).5−7 Besides the synergistic enhancement between two
polysaccharides, the polysaccharide-based DN structures in

nature confers the dactyl club shell of Odontodactylus scyllarus
with extreme mechanical properties (Figure 1E), enabling it to
bear a force of 1500 kg·m/s2 and an acceleration of 98 000 m/
s2 at a speed of 23 m/s.8 The shell comprises ∼88 vol%
hydroxyapatite (HAP) phase and 17 wt% organic phase
(probably chitin and protein), where the breakage of the HAP
phase dissipates energy and provides damping. DN hydrogel
has grown into a large family. Many components form DN
hydrogels, such as DNA,9 protein, polysaccharides and their
derivatives, synthetic polymers (e.g., poly(2-acrylamido-2-
methylpropanesulfonic acid) (PAMPS), PAAm, poly(acrylic
acid) (PAAc), polyvinyl alcohol (PVA), and polyethylene
glycol (PEG)), and inorganic materials (e.g., graphene oxide
(GO),10 reduced GO,11 carbon nanotube,12 carbon nano-
fibre,13 Mxene,14 polysilicic network,15 silver nanoparticle,16

and HAP17). Furthermore, the two networks of DN hydrogels
are cross-linked by different cross-linking types,18 including
covalent bonds, dynamic covalent bonds, ionic bonds,
hydrogen bonds, hydrophobic interaction, and host−guest
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interaction. Thus, DN hydrogels are divided into chemically/
chemically cross-linked networks, physically/chemically cross-
linked networks, and physically/physically cross-linked net-
works.19

Polysaccharides are carbohydrate polymers and some of the
major components of plants, animals, and microorganisms with
inherent abundance, renewability, cytocompatibility, generally
low toxicity, and bioactivity.20 As far as the biocompatibility of
polysaccharides is concerned, it should be noted that the
biocompatibility represents various mechanisms of interaction
between materials and tissues or tissue components, which is

considered a property of a system and not of a material.21 To
alleviate the climate crisis, polysaccharides with outstanding
physicochemical properties have been extensively applied as
renewable resources, such as in food chemistry, biomaterials,
cosmetics, and drugs. Meanwhile, polysaccharides can present
various bioactivities such as immune regulatory, anticoagulant,
anti-inflammatory, antitumor, antioxidative, anti-HIV, and
antimutagenic activities.22 Furthermore, the chemical groups
of polysaccharides contribute to functionalization and post-
modification, which provides great perspectives for the
applications of polysaccharides in different fields. Polysacchar-

Figure 1. (A) Schematics for four types of binary hydrogel networks. (B) SA/PAAm DN hydrogel. (C) Synergistic interaction and gelation of the
XG/KGM solution. (D) Molecular model of an XG/KGM solution. (E) Natural polysaccharide-based structure containing the DN strategy in the
dactyl club shell of Odontodactylus scyllarus. (F) Publication number per year, by searching the topics of “double network hydrogel**” between
2003 and 2023 (data based on Web of Science). Paper number of polysaccharide-based DN hydrogel is gathered statistically by searching “double
network hydrogel**” with the following topics separately: “alginate**”, “chitosan**”, “cellulose**”, “hyaluronic acid **”, “agar**”,
“carrageenan**”, “gellan gum**”, “chondroitin sulfate**”, “guar gum**”, “xanthan**”, “pectin**”, “curdlan**”, and “konjac glucomannan**”.
(G) The publication numbers are for some polysaccharides. Panel A is adapted with permission from ref 3. Copyright 2012 Springer Nature. Panel
B is reproduced with permission from ref 4. Copyright 1991 Elsevier. Panel C is adapted with permission from ref 5. Copyright 1995 ACS
Publications. Panel D is reproduced with permission from ref 6. Copyright 2002 ACS Publications. Panel E is adapted with permission from ref 8.
Copyright 2020 Springer Nature.
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ides have been applied as rigid networks for DN hydrogels.
Since Suo et al.3 used the SA to prepare highly stretchable and
tough DN hydrogels in 2012, a large amount of poly-
saccharide-based DN hydrogels have been fabricated and
shown to have attractive properties endowed by the
polysaccharides, such as fast self-recovery, self-healing,
biodegradability, and cytocompatibility. Polysaccharide-based
DN hydrogels are one of the most important topics of DN
hydrogels between 2003 and 2023 (Figure 1F, the publication
situation of the dual polysaccharide network). The ratio of the
number of papers on polysaccharide DN hydrogels to that on
DN hydrogels increased from 51% during 2003−2023 to 58%
during 2021−2023. The last year, this ratio exceeds 60%. The
question of why polysaccharides are selected arises. Here,
intrinsic reasons and inherent abilities explain why poly-
saccharides stand out as one of the most important parts of the
DN hydrogel. The union of polysaccharides and hydrogels
benefitting from the DN strategy greatly expand the
application of polysaccharides.

Some notable reviews have discussed the progress of DN
hydrogels. However, a systematic review of understanding the
association between polysaccharides and DN hydrogels from
the aspect of inner strengthening mechanisms remains lacking.
At the beginning of DN hydrogel research, Gong et al.23,24

summarized the fundamental concepts, classic strengthening
mechanisms, and applications of the DN strategy. In 2015,
Chen et al.25 introduced the preparation methods, cross-
linking types, detailed strengthening mechanisms, and
applications of DN hydrogels. Meanwhile, the potential
applications of DN hydrogels as biomaterials are noticed.26−28

Recently, DN hydrogel reviews have added bioinspired
concepts, properties, classifications, 3D bioprinting, as well as
sensor, energy, and environmental applications of DN
hydrogels.18−20,29 DN hydrogels based on polysaccharides
have been further concluded.20,30 For elucidating the
important role of polysaccharides in DN hydrogels, basic
information on the DN concept (the principles, fabrication
approaches, and strengthening mechanisms) must be involved.
Thus, following on an overview of the DN strategy and the
polysaccharides involved (including the marine polysacchar-
ides of sodium alginate, chitin, chitosan (CHT), agar, agarose
and κ-carrageenan (κ-CG), microbial polysaccharides of gellan
gum (GG), XG and Curdlan, plant polysaccharides of
cellulose, pectin, guar gum, KGM and locust bean gum; and

animal polysaccharides of hyaluronic acid (HA) and
chondroitin sulfate), we comprehensively supplement some
experimental and simulated evidence of the detailed
strengthening mechanisms, several theoretical models about
the behavior of DN hydrogels, the fundamental properties of
applied polysaccharides, and the properties of polysaccharide-
based DN hydrogels (component, cross-linking type, mechan-
ical character, feature, and application) (Scheme 1), thereby
providing a holistic perspective on the development of
polysaccharide-based DN hydrogels. Above all, the advantages
and reasons why polysaccharides are selected for the
preparation of DN hydrogels are critically described and
discussed with illustrations of a variety of examples from recent
literature.

To explain the significant role of polysaccharides in the DN
concept (section 5), this review introduces relevant theories
and experimental evidence about the strengthening mecha-
nisms of DN hydrogels and gathers the latest developments in
polysaccharide-based DN hydrogels. This review demonstrates
(1) the basic fabrication principles of the DN hydrogel
(section 2). Then, we introduce (2) the classic and detailed
strengthening mechanisms and their experimental evidence
(section 3), and (3) the basic information and gelling
properties of the applied polysaccharides (section 4) to discuss
(4) the reasons why polysaccharide-based DN hydrogels are
used (section 5). (5) Several theories describing the behavior
of hydrogels and DN hydrogels (section 3) are also shown for
further in-depth research. (6) Unique features endowed by
polysaccharides and other components (section 6), and (7)
applications (section 7) are discussed to help the future
application of polysaccharides in DN hydrogels. Most
importantly, considering these previous reviews about DN
hydrogels, the current review may help the selection of
polysaccharides (sections 4 and 6), as well as enrich the
introduction of polysaccharides (section 5) and the discussion
of mechanical properties (section 3) for further research on
polysaccharide-based DN hydrogels.

2. FABRICATION
Since some review papers on DN hydrogel have summarized
the preparation procedures,18−20,23−25,29 here, only a brief
introduction is given. Different preparation strategies are used
to deal with different kinds of polysaccharides and monomers
(Figure 2), including one-pot, mixture, dialysis, and 3D

Scheme 1. Illustration of Fabrication, Strengthening Mechanism, Property, and Application of Polysaccharide-Based DN
Hydrogels
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printing. Detailed design principles of DN hydrogels and
fabrication methods of polysaccharide-based DN hydrogels
have been provided in Supporting Discussion 1 in the
Supporting Information. In addition, the classification of DN
hydrogels depending on chemistries has been briefly discussed
in Supporting discussion 2 in the Supporting Information while
highlightable review papers18−20,25,29,30 are suggested for more
information on the classifications and cross-linking types of
DN hydrogels.

3. STRENGTHENING MECHANISM
The strengthening mechanisms of DN hydrogels are gathered
in this section and shown schematically in Figure 3, involving
several subsections regarding the sacrifice bond (section 3.1),
crack resistance (section 3.1), rigid network (section 3.2.1),
inhomogeneity (section 3.2.2), mechanical balance (section
3.2.3), entanglement (section 3.2.4), yield behavior (section
3.2.5), necking (section 3.2.6), and “chain-pulling-out”

mechanism (section 3.2.7), respectively. The synthetic and
polysaccharide-based rigid networks have been shown to have
no essential difference in the strengthening mechanism.31,35−41

These mechanisms enable researchers to have a deeper insight
into the mechanical responses and greatly enrich the
mechanical interpretation, which is significant for developing
new polysaccharide-based DN hydrogels with desirable
properties.
3.1. Classic Strengthening Mechanism. For all DN

hydrogels, the enhanced mechanical properties are interpreted
by two mechanisms.23,24 (1) The rigid network breaks into
fragments with an ∼100 μm width during deformation to
dissipate energy, whereas the flexible network maintains the
integrity (Figure 4A). Observations are made by phase-
contrast microscopy (Figure 4B),42 SANS (Figure 4C),43

polarized optical microscopy (Figure 4D),42 and SAXS (Figure
4E).44 (2) Once a crack forms, the fracture of the rigid
network delocalizes the stress at the crack tip and dissipates the

Figure 2. Fabrication methods of DN hydrogels: (A) the agar/PAAm DN hydrogel through the one-pot method; (B) the CHT/PAAm DN
hydrogels dialyzed in NaOH and NaCl solutions; (C) an injectable CHT-based DN hydrogel fabricated by mixture; (D) 3D printing to fabricate
the κ-CG/PAAm DN hydrogels. Panel A is adapted with permission from ref 31. Copyright 2013 Wiley-VCH. Panel B is adapted with permission
from ref 32. Copyright 2016 Wiley-VCH. Panel C is adapted with permission from ref 33. Copyright 2017 Wiley-VCH. Panel D is adapted with
permission from ref 34. Copyright 2017 ACS Publications.
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energy to retard the crack propagation (Figure 4F),23,24,45 as
verified by phase-contrast microscopy (Figure 4G),42 AFM
(Figure 4H),46 and color 3D violet laser scanning microscopy
(Figure 4I).47 The strengthening mechanisms are important to
design a DN hydrogel with high mechanical properties.3

3.2. Detailed Strengthening Mechanism. The main
strengthening mechanisms have been discussed in the above
description. Many other factors also influence the mechanical
properties of the DN hydrogels. Therefore, this section further
details the strengthening mechanisms.
3.2.1. Rigid Network. The rigid network greatly influences

the mechanical properties of the DN hydrogel.48 First, in the
prenecking region, the rigid network dominates the initial
mechanical response and the yield stress,49,50 where the stress
contribution from the highly cross-linked network is estimated
to be ∼10 times larger than that of the flexible network at small
strain.51 Meanwhile, the outstanding toughness of the DN
hydrogel primarily originates from the fracture of the rigid
network upon deformation because the formation of broken
zones of the rigid network allows overlay damages before
macroscopic rupture.25 In addition, the rigid network is
important for the Young’s modulus because a tense network is
hardly deformable at a low strain.52 Furthermore, the
toughness of the DN hydrogel, quantified by the Lake−

Thomas theory, is proportional to the rigid network toughness
within the experiment scope because most dissipated energy is
attributed to the broken rigid network.53 More excellent
toughness of the rigid network leads to more dissipated energy
of the DN hydrogel.53

The fracture of the DN hydrogel can be calculated. The
fracture strength of hydrogels and elastomers can be
represented by threshold tearing energy (T0) that is the
energy needed to break molecular chains per unit area at the
fracture cross-section.55 T0 is measured experimentally using
cut-growth tests, and the typical values are 10−100 J/m2 for
elastomers and 0.1−1 J/m2 for hydrogels. An equation is
proposed to estimate T0 for elastomers:

=T LNE
1
20 0 (1)

where ν0 is the overall chain density, L̅ is the average
displacement length related to the end-to-end distance of the
chains, N is the number of segments between two cross-link
points, and E is the energy stored in each segment. Therefore,

L1
2 0 is the number density of the chains at the fracture cross-
section, and NE is the total elastic potential energy stored

Figure 3. Schematics of classic and detailed strengthening mechanisms, including the sacrifice bond, crack resistance, rigid network, inhomogeneity,
mechanical balance, entanglement, yield behavior, necking, and “chain-pulling-out” mechanism.
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during the stretch as an indirect evaluation of the energy
required for chain scission.

Lake−Thomas theory is successful due to its simplicity,
while limits are introduced. Recently, research has focused on
the effect of network topological defects on the fracture
properties of the polymer networks (Figure 5) and has
expanded the Lake−Thomas theory as follows:54

= [

+ + ]

T Ax Bx L E

x Cx L E
2

(1 ) ( )

( ) ( )

0
0

loop dangling linear linear
max

loop dangling chain chain
max

(2)

where xloop and xdangling are the fractions of primary loop
strands and dangling-end strands, respectively; ν0, L̅, and
E(λmax) are the corresponding chain density, displacement
length, and total bond energy stored within the strand at the
strain (λmax) where fracture initiates. Furthermore, the chain
that directly attaches onto the effectively dangling strands is
called the α-chain.

Compared with the Lake−Thomas theory, some modifica-
tions on the theoretical basis are considered as follows:

(1) Different types of defective strands of the network are
considered, such as loops, bridges, and dangling ends (Figure
5), meaning that

Figure 4. (A) Schematic illustration demonstrates the structure of DN hydrogel under stress observed by (B) phase contrast microscopy, (C) small
angle neutron scattering (SANS), (D) polarized optical microscopy, and (E) small-angle X-ray scattering (SAXS). (F) Sketch showing the DN
structure around the crack tip studied by (G) phase contrast microscopy, (H) atomic force microscopy (AFM), and (I) color 3D violet laser
scanning microscopy. Panel A is adapted with permission from ref 24. Copyright 2010 Royal Society of Chemistry. Panels B, D, F, and G are
adapted with permission from ref 42. Copyright 2011 ACS Publications. Panel C is adapted with permission from ref 43. Copyright 2007 Elsevier.
Panel E is reproduced with permission from ref 44. Copyright 2020 ACS Publications. Panel H is reproduced with permission from ref 46.
Copyright 2008 Wiley-VCH. Panel I is adapted with permission from ref 47. Copyright 2009 ACS Publications.
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=A B C( , , ) (4,3,1)

for the trifunctional networks

=A B C( , , ) (3,1,0)

for the tetrafunctional networks
(2) Instead of using a predetermined bond-dissociation

energy per segment parameter, a force−extension model is
involved to determine Echain to estimate the total dissipated
energy:

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjjj

y
{
zzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
= + +E

k T
N

N
Eln

sinh
1
2

(ln )chain

B b
b b

2

(3)

where β is the inverse Langevin function, λb is the extension of
each Kuhn segment and assumed to be λb = 1.4, Eb is segment
stiffness calculated from density functional theory, and a value
Eb = 1200kBT for several flexible polymers is used. Energy
stored per segment and per bond can be further calculated.

(3) The stretched network strand around the crack stores
the total energy instead of simply the superposition of bond-
dissociation energy per segment:

= =L L Llinear chain interface (4)

Linterface is expected to scale with N1/2 for two idealized
networks with a very low and a very high xloop, respectively.

(4) As shown in Figure 5, the Flory−Stockmayer theory of
gelation is introduced as a criterion to determine the
occurrence of fracture instead of assuming that the macro-
scopical rupture occurs when all chains at the crack cross-
section have been broken:

* =
+ +

=q
x

x x
q

f
1

1
chain

linear chain (5)

where q is the fraction of load-bearing strands that has not
been ruptured, and q* is the fraction of the α-chain strands.
This finding means that when q < 1/( f − 1), the network
ruptures. The requirement of the fracture criteria is relaxed
using the Flory−Stockmayer gel point to provide a zeroth-
order estimate. Given that the α-chain is two times longer than
the linear chain, two situations are deduced: (1) if q* is smaller
than the Flory−Stockmayer gel point, the rupture of linear
strands dominates the crack propagation; and (2) if q* is
larger, fracture occurs after all strands have ruptured.

3.2.2. Inhomogeneity. Inhomogeneity is important for the
specific toughening mechanism of DN hydrogels (Figure
6A).56 First, submicrometer-scale voids of the PAMPS
networks in DN hydrogels have been observed by DLS57

and SAXS44 (Figure 6B,C). Meanwhile, inhomogeneity is one
of the intrinsic properties of hydrogels synthesized from radical
polymerization.57 Voids form and become much larger than
the mesh size of the microgel if the growth rate of the polymer
cluster is much higher than the relaxation rate.58−60 The arisen
inhomogeneity of the synthetic networks is also supported by
the MD simulation results (Figure 6D).52 Furthermore, the
polysaccharide-based rigid network has inhomogeneity. Re-
cently, the MD simulation on a κ-CG-based DN hydrogel also
revealed the inhomogeneity of the rigid κ-CG network (Figure
6E).35 As shown in Figure 6F, the simulation on an agarose/
PAAm DN hydrogel shows an inhomogeneous agarose
network, where the PAAm network has close and dominant
contacts with agarose molecules via hydrogen bonds.61

The mechanical properties of the PAMPS/PAAm DN
hydrogel could be brittle, ductile (necking), and paste-like at
different inhomogeneity levels of the PAMPS network.62 At an
appropriate inhomogeneity, the DN hydrogel performs
necking and exhibits high mechanical properties. Spherical
voids are further introduced into the PAMPS network to
promote the degree of inhomogeneity (Figure 6G).63 Stress
concentration occurs around defects (holes) during deforma-
tion, leading to an increased amount of fracture in the rigid
network and enhanced toughness. To further explore the role
of inhomogeneity in the strengthening mechanism, a kind of
DN hydrogel with a nearly homogeneous and well-defined
rigid network is designed.56 As shown in Figure 6H, the TPEG
network is established as a homogeneous rigid network.
Inhomogeneity is found to be not essential but important for
the strengthening mechanism. Inhomogeneity decreases the
critical stress for the hierarchical-structure failure.
3.2.3. Mechanical Balance. The DN hydrogel becomes

tougher when the strand density of the flexible network is
much more than that of the rigid network.64 As shown in
Figure 7A, the model indicates that the effective polymer chain
density ratio of the two networks, νe,2/νe,1 = κ, should be larger
than 3.8−9.5 (equivalently expressed as the fracture stress
ratio, σf,2/σf,1 = κ2/3, of 2.5−4.5).25,64 These physical quantities
are expressed as the following equations:

Figure 5. Expanded Lake-Thomas theory involving network topological defects. Adapted with permission from ref 54. Copyright 2020 ACS
Publications.
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where νe,1
s and νe,2

s are the polymer strands number density of
the isolated first and second networks, respectively; νe,1 and νe,2
are those of the hybrid network, respectively; V0 and V are the
volume of the as-prepared and equilibrium swollen gels,
respectively; σf and f are the fracture stress of the

corresponding network and the fracture force of the single
polymer strand, respectively; E0 is the Young’s modulus of the
as-prepared gel, R is the gas constant, and T is the temperature.

Simulation results also offer the following insights:49,52 (1)
DN hydrogel suffers from early fracture if the concentration of
the flexible network is lower than that of the rigid network.
The DN hydrogel gradually exhibits tough mechanical
properties when the concentrations of the first and second
networks decrease and increase, respectively. (2) When Mc is
small, the bond rupture of the flexible network prematurely
occurs at a low strain, leading to the macroscopic fracture. The
flexible network with increased Mc leads to a higher fracture
strength of the DN hydrogel because the flexible network

Figure 6. (A) Inhomogeneity of the rigid network was observed by (B) dynamic light scattering (DLS) and (C) SAXS. The inhomogeneity was
simulated by (D, E) the MD simulations and (F) a multiscale simulation platform. The introduction of (G) spherical defects and (H) a well-
defined tetra-PEG (TPEG) rigid network for the investigation of inhomogeneity. Panel A is reproduced with permission from ref 44. Copyright
2020 ACS Publications. Panel B is adapted with permission from ref 57. Copyright 2004 ACS Publications. Panel C is reproduced with permission
from ref 44. Copyright 2020 ACS Publications. Panel D is reproduced with permission from ref 52. Copyright 2018 ACS Publications. Panel E is
adapted with permission from ref 35. Copyright 2023 ACS Publications. Panel F is reproduced with permission under a Creative Commons
Attribution 4.0 International License from ref 61. Copyright 2021 Springer Nature. Panel G is reproduced with permission from ref 63. Copyright
2011 ACS Publications. Panel H is reproduced with permission from ref 56. Copyright 2013 ACS Publications.

Biomacromolecules pubs.acs.org/Biomac Review

https://doi.org/10.1021/acs.biomac.3c00765
Biomacromolecules XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.biomac.3c00765?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00765?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00765?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00765?fig=fig6&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


remains at a high strain. (3) Desirable mechanical performance
could be adjusted by controlling the Mc of the SN network.
3.2.4. Entanglement. The molecular entanglement between

the two networks is important in the design of tough DN
hydrogels. The entanglement between PAMPS and PAAm is
strong only at a high PAAm concentration; thus, the
mechanical strength is enhanced.67 SANS is further applied
to reveal the contributions of thermodynamic interaction and
the molecular association between the constituents of the DN
hydrogel (Figure 7B,C).43,65 This finding confirms that
favorable interactions exist between the two networks and
further offer an energy-dissipation mechanism. Moreover,
weight-average molecular weight (Mw) affects the entangle-
ment. A study on a DN hydrogel comprising a covalently cross-
linked PAMPS network and linear PAAm chains without a
cross-linker68 has shown that the Mw of PAAm is one of the
most dominant parameters to significantly the enhancement of
a DN hydrogel with a critical value of Mw = 106.

Entanglement can be enhanced by covalent cross-linking and
physical interaction. First, the residual vinyls of the synthetic
rigid network are grafted by the monomers of the flexible
network (Figure 7D).66 Accordingly, the research has explored
the effect of grafting between the two networks and found that
the DN hydrogel with the grafting effect has a higher
mechanical strength than the DN hydrogel formed by two
isolated networks.69 Meanwhile, MD simulation shows that the
covalent internetwork cross-linking helps the delocalization of
stress, resulting in enhancement.52 During deformation,
entanglement enhances elongation of the rigid network,
leading to bond breaking. Additionally, a simulation on the
polysaccharide-based agarose/PAAm DN hydrogel indicates
that the PAAm chains have close and dominant contacts via
hydrogen bonds with the agarose bundles.61 The external
stress is transferred gradually from the agarose network to the

PAAm network due to the extensive entanglements with
increased strain. Therefore, by introducing the covalent and
physical interactions between the two networks, the improved
entanglement enhances polysaccharides-based DN hydrogels
(e.g., covalent bond,3 ionic bond,70 and hydrogen bond71).
3.2.5. Mechanism of Yield Behavior. The yield point of the

DN hydrogel shows an obvious transformation of the
mechanical character, which is regarded as the rigid network’s
internal vast fracture point. By using the TPEG hydrogel as a
well-defined and homogeneous rigid network, the yielding
behavior of the TPEG/PAAm gel is exposed as follows:48 (1)
the yield point is dominated only by the strain along the
stretch direction, irrelevant to other directions; (2) the yield
point appears when TPEG chains are stretched to the
theoretical maximum molecular-chain length, involving the
bond angle/length change most probably (Figure 8A); (3) the
yield stress depends on the area density of the TPEG chains;
and (4) the flexible network has negligible influence on the
yield point.

A hypothesis is further proposed that the rigid network
splinters into fragments at the yield point.48 As shown in
Figure 8B, research on a PAMPS/PAAm DN hydrogel72

exposes the inner fracture process of the rigid network during
deformation: (1) the PAMPS network comprises microgels to
form a hierarchical and inhomogeneous structure bonded by
elastically effective chains that bear the external stress under
slight deformation; (2) the elastically effective chains along the
stretch direction have started to break at 40% strain in order of
length far before the yield point at 200% strain while the
PAMPS network remains; (3) around the yield point, most
elastically effective chains (90% ratio) have fractured and the
network still maintains a certain degree of integrity; (4) after
the yield point, the bulk continuous PAMPS network starts to
break into discontinuous and anisotropic fragments; and (5) in

Figure 7. (A) Mechanical balance between the two networks was interpreted by a two-springs model. (B−D) Entanglement in the DN hydrogel:
(B) the thermodynamic interaction and (C) molecular association between the two networks revealed by SANS; and (D) the synthetic rigid
network grafted by the flexible network. Panel A is reproduced with permission from ref 64. Copyright 2014 Elsevier. Panel B is reproduced with
permission from ref 65. Copyright 2008 ACS Publications. Panel C is reproduced with permission from ref 43. Copyright 2007 Elsevier. Panel D is
reproduced with permission from ref 66. Copyright 2009 ACS Publications.

Biomacromolecules pubs.acs.org/Biomac Review

https://doi.org/10.1021/acs.biomac.3c00765
Biomacromolecules XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.biomac.3c00765?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00765?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00765?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00765?fig=fig7&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the hardening region, the anisotropic fragments further splinter
into smaller isotropic clusters.

The investigation on a PAMPS/PAAm DN hydrogel reveals
the contributions of both networks to the tensile stress−strain
curves (Figure 8B).50 Before the yield point, the mechanical
characters are primarily governed by the rigid PAMPS network
and depend weakly on the flexible PAAm network. After the
yield point, the mechanical properties are determined by both
networks. Furthermore, an empirical guiding principle is
proposed for highly tough DN hydrogels:

T U Chys,f f 1st (9)

where T is the tearing energy, Uhys,f is the dissipated energy
density at the fracture point, εf is the fracture strain, and C1st is
the concentration of the rigid network. This is also supported
by a MD simulation.49

3.2.6. Principle of Necking. Necking appears visually when
the rigid network fractures as a yielding phenomenon.48

Necking represents the stacked damage of the rigid network.73

A DN hydrogel with necking dissipates a large amount of

Figure 8. (A) Schematic illustrations for the fracture process of the TPEG chains during deformation. (B) Fracture process of the PAMPS network
at the prenecking region of a PAMPS/PAAm DN hydrogel was observed by observing the tensile hysteresis loops, elastic moduli, and dissipated
energies. (C) Schematic illustration of the fracturing process governed by the relative strength of the rigid and flexible networks, reflecting the yield
behavior and necking. Panel A is reproduced with permission from ref 48. Copyright 2016 ACS Publications. Panel B is adapted with permission
from ref 72. Copyright 2013 Royal Society of Chemistry. Panel C is reproduced with permission from ref 44. Copyright 2020 ACS Publications.
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energy, leading to enhanced toughness. Necking is determined
by the rigidity and inhomogeneity of the sacrifice network as
well as the molecular entanglement and mechanical balance
between the two networks.

A study showed that necking requires a brittle rigid network.
The extent of molecular entanglement between the two
networks is also an important factor for neck propagation.74

Moreover, necking is related to the inhomogeneity of the rigid
network. Distinct necking phenomena are exhibited on
PAMPS/PAAm DN hydrogels, where the inhomogeneity of
the PAMPS network is adjusted by adding a poor solvent
during synthesis.62 Furthermore, the fracturing process of
necking can be determined by the mechanical balance between
the two networks (Figure 8C).44 The initiation and percolation
of the fracture near the voids along the direction vertical to the
stretching is described as necking, derived from a significant
mechanical difference between the two networks. Moreover,

the fracture is dispersedly distributed rather than necked if the
two networks possess relatively fewer mechanical differences.

A mathematical model is proposed to analyze the necking
behavior and energy dissipation, in other words, the
pseudoelasticity and damage evolution of the DN hydrogel.75

Constitutive relations are established by incorporating two
internal variables η and Jm in the free-energy function to
describe the damage process. η is the stiffness ratio between
the damaged phase and the virgin phase. Jm is the tensile
threshold of the damaged phase. The free-energy function
(Eqn. 10) and the damage evolution (Eqns. 11 and 12) form a
complete model for the nonlinear behavior of the DN
hydrogel. They are as follows:

i
k
jjjjj

y
{
zzzzz=W J J

J

J
( , , , , )

2
ln 11 2 3 m m

1

m (10)

Figure 9. Structural formulas of some polysaccharides, including alginate, hyaluronic acid, cellulose, chitosan (m > n), agarose, κ-carrageenan,
gellan gum, Curdlan, xanthan gum, konjac glucomannan, and pectin.
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where λ1, λ2, and λ3 are the strain and λ1λ2λ3 = 1; J1 = λ1
2 + λ2

2 +
λ3
2 − 3 is the deformation gradient; W(λ1,λ2,λ3,η,Jm) is

Helmholtz free energy per unit volume of a DN hydrogel; μ
is the modulus of the virgin phase; λ0 is approximately the
most probably fracture stretch; d is a parameter controlling the
width of the probability distribution; and η0 is a dimensionless
parameter for normalization. This model is used for the
homogeneous uniaxial and biaxial tensions of a DN hydrogel.
The energy dissipations of the homogeneous and neck
deformations are further calculated. This model also shows
that energy dissipation is the key to the high toughness of the
DN hydrogel, which is ready for further association with field
theories to describe the DN hydrogel under complex
deformations.
3.2.7. “Chain-Pulling-Out” Fracture Mechanism. Research

indicates that shorter polysaccharide chains of polysaccharide-
based DN hydrogels are first pulled out from junction zones
during deformation, which is the “chain-pulling-out” fracture
mechanism.38,76,77 A simulation supports this mechanism.61 At
a certain strain, fracture occurs in the agarose network through
the chain pulling-out mechanism, where agarose bundles are
separated by unzipping interfacial interactions with the partial
disruption of helical conformations, resulting in energy
dissipation. Rigid agarose molecules are pulled out, leading
to the rupture of hydrogen bonds, chain entanglement, and
water association. Meanwhile, the conformations of PAAm
chains range from entangled coils to stretched chains.

The classic DN strategy needs the destruction of the
chemically cross-linked rigid network, which results in a
decrease in the mechanical characteristics of the DN hydrogel
after the first deformation. However, for the physically cross-
linked polysaccharide network, shorter polysaccharide chains
pull apart junction zones. Meanwhile, the polysaccharide
network is preserved and has a decreased cross-linking strand
density, which allows the stack of the network damages to
show a velocity-dependent fracture behavior and tough-
ness.76,77 As the strain increases, polysaccharide chains
maintain integrity along with the sacrifice of hydrogen
bonds, water associations, and chain entanglements.61

Benefitted from the “chain-pulling-out” fracture mechanism,
the chains of physically cross-linked polysaccharide networks
can maintain integrity during the deformation to offer
reparable rigid networks and repeatable energy dissipations
compared with the synthetic networks.31,32,34 As a result, the
DN hydrogels with such polysaccharide networks will present a
self-recovery ability.
3.2.8. Challenges and Outlook. The field of strengthening

mechanisms has witnessed important progress in explaining
the mechanical properties of DN hydrogels. However,
challenges need to still be overcome to guide the design of
polysaccharide-based DN hydrogels. The yield point of a
polysaccharide-based DN hydrogel is generally explained by
the “chain-pulling-out” fracture mechanism. However, many
polysaccharide-based DN hydrogels exhibit unsharp yield
points, low-yielding stress and strain, and no flat necking
platform,76 which is hard to be interpreted through existing
strengthening mechanisms39 and requires further investigation.
Meanwhile, the mechanical behavior of fully physical cross-

linked DN hydrogels needs further research to guide the
fabrication of next-generation DN hydrogels. Additionally,
mathematic and simulated models for understanding the
associations among various factors (e.g., mechanical property,
composition, network structure, and cross-linking type) are still
lacking. Finally, the reason why a concentration as low as 1% of
some polysaccharides significantly enhances the mechanical
strength of the DN hydrogel remains unclear. The deformation
process of the polysaccharide-based DN hydrogel is still in its
infancy, such as the structural transformation of the rigid
polysaccharide network, dissociation of physical interactions,
and dissipated energy.

4. PROPERTIES OF POLYSACCHARIDES USED IN DN
HYDROGEL

To answer the question of why we chose polysaccharides to
prepare DN hydrogels, the basic properties of commonly used
polysaccharides for DN hydrogels are essential. Polysacchar-
ides including SA, HA, cellulose, CHT, agar, GG, κ-CG, XG,
Curdlan, pectin, CS, guar gum, KGM, and locust bean gum,
are used, whose chemical structures are shown in Figure 9.

Polysaccharides from plants and algae show very large
differences in physical and chemical properties from batch to
batch, which vary with the botanic source, growth condition,
maturity at harvest, and extraction method.78,79 Exopolysac-
charides (e.g., XG, GG, and Curdlan) are produced from the
fermentation of a well-defined medium by a pure bacterial
culture that is strict in the process parameters, such as pH,
temperature, aeration, and agitation. Meanwhile, the products
are extracted from fluid broths, rather than tissues. Thus,
exopolysaccharides are expected to show far less variability of
physical and chemical properties.80,81

Highlightable polysaccharide-based DN hydrogels are
selected and displayed in Table 1, including the kinds and
cross-linking ways of the applied polysaccharides and synthetic
polymers, the representative mechanical properties selected by
the author, the unique features, and the applications. If two
polysaccharide networks exist in interaction with each other,
they are mentioned as X and Y. The superscripts of
polysaccharides and synthetic polymers are the cross-linking
approaches. Compared with self-recovery, only fast recovery is
considered because all DN hydrogels possess a certain extent
of self-recovery. Cytocompatibility means that in vitro
experiments are performed and show no obvious cytotoxicity.
When explicit and precise mechanical properties are not given
in the corresponding research, data are obtained from the
reported stress−strain curves and prefixed with symbol “∼”.
The number of significant digits is consistent with that in the
corresponding research.
4.1. Alginate. Alginate (SA), existing in brown seaweed, is

a linear anionic block copolymer of β-1,4-linked D-mannuronic
acid (M) and α-1,4-linked L-guluronic acid (G) residues.124,125

The gelling of SA is determined by the coordination number of
cations and is weakly influenced by the temperature, pH, and
hydrophobic interaction.126 The formation of a SA hydrogel
exposed to cations originates from the electrostatic shielding
and ionic bond, which is explained by the “egg-box” model.124

Meanwhile, the mechanical properties of ion-induced SA
hydrogel are proportional to Mw and the amount of guluronic
acid.127 The type of multivalent cation also influences the
mechanical properties of the SA hydrogel. The binding
mechanism differs with the type of cation. For example, Ca2+
can bind only to the G- and MG-blocks, Ba to G- and M-
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blocks, and Sr to G-blocks only.124 By contrast, the binding of
trivalent cations is tougher than divalent cations, where
trivalent cations interact with three carboxyl groups to form
a more compact network.37 Some trivalent cations show more
effective improvement in the strengths of SA-based DN
hydrogels than divalent cations, such as Al3+, Eu3+, and
Tb3+.37,82 In addition, SA hydrogels can be formed through
external gelation (dialysis to introduce cations) and internal
gelation (e.g., using CaCO3 and CaSO4). SA hydrogels can
also be obtained via hydrogen bonds by decreasing the pH to a
value below the disassociation constant (pKa, 3.38 and 3.65 for
M and G residues, respectively).124 Moreover, the affinity
between divalent ions and SA follows the order Pb2+ > Cu2+ >
Cd2+ > Ba2+ > Sr2+ > Ca2+ > Co2+, Ni2+, Zn2+ > Mn2+ > Mg2+,
Hg2+. The hydrogel stability decreases in the following order:
Ba2+ > Cd2+ > Cu2+ > Sr2+ > Ni2+ > Ca2+ > Zn2+ > Co2+ >
Mn2+ > Mg2+.

In addition, alginate is considered nonimmunogenic, and
biodegradable, which has been widely applied in different
fields, such as biomaterials, ionic absorbents, and food
applications.80,128 Alginate possesses abundant free hydroxyl
and carboxyl groups on the backbone, which can be chemically
functionalized (e.g., oxidation, sulfation, esterification, amida-
tion, or grafting methods) to modify its physical, chemical, and
biological properties.128,129

4.2. Hyaluronic Acid. HA, also called hyaluronan,
comprises a linear anionic backbone of repeating disaccharide
units of D-glucuronic acid and N-acetyl-D-glucosamine linked
through β-(1,4) and β-(1,3) glycosidic junctions.130 Up to
now, HA hydrogels are mainly formed by chemical cross-links.
Besides, it is proved that HA hydrogels can be formed through
physical interactions during the freeze/thaw process.130

Furthermore, HA is the major component of the extracellular
matrix (ECM) of skin, cartilage, and vitreous humor expressed
in almost all bodily tissues and fluids with different
concentrations and molecular weights, reflecting its biological
importance and potential for clinical use.131 This biopolymer
has unique properties, such as biodegradability, nonimmuno-
genicity, noninflammatory, and viscoelastic characteristics.80 It
offers abundant mechanical and biological signals to
surroundings via cell surface receptors, which will affect cell
adhesion, migration, and downstream cell signaling.131 More-
over, HA is accessible to chemical modifications via hydroxyl,
carboxyl, and amide groups, which greatly expands its
application in many fields.
4.3. Cellulose. Cellulose is a linear homopolymer of β-1,4-

linked D-glucose with degrees of polymerization from 100 to
20 000.132 Cellulose cannot dissolve in water and common
organic solvents because the molecular chains (usually 36) are
arranged closely and orderly via hydrogen bonds, which is
called cellulose microfibril with high crystallinity.126 Therefore,
ionic liquids are developed to dissolve cellulose, such as 1-
butyl-3-methylimidazolium chloride and 1-N-butyl-3-methyl-
imidazolium chloride.132 Meanwhile, a mixture of N-methyl-
morpholine-N-oxide and water can dissolve cellulose. Cellulose
dissolved in ionic liquids or N-methylmorpholine-N-oxide/
water can be used for the fabrication of cellulose hydrogels by
exposure of the precursor solutions to water. Cellulose can also
be dissolved in customized aqueous solutions, such as NaOH/
urea and NaOH/thiourea solutions, where cellulose hydrogels
have been prepared by changing the temperature of these
solutions.132 Furthermore, some cellulose derivatives present
the gelling property, e.g., methyl cellulose, hydroxypropyl

cellulose, and hydroxypropylmethyl cellulose, whose gelation is
mainly attributed to the hydrophobic interaction.

Cellulose is the most abundant structural polysaccharide of
plants and a renewable polymeric raw material existing
extensively on earth.80 Crystalline cellulose is divided into
different types, such as I, II, III, and IV. Cellulose I is the
natural cellulose with two polymorphs (triclinic and mono-
clinic structures) from plants, tunicates, algae, and bacteria.
Cellulose has outstanding mechanical properties, such as a high
elastic modulus (130−150 GPa), a high specific surface area
(up to several hundreds of m2/g), and low density (1.6 g/
cm3).133 Moreover, the increasing requirements for environ-
mental friendliness and biodegradability have led to numerous
studies on cellulose-based materials and applications. Cellulose
with abundant hydroxyl groups is suitable for modification to
obtain the desired structures and properties.132 Cellulose
generates important commercial products, such as cellulose
ethers/esters and micro/nanosized cellulose products. In
addition, cellulose particles attract considerable attention,
such as wood and plant fibers, nanofibrilated cellulose,
cellulose nanocrystal, algae cellulose particle, and bacterial
cellulose (BC) particle.133

Compared with cellulose, BC is a kind of cellulose
synthesized by bacteria, such as Rhizobium, Agrobacterium,
Pseudomonas, and Salmonella.134 The structure and property of
BC vary with cultivation techniques, such as static culture and
agitated culture. The typical degree of polymerization for BC
ranges between 2000 and 6000.134 BC contains twisted ribbon-
shaped fibrils with a width of 50−100 nm and a thickness of
3−8 nm. Meanwhile, the BC sheet can possess a high Young’s
modulus (15 GPa) and form a hydrogel simply treated with
water because of the high porosity and water-holding capacity.
In addition, BC presents the anisotropic layered structure
originating from the static culture formed by the stacking of
fibrils at the liquid−gas interface.134 Therefore, BC hydrogels
can be fabricated in situ during production.132 The as-
biosynthesised BC hydrogel contains only about 10% free
water of the total 99 wt% water, whereas the other water
molecules are tightly bound to the cellulose.132

4.4. Chitin and Chitosan. Chitin contains a linear
backbone comprising β-1,4-linked N-acetylglucosamine.135,136

Chitin is structurally similar to cellulose, which is the major
component of the cytoderm of fungi and the cuticula of
insects, crustaceans, and radulae of mollusks. Chitin is
classified into α-type (a structure of antiparallel chains), β-
type (parallel chains and intrasheet hydrogen bond), and γ-
type (the combination of α-type and β-type). Moreover, except
for hexafluoroisopropanol, hexafluoroacetone sesquihydrate,
some chloroalcohols, and concentrated acids, chitin is
insoluble in most solvents because of the high crystallinity
and strong hydrogen bond.135 In addition, chitin hydrogels can
be formed by increasing the concentration in specific solutions
(e.g., solvents of N,N-dimethylacetamide/LiCl, NaOH/urea,
CaCl2/methanol, and ionic liquid) and dialysing the solutions
in poor solvents (e.g., water, ethanol, and H2SO4/Na2SO4).

137

For more information on the solvents for chitin, refer to
Shamshina et al.135 Chitin-based hydrogels are promising as
biomaterials due to their inherent properties of cytocompat-
ibility, biodegradability, safety, and nontoxicity.80

CHT is a polycationic copolymer formed by the N-
deacetylation of chitin and comprises glucosamine and N-
acetylglucosamine units.138 It is widely exploited on account of
its cytocompatibility, antibacterial and hemostatic activities,

Biomacromolecules pubs.acs.org/Biomac Review

https://doi.org/10.1021/acs.biomac.3c00765
Biomacromolecules XXXX, XXX, XXX−XXX

O

pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


biodegradability, and muco-adhesiveness.80,138,139 Further-
more, CHT dissolves in an acidic solution (such as acetic
acid) and is insoluble under neutral and alkaline conditions.
CHT is soluble at a pH lower than ∼6.3 and in ferric solutions
through coordination interaction among ferric ions, hydroxyl
groups, and amino groups.138 CHT hydrogels can be fabricated
by treating the CHT solution with the aqueous solutions of
NaOH, NaOH/Na2CO3, sodium citrate, tripolyphosphate, and
β-glycerophosphate.137 In addition, CHT hydrogels can also be
prepared by the ionotropic gelation of an aqueous solution
containing CHT/EDTA/urea or CHT/citric acid/urea under
heating. Furthermore, the addition of yeast cells to the CS
network can enhance the CS/yeast hybrid hydrogels.140

4.5. Agarose. Agarose is a linear polysaccharide comprising
β-1,3-linked D-galactose and α-1,4-linked 3,6-anhydro-αL-
galactose residues.141 Agar, usually extracted from marine red
algae, comprises agaropectin and agarose that is the major part
of agar.126 Agarose and its derivatives are widely used as
biomaterials for different applications such as neurogenesis,
angiogenesis, cartilage and bone regeneration, and wound
healing. Agarose can be dissolved in water, dimethyl
sulphoxide, dimethylformamide, formamide, N-methylforma-
mide, and 1-butyl-3-methylimidazolium chloride. In addition,
agarose forms an aqueous solution above 80 ∼ 90 °C and
undergoes a thermoreversible sol−gel transition cooled below
30 ∼ 40 °C, where the temperature is determined by the
molecular weight, concentration, and number of side
groups.141 Agarose molecules are primarily random coils in
the sol state above the melting point. The gelation is primarily
attributed to the transition of coil-helix conformation and the
aggregation of single helices induced by hydrogen bonds and
electrostatic interaction.141 Besides the thermal gelling
property, agarose presents the pH-response property and
electro-responsive activity.80 Meanwhile, agarose hydrogel with
a low concentration has been used for simulating the brain
with poroelasticity and soft tissue mechanics.141

4.6. Xanthan Gum. XG is an anionic exopolysaccharide
with a high Mw (1 × 106 to 20 × 106 g/mol) and is primarily
derived from the fermentation process of the Gram-negative
bacterium Xanthomonas campestris.142 The backbone of XG
has 1,4-linked β-D-glucose as a repeating unit with side
chains.126 Furthermore, the trisaccharide side chain comprises
a glucuronic acid residue between two mannose units linked to
every alternate glucose residue by β-1,3.142 The glucuronic acid
is linked to the α- and β-D mannoses via α-1,2 and β-1,4,
respectively. For about two β-D mannoses, a pyruvic acid
residue is bonded by the keto group to the 4 and 6 positions.
The acetate group is attached onto the α-D mannose at the 6
positions. Moreover, the composition and molecular weight of
XG vary with the type of Xanthomonas pathovar and procedure
condition. The contents of the acetate group and pyruvic acid
residue are 60%−70% and 30%−40%, respectively.

The conformation of the XG chain in water changes
between the helix and coil structure, which depends on the pH,
ionic strength, and acetyl and pyruvyl contents. XG forms
physical networks exposed to bivalent cations by involving two
disaccharide units in the backbone and O-acetyl and pyruvyl
residues in side chains. Generally, higher pyruvate content and
lower acetyl content benefit the gelation.143 The transition
from coil to double-helix is a prerequisite for stronger gelation.
XG ionic liquid solutions have been soaked in water to
generate high performance hydrogels by involving ionic cross-
links from Na+, Ca2+, and Fe3+.144 In addition, XG has

extensively been applied in different fields, such as the food
industry, water treatments, and biomedicine, because of its
thickening ability, high viscosity even at a very low
concentration, high stability at broad temperatures, pH, ionic
strength, stability under shear, nontoxicity, cytocompatibility,
and immunological response.80

4.7. Gellan Gum. GG has a linear chain with a repeating
sequence of a structure (D-glucose-(β-1,4)-D-glucuronic acid-
(β-1,4)-D-glucose-(β-1,4)-L-rhamnose-(α-1,3)).145 GG is an
anionic exopolysaccharide obtained by the fermentation of
Sphingomonas elodea.80,126 In addition, GG is commercially
available in two forms (high acyl GG and acylated GG). High
acyl GG has two substituents on the 3-linked glucose with one
L-glyceryl group on O(2) per repeat unit and one acetyl group
on O(6) per every two repeat units.145 By contrast, the
acylated GG, known as “gellan gum”, is obtained through a
deacetylation process of high acyl GG by alkali treatment.

High acyl GG forms a soft and flexible hydrogel under
cooling below 65 °C, whereas low acyl GG hydrogel is rigid
and brittle below 40 °C. Furthermore, GG has native cations
(primarily Na+, K+, Mg2+, and Ca2+) that are introduced from
the nutrient salts during fermentation and postfermentation.
The gelling mechanism of GG without external ions is
attributed to the following:145 (1) the conformational
transition between random coil and double helix; (2) the
spontaneous aggregation of the double helices as the junction
zone; and (3) the intra- and intermolecular hydrogen bonds
between the hydroxymethyl groups of the 4-linked glucose in
one chain and carboxylate groups in the other. Moreover, the
gelation of GG exposed to Group I cations is attributed to the
electrostatic shielding and the coordination between cations
and oxygen atoms. Five oxygen atoms interact with the
monovalent cation in the helix, namely, the two atoms from
the carboxylate group, O(2) of the adjacent glucose, O(2) of
glucuronic acid from the other strand, and O(6) of the
adjacent glucose from the other strand. The effect of
monovalent and divalent cations on the gel strength increases
in the following order: Li+ < Na+ < K+ < Cs+ < Mg2+ ≤ Ca2+,
Sr2+, Ba2+ < Zn2+ < Cu2+ < Pb2+ < H+, where H+ is called “the
most potent gel-former”. The affinity between divalent ions
and GG follows the order Ba2+ < Zn2+ < Cu2+ < Pb2+.78

GG has been extensively developed for tissue engineering
and regenerative medicine applications since GG presents
cytocompatibility, bioactivity, noncytotoxicity, low induction
of inflammation, mild processing conditions, structural
similarity with nature glycosaminoglycans, and mechanical
similarity to the tissue moduli.80,145

4.8. κ-Carrageenan. Carrageenan is extracted from certain
species of red seaweeds.146 Carrageenan contains different
types, such as λ, κ, ι, ε, and μ.147 κ-CG exists in the tropical
seaweed Kappaphycus alvarezii.126 It has a linear backbone of
alternating α-1,3-linked D-galactose-4-sulfate and β-1,4-linked
3,6-anhydro-D-galactose) containing ∼ 25 w/w% sulfate and ∼
34 w/w% 3,6-anhydro-D-galactose.147 Furthermore, κ-CG
forms a thermal-reversible hydrogel that comprises double
helices, aggregated monohelices, and aggregated helical dimers
meanwhile.148 Meanwhile, cations will enhance the mechanical
strength of the κ-CG hydrogel.149 The order of cation
enhancement ability follows: Li+, Na+ < Ca2+, Cu2+, NH4

+ <
K+, Cs+ < Rb+. For divalent cations, it increases as follows:
Co2+ < Zn2+ < Mg2+ < Sr2+ < Ca2+ < Ba2+. For anions, the
inhibitory effect is as follows: Cl− < NO3

− < Br− < SCN− <
I−.148 Moreover, the κ-CG hydrogel cross-linked by K+ forms
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through the electrostatic interaction to form the bridge of (the
sulfate group of D-galactose)-K+-(the anhydro-O-3,6 ring of
another D-galactose).35 κ-CG possesses outstanding properties,
such as low cost, nontoxicity, cytocompatibility, biodegrad-
ability, low immunogenicity, which is widely applied in
pharmaceutical formulation, the food industry, and drug
delivery induced in USP35-NF30 S1.35,80

4.9. Curdlan. Curdlan, a straight-chain polymer, is made up
of β-1,3-linked D-glucose produced by Agrobacterium bio-
bar.150,151 Curdlan is insoluble in cold water due to the intra/
intermolecular hydrogen bond and dissolves in an alkaline
solution and dimethylsulfoxide. Moreover, Curdlan has unique
gelation properties.126 When the Curdlan suspension at 55 °C
is cooled to room temperature or heated to 80−100 °C,
thermally reversible and irreversible Curdlan hydrogels will be
formed, called low-set gel and high-set gel, respectively. The
low-set and high-set gels are primarily cross-linked by triple
helices and single helices. The intrachain hydrogen bond
between the O(2) hydroxyls on glucopyranose residues results
in single helices, while the triple helices originate from the
hydrogen bond between O(4) and O(6).152 Furthermore,
Curdlan has antitumor, anti-infective, anti-inflammatory,
immunomodulating, and anti-HIV properties. The triple
helical structure of Curdlan is crucial for anticancer and
antitumor activity.153 Curdlan hydrogel presents high thermal
stability. Meanwhile, the molecular chains of Curdlan show
high stability during the freezing and thawing process to
guarantee its use in frozen foods.80,153

4.10. Konjac Glucomannan. KGM, extracted from the
root tuber of Amorphophallus konjac, contains β-1,4-linked D-
mannose and D-glucose with a ratio range of 1.4−3 that varies
with konjac breeds.154,155 The Mw of KGM generally ranges
within 500 000−2 000 000 g/mol, depending on the
production condition.81,126 Acetyl groups (∼1 per 19 mannose
residues) and β-1,3-linked hexose residues (primarily mannose,
1 per 50−60 hexose residues) exist randomly on the main
chain, which needs further study.154 What is more, the
solubility of KGM increases with the increase in acetyl-group
content because the acetyl groups weaken the intramolecular
hydrogen bonds. Furthermore, konjac flour is obtained from
the grind of tuber and contains 51%−72% KGM, and thus,
extra processing is needed to purify KGM.

KGM can form stable and thermoirreversible hydrogels
through a deacetylation-induced gelation process in an alkaline
environment. The elastic modulus of the deacetylated KGM
hydrogel is proportional to the degree of deacetylation.
Deacetylation induces the conformation transition from
semicrimping to self-crimping and the aggregation of KGM
chains, which is related to the intermolecular hydrogen bond
and hydrophobic interaction. Moreover, several factors affect
gelation, including the acetylation degree, temperature, KGM
concentration, Mw of KGM, and alkali concentration. NaOH,
KOH, Ca(OH)2, Na2CO3, and K2CO3 are used to trigger the
gelation, and KOH has a higher deacetylation effect.156 KGM
hydrogels can be further strengthened by treating the
deacetylated KGM solution with freeze−thawing as well as
freeze-drying and rehydration.156 Furthermore, additives such
as GO, sodium montmorillonite, and carbon nanotube can
improve the mechanical properties of KGM hydrogel.156

Nishinari et al.157 have suggested that weak KGM gels can
form by the addition of several salts. He then summarized the
praising ability of some salts related to the Hofmeister effect.
KGM has been applied in the food industry and medical

biology because of its effective thickening property, gelation,
and cytocompatibility.80

4.11. Pectin. Pectin has a smooth region and a hairy region
on the molecule chain extracted from plant cell walls.127 The
smooth region (homogalacturonan, HGA) comprises α-1,4-
linked D-galacturonic acid.126 By contrast, the hairy region
(Rhamnogalacturonan I and Rhamnogalacturonan II) contains
monosugars, such as D-xylose, D-glucose, L-rhamnose, L-
arabinose, and D-galactose (Figure 9).127 Moreover, according
to the degree of methoxylation (DM) on galacturonic acid,
pectin can be divided into high methoxy pectin (HMP; DM >
50%) and low methoxy pectin (LMP; DM < 50%). The HMP
hydrogel can be formed at pH ≤ 3 or with a high-
concentration cosolute (e.g., sucrose ≥ 65 wt %) through
cross-linking the methyl groups via hydrogen bond and
hydrophobic interaction.127 LMP will form stronger hydrogels
than HMP. Furthermore, Ca2+-induced gelation occurs only
for LMP, where the gelation mechanism is also described by
the egg-box model. The gelation mechanism of LMP is almost
identical to that of SA because SA and LMP present mirror
symmetric spatial conformations.127 In addition, the mechan-
ical properties of Ca2+-induced pectin hydrogel are propor-
tional to Mw and the amount of galacturonic acid.127 Several
factors will influence the gelation of LMP: the concentrations
of LMP and Ca2+, the addition method of Ca2+, pH, ion
strength, temperature, and cosolutes.112

Pectin is widely used in food chemistry due to its gelation,
thickening property, and emulsification. Meanwhile, pectin
hydrogels present soft nature, cytocompatibility, unique
structure, and resemblance to natural materials, which are
applied for food ingredients/additives, food packaging,
bioactive delivery, and health management applica-
tions.80,158,159 Additionally, pectin has hypoglycemic activity
by raising insulin production and presents the hypocholester-
olemic effect.158

5. SPECIFIC ADVANTAGES OF POLYSACCHARIDES IN
DN CONCEPT

Based on section 2 (the design principle and fabrication of DN
hydrogels), section 3 (strengthening mechanism for DN
hydrogels), and section 4 (properties of the applied
polysaccharides), the reasons why we widely use polysacchar-
ides for the fabrication of DN hydrogels can be further
summarized. The reasons are stated from two aspects, namely,
the strengthening mechanism aspect and the application
aspect.

The reasons from the perspective of the strengthening
mechanism can be stated as follows. For more information,
please refer to sections 3 and 4.

(1) Some polysaccharides such as agarose, κ-CG, GG, and
Curdlan inherently form brittle and rigid hydrogels, which
constitutionally meet the requirement of the rigid network in
the DN concept without extra postprocessing. However, for
the synthetic rigid networks, the swelling process to transform
the as-prepared flexible network to a rigid network is usually
needed. Therefore, polysaccharides with gelling properties are
inherently and highly suitable for rigid network fabrications.

(2) Through strong and extensive inter/intramolecular
interactions, many polysaccharides can spontaneously self-
assemble into elaborate structures: (i) egg-box structure (e.g.,
SA and pectin); (ii) coil-helix transition and helix aggregation
(e.g., agarose, GG, κ-CG, and Curdlan); (iii) single-triple helix
transition (e.g., Curdlan); and (iv) nanocrystal (e.g., cellulose
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and CHT). Benefitting from the self-assembled structure,
involving a polysaccharide-based network with a very low
concentration can exhibit a significant enhancement. Thus,
polysaccharides can endow DN hydrogels with unique network
structures, which is difficult for many synthetic polymers.

(3) Many polysaccharide-based networks can be cross-
linked by diverse ions and different physical interactions
accompanied by complex junction zones. The polysaccharide-
based DN hydrogels thus can present tunable and multiple
mechanical properties, which greatly help the design of such
hydrogels with desirable properties. By contrast, this is
challenging for synthetic polymers.

(4) Many polysaccharide-based networks spontaneously
form extensive inhomogeneity relying on gelling mechanisms.
Hence, the intrinsic inhomogeneity allows the rigid poly-
saccharide network to rupture stepwise and hierarchically.
Shorter polysaccharide chains are first pulled out so that soft
and loosely bound micro areas fracture before hard and tightly
bound regions, thereby permitting the stack of damages, the
prevention of premature fracture, the development of large
strain, and high toughness. Inhomogeneity can be observed
optically by the decrease in visible-light transmittance during
gelation from clear and transparent to semitransparent (e.g.,
CHT, agarose, GG, and Curdlan), which can be explained by
the equation of Rayleigh−Gans scattering:160

= + | |I V
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n R I1 cos
2

4
( 1) ( , )

2 2 2

4 2
2 2

0 (13)

When the observing direction is opposite to the light, θ = 0
and R(θ,ψ) = 1, that is:

=I V
r

n I4
( 1)

2 2

4 2
2

0 (14)

where I0 is the colored light intensity, r is the observing
distance, V is the volume of a single particle, λ is the
wavelength of light, and n is the refractive index. Moreover,
Eqn. 13 applies in the case of |n − 1| ≪ 1 and r ≪ λ/|n − 1|,
where r is the radius of the particle. Thus, if the hydrogel
becomes semitransparent, the size of the microstructure
approaches or even exceeds the wavelength of visible light.
When the size is much larger than the wavelength of visible
light, Mie scattering, reflection, refraction, and Fraunhofer
diffraction replace Rayleigh−Gans scattering to provide the
major contribution to the opaque.160

In contrast, the inhomogeneity of synthetic networks is more
difficult to be introduced (e.g., introducing particles, phase
separation, designing new monomers). Therefore, polysac-
charide-based networks with inhomogeneity benefit mechan-
ical enhancement of the resulting DN hydrogels.

(5) The multistage “chain-pulling-out” fracture process of
the polysaccharide-based networks provides a simple way to
balance the mechanical properties between the natural rigid
network and the synthetic flexible network. By such a fracture
process, the prepared polysaccharide-based DN hydrogels
rarely suffer from early macroscopic fracture. However, for fully
synthetic DN hydrogels, the mechanical balance between the
two networks needs to be finely adjusted.

(6) The polysaccharide-based network enhances the
entanglement with the flexible network via physical inter-
actions through the extensively existing chemical groups, such
as carboxy, sulfonic acid, amino, amide, and hydroxy groups.
These entanglements offer additional mechanical strength and

energy-dissipation, which also helps the delocalization of the
external stress.

(7) Polysaccharide-based networks endow the prepared DN
hydrogels with the abilities of self-recovery and repeatable
energy dissipation. For covalently cross-linked rigid networks,
energy dissipation relies on the rupture of chemical bonds in
the rigid network. However, for physically cross-linked
polysaccharide-based networks, the molecular chains maintain
integrity during deformation benefitted from the “chain-
pulling-out” mechanism. The recoverable physical interactions
and polysaccharide-based networks ensure the reusability and
mechanical strength of the hydrogels after deformation.
However, this is more difficult for the synthetic rigid networks,
where the muscle training strategy161−164 is developed to
conquer this difficulty.

Furthermore, the reasons to explain the specific advantages
of applying polysaccharides in the DN strategy can be given
from the aspect of the application. Polysaccharides have
diverse excellent physical, chemical, and biological properties
that can be introduced to the hydrogels and embodied in
subsequent applications. Meanwhile, polysaccharide-based DN
hydrogels are typically appropriate for some applications, e.g.,
the 3D structure construction through the one-pot method and
3D printing. By using gelling polysaccharides, rigid poly-
saccharide networks with unique cross-linking zones can be
spontaneously formed during the fabrication process without
additional treatment. Obviously, this accessibility is not easy to
achieve for synthetic networks.

The large polysaccharide family can meet the requirements
of (i) rigid network, (ii) enhanced energy dissipation, (iii)
simple and rapid network construction, (iv) recoverable cross-
link, (v) tunable mechanical strength, (vi) in situ formation,
(vii) similar physicochemical properties between batches
(exopolysaccharides such as XG, GG, and Curdlan), (viii)
cytocompatibility of the molecular chain and cross-linking
type, (ix) biological activity (e.g., antibacteria, hemostasis, anti-
inflammatory, cell growth, proliferation, migration, adhesion,
and signaling), (x) biodegradability, (xi) various groups for
modification, (xii) environmental protection, (xiii) low cost,
(xiv) renewability, (xv) adsorption, and (xvi) antiswelling.
Different application fields need different properties, which can
be properly supported by these polysaccharide-based DN
hydrogels.

(1) Strong and tough materials require a rigid network,
enhanced energy dissipation, recoverable cross-linking, and
tunable mechanical strength and focus on simple and rapid
network construction and in situ formation. Polysaccharides
can meet these requirements by forming junction zones via
strong physical interactions (e.g., helices of GG and nano-
crystals of CHT stabilized by ions and hydrogen bonds) in a
simple way, which is harder for other materials.

(2) Circuits and strain sensors request the following: rigid
network, recoverable cross-linking, tunable mechanical
strength, and cytocompatibility between the molecular chain
and cross-linking type. Besides the superior mechanical
properties provided by the polysaccharide networks, poly-
saccharides are less toxic, bioactive, and biodegradable and can
be promising materials as circuits and electrolytes.

(3) 3D printing requires simple and rapid network
construction, in situ formation, and cytocompatibility of the
molecular chain and cross-linking type. Polysaccharides at very
low concentrations can simply construct rigid and effective
networks with self-assembled elaborate structures through
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extensive inter/intramolecular interactions. However, many
synthetic networks lack this ability. In addition, diverse
polysaccharide-based DN hydrogels can be fabricated by 3D
printing because of the different cross-linking approaches of
polysaccharides.

(4) Biomedical applications demand cytocompatibility of
the molecular chain and cross-linking type, biodegradability,
and biological activity, and notice the rigid network,
recoverable cross-linking, tunable mechanical strength, in situ
formation, various chemical groups for modification, and
similar physicochemical properties between batches. Poly-
saccharides from natural species possess essential cytocompat-
ibility. Meanwhile, some polysaccharides have unique bio-
activities, such as HA (biodegradability, nonimmunogenicity,
noninflammatory, viscoelastic characteristics, and bioactivity to
affect cell adhesion, migration, and downstream cell signaling)
and Curdlan (antitumor, anti-infective, anti-inflammatory,
immunomodulating, and anti-HIV properties). Polysacchar-
ide-based DN hydrogels for biomedical applications can be
readily fabricated by introducing bioactive polysaccharides and
their derivatives. Furthermore, such hydrogels can exhibit both
bioactivity and toughness to conquer the low mechanical
strengths of polysaccharide-based SN hydrogels and the lack of
bioactivity in synthetic polymers. In addition, the in situ
formed physically cross-linked polysaccharide-based networks
also contribute to the injectability. Finally, exopolysaccharides
(e.g., XG, GG, and Curdlan) obtained from fermentation
present stable physical and chemical properties, thus
contributing to the application as biomaterials, which can
solve the deficiency that the physicochemical properties, of

polysaccharides from plants and algae deviate largely from
batch to batch.

(5) Adsorption materials request biodegradability, various
groups for modification, environmental protection, renew-
ability, and adsorption and antiswelling abilities. Polysacchar-
ides with high adsorptive ability, ease of modification,
abundance, renewability, cytocompatibility, generally low
toxicity, and biodegradability are some of the most promising
materials for environmental treatment. The two networks in a
polysaccharide-based DN hydrogel can be finely adjusted for
adsorption to achieve desirable properties.

This section summarizes the polysaccharides used in DN
hydrogels and discusses their merits, presenting the inherent
accessibility of these polysaccharides for the DN strategy and
corresponding applications.

6. UNIQUE FEATURES ENDOWED BY
POLYSACCHARIDES AND OTHER COMPONENTS

The components of the polysaccharide-based DN hydrogel are
closely associated with the features of self-recovery, self-
healing, nonswelling, and thermal plasticity. Self-recovery and
self-healing are the two most attractive properties, where
remarkable results are displayed in Table 2. Self-recovery
efficiency is measured by energy dissipation (labeled with a
superscript D) and Young’s modulus (superscript M).
Meanwhile, self-healing efficiency can be evaluated as energy
dissipation (superscript D), tensile stress (superscript S), and
elongation at break (superscript B). In addition, self-recovery
efficiency is also labeled with the temperature and interval time
as superscripts. The virgin mechanical property corresponds to
the gel used for self-healing.

Table 2. Component, Self-Recovery Efficiency, Self-Healing Efficiency, and Virgin Mechanical Property of Polysaccharide-
Based DN Hydrogel

Polysaccharide Synthetic network Self-recovery efficiency Self-healing efficiency
Virgin mechanical

property
Virgin mechanical

property Ref.

Self-recovery Self-healing
Stress (MPa)/strain Stress (MPa)/strain

SACa2+ PAAmMBAA 74%D,80°C,24h ∼0.135/600% 3
SAFe3+ Poly(AAm-co-

AAc)Fed

3+
64%D,RT,4h (56%S, 17%B)special method ∼1.72/600% 3.24/1228% 87

CMCZn2+

Poly(AAc-co-
NVP)Znd

2+
42.5%D,RT,0s (81%S, 91%B)RT,24h ∼0.7/650% 0.86/1019% 99

CMCFe3+ PNAGA (84.9%D,
87.7%M)RT,12h

(89%S,
∼78%B)special method

∼1.63/200% ∼1.85/540% 71

QCE PVA, PAAcFe
3+

(∼83%S, 93.5%B)RT,16h 1.13/465% 101
CHTNaOH, NaCl PAAmMBAA 95%D,RT,4h ∼1.67/200% 32
CHTNa2SO4,Na3cit PAAmMBAA (89.6%D, 96.6%M)RT,4h ∼3.3/200% 103
HACCPAAc PAAcHACC 85%D,RT,6h (∼57%S, 59%B)70°C,48h ∼1.02/300% 3.31/870% 70
CHTgenipinDOPA

+
CHTFe ,genipin3 ∼100%D,RT,24h Fast self-healing ∼0.027/30% 33

Agar PAAmMBAA (65%D,
90%M)100°C,10min

∼0.17/900% 31

Agar PAAmSMA (40%D, 50%M)RT,2min (40%S, 73.5%B)RT, 24 h ∼0.17/900% 0.109/170% 109
Agar Poly(AAm-co-

AAc)Fed

3+
95%D,RT,20min ∼0.52/500% 76

GGNa+ PAAmSMA (79%D, 80%M)37°C,1h (∼82%S, ∼88%B)37°C,5h ∼0.085/500% ∼0.11/∼800% 115
κ-CarK

+

PAAmMBAA (98%D,
100%M)90°C,20min

able90°C,20min ∼0.145/500% ∼0.78/∼1800% 39

κ-CarK
+

PNV (72.2%D,
42.6%M)60°C,2min

∼100%85°C,Thermoplasticity ∼0.195/500% 1.55 MPa/99% 35

XGCa2+ PAAmSMA 93%D,RT,300min (38%S, ∼45%B)70°C,48h ∼0.86/300% 3.64/1575% 119
Curdlan PAAmSMA (97%D, 84%M)95°C,4h (50%S, 52%B)95°C,4h ∼0.31/700% 0.805/2530% 120
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6.1. Self-Recovery. The enhanced mechanical strength of
the DN hydrogel originates from the rupture of the rigid
network, leading to a loss of mechanical strength during the
second load process. Accordingly, efforts have been exerted to
re-establish the broken rigid network and provide repeatable
energy dissipation.161−163 Compared with synthetic polymers,
the molecular chains of physically cross-linked polysaccharide
networks maintain integrity during deformation. Recoverable
physical interactions endow polysaccharide-based DN hydro-
gels with self-recovery and self-healing.

DN hydrogels with a physically cross-linked rigid network
can achieve high recovery efficiencies. Based on the ionic
bonds between Fe3+ and catechol groups, an injectable CHT/
DOPA-CHT DN hydrogel possesses a high self-recovery
efficiency of ∼100% for dissipated energy at RT after 24 h
(∼100%D,RT,24h).33 Furthermore, the ionic bonds also contrib-
ute to the self-healing of the CHT/DOPA-CHT DN hydrogel.
Moreover, cross-linked by hydrogen bonds, Yang et al.32 have
fabricated a CHT/PAAm DN hydrogel with a rigid network
formed by CHT nanocrystals that possess the recovery
efficiency of 90%D,RT,4h. This DN hydrogel is even ∼2 times
tougher than the first load after 10 successive loading−
unloading tests and resting for 24 h. Recently, a GG/HPAAm

DN hydrogel has been fabricated based on the hydrogen bond,
ionic bond, and hydrophobic interaction. It possesses the self-
recovery efficiencies of (79%D and 80%M)37°C,1h with self-
healing, antifatigue, and cytocompatibility for cartilage
repair.115

6.2. Self-Healing. In general, the self-healing of tough
polysaccharide-based DN hydrogels requires physical inter-
actions, such as hydrogen bonds, Van der Waals’ force, salt-out
effect, hydrophobic interaction, and ionic interaction.165 High
self-healing efficiency can be realized by the ionic and
hydrogen bonds shown in the PAAc-grafted QCE/PVA DN
hydrogel (Figure 10A). Moreover, hydrophobically cross-
linked PAAm networks contribute to the self-healing of
polysaccharide-based DN hydrogel. The PAAm network
cross-linked by SMA through hydrophobic interaction is first
improved as an efficient way to endow DN hydrogel with self-
healing on agar/HPAAm DN hydrogel.109 The obtained DN
hydrogel exhibits self-healing efficiencies of 40%S and 73.5%B

at RT for 24 h with a tensile strength of ∼ 0.109 MPa and a
tensile strain of 170%. Afterward, Yuan et al.119 have fabricated
a dual physically cross-linked XG/HPAAm DN hydrogel
(Figure 10B) with remarkable mechanical properties after self-
healing. The self-healing efficiencies are 38%S and ∼45%B at 70

Figure 10. Self-healing polysaccharide-based DN hydrogels via diverse interactions: (A) PAAc-grafted QCE/PVA DN hydrogel via the ionic bond
and hydrogen bond; (B) XG/poly(AAm-co-SMA) DN hydrogel via the ionic bond and hydrophobic interaction; (C) Curdlan/poly(AAm-co-SMA)
DN hydrogel via hydrogen bond and hydrophobic interaction. Panel A is adapted with permission from ref 101. Copyright 2017 Elsevier. Panel B is
adapted with permission from ref 119. Copyright 2016 ACS Publications. Panel C is adapted with permission from ref 120. Copyright 2020 Royal
Society of Chemistry.
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°C for 48 h when the initial mechanical properties are 3.64
MPa and 1575%. Ye et al.120 have prepared a Curdlan/
HPAAm DN hydrogel with self-healing efficiencies of (50%S,
52%B)95°C,4h with initial mechanical properties of 0.805 MPa
and 2530% (Figure 10C).

The rigid network limits the mobility of the polymer chain
of a healable flexible network, resulting in poor self-healing
efficiency.71 On this case, a softened rigid network is needed to
re-establish the network structure at the damaged zone. For
example, a fully physical-cross-linked DN hydrogel is prepared
with a Fe3+ cross-linked CMC network and a hydrogen bond
cross-linked PNAGA network.71 To overcome the limitation of
the rigid network on self-healing, Fe3+ is removed using
ethylenediamine tetraacetic acid disodium salt (EDTA·2Na) to
soften the CMC network. After the self-healing process, the
CMC network is cross-linked again by immersing the DN
hydrogel in the Fe3+ solution. Finally, the self-healing
efficiencies reach 89%S and ∼78%B with initial mechanical
properties of ∼1.85 MPa and 540%. Similarly, this method is
applied to SA/Poly(AAm-co-AAc) DN hydrogel.87

The self-healing of a DN hydrogel with a healable rigid
network is also dependent on whether the flexible network is

cross-linked. According to research on a gelatin/PAAm DN
hydrogel,166 a poor self-healing property is shown if the PAAm
network is cross-linked by 0.03 mol% MBAA. However, the
PAAm network without the cross-linker endows this DN
hydrogel with self-healing. A CHT/PAAm DN hydrogel
without covalent cross-link also exhibits self-healing that is
attributed to the molecular-chain motion and the topological
entanglement.167

Apart from eternal physical interactions for self-healing, an
exogenous remediation agent is applied to promote the self-
healing efficiency of a polysaccharide-based DN hydrogel. The
self-healing of the SA/guar gum DN hydrogel is enhanced
using mesoporous silica nanoparticles to load glutaraldehyde
and polydopamine.91 Finally, the tensile strength and self-
healing efficiency reached 7.0 MPa and 94.5%S, respectively.
6.3. Nonswelling. Compared with the electrolyte poly-

mers, many polysaccharide hydrogels have low swelling
degrees. Therefore, polysaccharide networks can partly resist
the swelling behavior of DN hydrogels. For polysaccharide-
based DN hydrogels, the nonswelling performance is primarily
endowed by the extensive ionic interactions between the two
networks70 and strong hydrogen bonds.71 The swelling

Figure 11. Polysaccharide-based DN hydrogels as flexible electrolytes: (A) the κ-CG/PAAm DN hydrogel as the strain sensor; (B) the agar/
HPAAm DN hydrogel for supercapacitor; (C) the SA/PAAm DN hydrogel for pressure sensor worked at −11 °C; (D) a Zn-ion hybrid
supercapacitor based on κ-CG/poly(AAm-co-AAc) DN hydrogel; (E) a low-temperature flexible supercapacitor by using the κ-CG/PAAm DN
hydrogel electrolyte; (F) an aqueous Zn-MnO2 battery involving cellulose nanofibrils; (G) a low-temperature zinc-ion battery based on the
CCHT/PAAm DN hydrogel electrolyte and the Hofmeister effect of Zn(ClO4)2; and (H) an agar/PAAm DN hydrogel as the transparent
electrolyte for the electroluminescent device. Panel A is reproduced with permission from ref 34. Copyright 2017 ACS Publications. Panel B is
adapted with permission from ref 112. Copyright 2019 Wiley-VCH. Panel C is reproduced with permission from ref 179. Copyright 2018 Wiley-
VCH. Panel D is reproduced with permission from ref 180. Copyright 2021 Royal Society of Chemistry. Panel E is reproduced with permission
from ref 181. Copyright 2022 Elsevier. Panel F is reproduced with permission from ref 182. Copyright 2020 Wiley-VCH. Panel G is adapted with
permission from ref 183. Copyright 2022 Wiley-VCH. Panel H is adapted with permission from ref 155. Copyright 2019 ACS Publications.
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behavior of a HACC/PAAc DN hydrogel is tunable between
swelling and shrinkage by changing the ratio of HACC and
PAAc.70 The electrostatic interactions between ammonium
groups and carboxy groups are first partially shielded by NaCl.
NaCl ions are then removed from the DN hydrogel during the
dialysis process. As a result, ammonium groups and carboxy
groups are close to each other to resist the swelling effect.
Similarly, a SA/Poly(AAm-co-AAc) DN hydrogel cross-linked
by Fe3+ can show the ability of swelling resistance through
ionic bonds.87 In addition, a supra-molecular PNAGA hydrogel
is nonswelling in water due to the multiple hydrogen bonds.168

Furthermore, a CMC/PNAGA DN hydrogel has exhibited
swelling resistance in a water environment, which is attributed
to the strong hydrogen bonds among PNAGA chains and the
ionic interaction of the Fe3+ cross-linked CMC network.71

Swelling can also enhance the mechanical properties. Chen
et al.169 have discussed the correlation between the swelling
behavior and the mechanical properties of an agar/PAAm
hydrogel in detail. The hydrogen-bonded agar network and the
covalently cross-linked PAAm network are nonswellable and
highly swellable, respectively. Through exploring the relation-
ship between the swelling behavior and mechanical properties,
the final swollen agar/PAAm DN hydrogel even had a higher
mechanical strength than the as-prepared hydrogel.
6.4. Other Features. Efforts are focused on realizing the

tough adhesion of a polysaccharide-based DN hydrogel.170−173

For example, catechol and 3,4-DOPA groups can endow
hydrogels with strong and underwater adhesion174 and have
been applied to polysaccharide-based DN hydrogels, such as
silk fibroin/HA,175 CHT/PAAm,105 and CS/PAAm122 DN
hydrogels. The polymer adhesion is affected by stiffness and
surface roughness.176 Recently, by utilizing this phenomenon,
κ-CG/poly(N-acryloyl glycinamide-co-vinyl imidazole (VI))
(κ-CG/PNV) hydrogels have been fabricated and endowed
with temperature-controlled adhesion.35 BC has been applied
to fabricate the BC/PVA DN hydrogel with super strong
mechanical properties (tensile strength of 51 MPa and
compression strength of 98 MPa), adhesive strength of 2.0
MPa, and wear resistant (three times more than cartilage).95

Furthermore, inorganic materials are introduced to poly-
saccharide-based DN hydrogels to present unique properties,
such as a SA/PAAm DN hydrogel with photoluminescent via
Eu3+ and Tb3+ ions,82 a SA/PAAm DN hydrogel with
photoresponse through CNT,86 and CHT/polyolefin DN
hydrogel with a magnetocaloric effect based on an Fe3O4
nanoparticle.104

6.5. Challenges and Outlook. Despite the advances in
introducing unique features to polysaccharide-based DN
hydrogels, the multifunctionalization remains in its infancy.
(1) Adhesion. Polysaccharide-based DN hydrogel with strong
adhesion should be further developed. Meanwhile, under-water
and controllable adhesion are highly needed for polysacchar-
ide-based DN hydrogels as biomaterials. (2) Super strong DN
hydrogel. The preparation of polysaccharide-based DN
hydrogels as strong as natural tissues still needs to be
overcome for researchers, where BC provides an avenue to
greatly enhance the mechanical properties. (3) Stimulus-
response. Polysaccharide-based DN hydrogels can be further
hybridized with nanomaterials for additional functions, such as
metal nanowires for conductivity, inorganic nanoparticles for
optical properties, as well as cellulose nanocrystals for
structural color and anisotropy. (4) Bionic structure. DN
strategy provides an efficient way to combine bionic structure

and mechanical strength. For example, DN hydrogels with
aligned structures can be fabricated by stretching to simulate
oriented natural tissues, such as muscle and the superficial zone
of cartilage.

7. APPLICATIONS OF POLYSACCHARIDE-BASED DN
HYDROGELS
7.1. Ionotronics. Polysaccharide-based DN hydrogels with

ions can form ionotronics.159,177 Liu et al.34 have investigated
the electrical properties of the κ-CG/PAAm DN hydrogel
(Figure 11A). They evaluated the dependence of resistance on
the applied strain, strain sensitivity, and conductive stability of
the DN hydrogel. Furthermore, an adhesive CHT/PAAc DN
hydrogel is fabricated as the strain sensor that is endowed with
adhesive ability by catechol and pyrogallol groups functioned
tannic acid.105 Recently, a kind of tough, underwater adhesive,
self-healing, and conductive DN hydrogel has been fabricated
as the strain sensor by using dialdehyde carboxymethyl
cellulose and CHT as the rigid network as well as PAA and
Al3+ as the flexible network.178 This strain sensor based on the
underwater adhesive DN hydrogel can detect human move-
ment in a watery environment.

Polysaccharide-based DN hydrogels containing ions have
been used as the electrolytes to form supercapacitors, such as
the HACC/PAAc DN hydrogel,70 the Ag particle-tannic acid-
CNC/PVA DN hydrogel,184 and the agar/HPAAm DN
hydrogel112 (Figure 11B). As shown in Figure 11B, benefiting
from the tough mechanical properties endowed by the DN
strategy, the agar/HPAAm DN hydrogel and polypyrrole are
used as the electrolyte and electrode, which presents almost no
residual deformation left after being stretched to 500% strain
for 30 times and to 100% for 1000 times. Moreover, the DN
hydrogel containing salts can resist low temperatures. A SA/
PAAm DN hydrogel containing 30 wt% CaCl2 with a freezing
point of −57 °C has been used to produce the antifreeze
pressure sensor worked at −11 °C (Figure 11C).179

Furthermore, in Figure 11D, a Zn-ion hybrid supercapacitor
has been designed by using the K+ cross-linked κ-CG rigid
network and the MBAA cross-linked poly(AAm-co-AAc)
network to form the DN hydrogel electrolyte.180 This
supercapacitor can possess toughness, a low self-discharge
rate, high ionic conductivity, high and permanent capacity, and
high energy density.

As shown in Figure 11E, a low-temperature flexible
supercapacitor has been designed based on the κ-CG/PAAm
DN hydrogel with a high concentration of LiCl.181 At −40 °C,
the κ-CG/PAAm electrolyte can present a conductivity of 1.9
S/m, high specific capacitance of 73.4 F/g, and permanent
capacitance retention of 95.6% after 20000 cycles. Further-
more, it is noticed that the polysaccharide-based DN hydrogel
can be used as the electrolyte in an aqueous Zn-MnO2 battery
(Figure 11F), where the electrolyte has been formed by
cellulose nanofibrils cross-linked by hydrogen bond as the rigid
network and poly(2-(methacryloyloxy)ethyl)diethy-(3-sulo-
propyl) cross-linked by MBAA as the flexible network.182

This natural plant-based electrolyte can exhibit toughness and
cytocompatibility. The fabricated solid-state Zn-MnO2 battery
presents high rate performance, e.g., a capacity of 275 mA h
gMnO

1
2
at 1 C and a capacity of 74 mA h gMnO

1
2
at 30 C after 10

000 charging−discharging cycles.
Recently, the antifreezing ability endowed by the salt has

been introduced to develop a high-performance zinc-ion
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battery by using the CCHT/PAAm DN hydrogel electrolyte
(Figure 11G).183 The Hofmeister effect is applied where
Zn(ClO4)2 with a low concentration can obviously decrease
the freezing point because the chaotropic ClO4

−, water, and
polymer chains form ternary hydrogen bonds. At −30 °C, this
hydrogel electrolyte can present a high ionic conductivity of
7.8 mS cm−1 and endow the Zn/polyaniline battery with a
reversible capacity of 70 mA h g−1 under 5 A g−1 for 2500
cycles. Furthermore, besides sensing the thermal and
mechanical stimulation, an agar/PAAm DN hydrogel with a
high concentration of Li+ has been fabricated as the tough and
transparent electrolyte for fabricating an electroluminescent
device.155 This electroluminescent device is prepared by
covering a dielectric emissive layer with two agar/PAAm DN
hydrogel films. When the alternating voltage is applied, the
emissive layer will be activated.
7.2. Cell Encapsulation and Tissue Engineering. A

polysaccharide-based DN hydrogel combines the advantages of
both natural resources and synthetic polymers.79,185 On one
hand, natural macromolecules and their derivatives are applied
as hydrogels for biomaterials.186 However, most polysacchar-
ide-based SN hydrogels lack mechanical strength. On the other
hand, the mechanical properties of synthetic hydrogels are
tunable, stable, and tough but lacking biological activity.

The DN strategy contributes to the fabrication of injectable
hydrogels with enhanced mechanical properties. As shown in
Figure 12A, Wang et al.93 have developed a kind of injectable
DN hydrogel for cell delivery by using a dynamically and
covalently cross-linked shear-thinning HA and a thermores-
ponsive engineered protein. The HA network is cross-linked by

hydrazone bonds, and the protein network is formed by
molecular aggregation at 37 °C. This gel can protect cells from
the shear force during injection and resist the degradation of
HA. Furthermore, Rodell et al.187 have designed an injectable
DN hydrogel based on HA derivatives to encapsulate cells and
allow the maintenance of high cell viability. The rigid and
flexible networks are cross-linked by the host−guest interaction
and the covalent bond between methacrylated HA and
dithiothreitol.

Articular cartilage comprises abundant type-II collagen and
sulphated glycosaminoglycan (sGAG), which is poor in
regeneration due to its avascular and aneural nature, and
sparse chondrocytes.36,189 Polysaccharide-based DN hydrogels
with complex network structures can simulate ECM to
promote cell proliferation,36,79 as well as the migration and
differentiation of stem cells. They can also provide a path for
nutrients, oxygen, and cell excretion.190 Meanwhile, the
hydrogel with high mechanical strength, elasticity, and
toughness can protect the normal cartilage around the defect
from degeneration.36 Furthermore, the tunable stiffness and
dynamic cross-link of hydrogels contribute to cartilage
repair.191,192 The biological performance of scaffolds is
associated with their physical properties, and tunable
mechanical properties are indispensable for cartilage repair.193

Furthermore, a study has shown that the phenotype of
chondrocytes is also maintained in soft gels (∼350 Pa) formed
by dynamic cross-links that are broken and reformed by cells
during matrix remodeling and ECM deposition.194

Tough polysaccharide-based DN hydrogels have been
applied in cartilage repair,195 such as the HA-furan/GG,188

Figure 12. (A) Injectable DN hydrogel based on HA derivatives and a thermoresponsive engineered protein for cell encapsulation. (B) The
polydopamine-CS/PAAm DN hydrogel was used for cartilage repair. (C) The HA-furan/GG DN hydrogel was used for cartilage repair. Panel A is
adapted with permission from ref 93. Copyright 2017 Wiley-VCH. Panel B is adapted with permission from ref 122. Copyright 2018 ACS
Publications. Panel C is adapted with permission from ref 188. Copyright 2022 Elsevier.
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PDA-CS/PAAm (Figure 12B),122 GG/HPAAm,115 and
CMCD/PAAm.36 Recently, a HA-furan/GG DN hydrogel
has been fabricated to support chondrocyte proliferation, new
ECM deposition, and cartilage regeneration (Figure 12C).188

The HA-furan/GG DN hydrogel provides stronger mechanical
properties, a better ability to facilitate chondrocyte prolifer-
ation (higher gene expression levels of collagen II, SRY-related
high mobility group box gene 9, and Aggrecan), a more
efficient 3D microenvironment as the biomimetic ECM
(higher DNA, total GAG, and total collagen contents), and a
better cartilage-repair performance (better histological-staining
results and higher International Cartilage Repair Society
macroscopic and O’Driscoll histological scores) than HA-
furan and GG SN hydrogels.

Recently, a polysaccharide-based DN hydrogel with temper-
ature-dependent stiffening has been developed to combine
injectability, degradation resistance, and bioactivity (named the
BDNH hydrogel).195 The adipic acid dihydrazide grafted CS
and oxidized dextran were prepared as the flexible network

cross-linked by Schiff base cross-linking between the amine
and aldehyde groups. Then, HA conjugated poly(N-
isopropylacrylamide) is fabricated as the rigid network to
simulate the structure of the aggrecan aggregate and introduce
temperature-dependent stiffening. The observed high cell
viability, long-time cell proliferation, and cartilage specific
matrix production endow the BDNH hydrogel with great
potential for cartilage tissue engineering.

Artificial vascular conduits are fabricated based on a
polysaccharide-based DN hydrogel.92,196 Wang et al.92 have
fabricated a DN hydrogel bioink using Ca2+ cross-linked SA
and microbial transglutaminase cross-linked gelatin. Then,
hollow conduits are generated by microfluidic bioprinting to
recreate vein- and artery-like tissues. Different kinds of vascular
conduits are further seeded with four kinds of human cells,
including vein and artery umbilical endothelial cells as well as
vein and artery umbilical smooth muscle cells. The venous and
arterial conduits imitate the properties of blood vessels
including toughness and barrier behavior. Furthermore, these

Figure 13. Injectable, tough, and thermoplastic supramolecular hydrogel coating based on the κ-CG/PNV DN hydrogel with controllable adhesion
for touch sensing. Adapted with permission from ref 35. Copyright 2023 ACS Publications.
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bioprinted conduits can be applied as models for studying
diseases and drug testing in vitro. Additionally, these artificial
blood vessels present the potential for in vivo vascular grafts.
7.3. Other Applications. A DN hydrogel combined with

fabric is proven to have notable tough mechanical strength. An
SA/PAAm DN hydrogel is reinforced with glass fabric that is
covalently bonded to the hydrogel matrix.88 This composite
presents an elastic modulus of 35 MPa, a tensile stress of 2.40
MPa, and an impact resistance under low-speed impact for
glass protection against impact. Besides glass fabric, BC is
introduced as the rigid network to form the BC/PVA DN
hydrogel with greater tensile and compression strengths (51
and 98 MPa) than cartilage (40 and 59 MPa).95 Meanwhile,
the interface between the BC/PVA DN hydrogel and metal
achieves an adhesive strength of 2.0 MPa, exceeding that of the
cartilage-bone interface (1.2 MPa). Most importantly, BC
endows this hydrogel with wear resistance that is three times
more than cartilage. In addition, mesoporous silica microrods
have present great mechanical enhancement on Alg/PAAm
DN hydrogels.197,198

Reversible interactions endow DN hydrogels with shape
memory.199 A κ-CG/PAAm DN hydrogel has the ability of
moisture-induced shape memory, where DN hydrogel is dried
under stretch and then shrinks back upon wetting.200 An agar/
poly(NAGA-co-N-benzylacrylamide) DN hydrogel shows the
thermos-responsive shape memory.201 The gel shape is
programmed at 90 °C and fixed temporarily at a lower
temperature before recovering to its original shape heated to
90 °C again.

The elimination of contaminants is important for the water
resources. Therefore, SA/κ-CG DN hydrogel beads are
developed to adsorb ciprofloxacin hydrochloride.90 Similarly,
an SA/CHT DN hydrogel is used for the heavy metal ion
absorption of Pb2+, Cu2+, and Cd2+.89 Meanwhile, an
antibacterial PAA-g-QCE/PVA hydrogel is fabricated against
the attack of Gram-negative E. coli bacteria evaluated by the
inhibition zone method and the antibacterial rate.101

Functional hydrogel coatings show promising application
potential.202 Recently, we proposed an approach to fabricate
hydrogel coatings using an injectable, tough, and thermoplastic
κ-CG/PNV DN hydrogel with temperature-controlled adhe-
sion.35 The PNV network is cross-linked by aggregated double
helices via dual amide hydrogen bonds. Furthermore, robust
slide rheostat-based touch sensing is applied for the κ-CG/
PNV hydrogel coating to form 1D touch strips outputting
linear and nonlinear relationships and 2D rigid, flexible, and
specially shaped touch panels (Figure 13). The slide rheostat-
based structure can significantly eliminate the water evapo-
ration effect, and the baseline signal is close to zero. Moreover,
this structure is robust under extreme conditions.
7.4. Challenges and Outlook. Despite the abundance of

materials that have been used in diverse fields, significant issues
still need to be studied. (1) Flexible electrical devices based on
polysaccharide-based DN hydrogels can be designed with
other elaborate structures, such as pressure, temperature, slip,
and force vector sensors, triboelectric nanogenerators, and
sensor arrays. (2) Deep insights into polysaccharide-based DN
hydrogels as biomaterials remain lacking; for example, the
effects of mechanical property, the rigidity of the poly-
saccharide network, cross-linking density and type, and
network structure on cell attachment, migration, proliferation,
and gene expression. (3) Polysaccharide-based DN hydrogel
microspheres for use in cell encapsulation and drug delivery

remain in their infancy. (4) Polysaccharide-based DN
hydrogels can be hybridized with fabrics to combine the
superior mechanical properties of synthetic polymers, as well as
the ductility, cytocompatibility, bioactivity, conductivity, and
adhesion of polysaccharide-based DN hydrogels.

8. CONCLUSION AND OUTLOOK
The DN strategy greatly improves the mechanical properties of
hydrogels, making them comparable to naturally tough tissues,
such as cartilage, tendon, and heart. DN hydrogels have
extremely high mechanical characteristics, attributed to their
reliable energy dissipation. Polysaccharide-based DN hydrogels
combine the wide versatility and various chemical combina-
tions of the DN strategy, outstanding properties of synthetic
polymers, and advantages of renewable biological resources to
offer great flexibility in design, making polysaccharide-based
DN hydrogels some of the major parts of DN hydrogels. Due
to the robustness of the DN strategy, polysaccharide-based DN
hydrogels have the potential to be applied in almost all
hydrogel fields as biocompatible, tough, and repairable
materials, such as biomaterials, adsorption materials, shape-
memory materials, actuators, flexible devices, and batteries.
This review focuses on theories and experimental evidence
about the strengthening mechanisms of DN hydrogels, the
basic properties and gelling mechanism of applied poly-
saccharides, and the latest developments in polysaccharide-
based DN hydrogels. This review elucidates the advantages of
polysaccharides for DN hydrogels and the search for natural
and synthetic materials with desirable properties, and covers
major mechanical discussions of polysaccharide-based DN
hydrogels. Polysaccharide-based DN hydrogels have made
great achievements, but they still face certain challenges in the
future as follows.

(1) Although a number of varieties of polysaccharides,
including marine polysaccharides, microbial polysaccharides,
plant polysaccharides, and animal polysaccharides, are utilized
in the construction of a DN hydrogel, heteropolysaccharides,
and plant polysaccharides are generally not structurally
homogeneous and have indisciplinable molecular weights and
a broad molecular weight distribution. These changeful
characteristics often result in uncontrollable or inconstant
physical and chemical properties of the resulting polysacchar-
ide products. Taking into account the complex fine distinctions
in chemical structures, molecular conformation, and unique
multifunctionalities of polysaccharides alone with the accessi-
bility of modification, there are still many good candidates in
the polysaccharide family. Among them, the microorganism-
derived polysaccharides produced by fermentation (bacterial
polysaccharides) deserve more attention. One fundamental
reason is that compared with heteropolysaccharides and plant
polysaccharides, bacterial polysaccharides have potential
advantages of reproducible physical and chemical properties
(well-defined chemical structures with homogeneous repeating
units, relatively high molecular weight and narrow molecular
weight distribution with controllability, excellent modifiability,
and processability). Other essential advantages of bacterial
polysaccharides are a regular source of materials and being
capable of production in large quantities regardless of the
deterioration of eco-environments or climates. In addition,
their preparation methods are much greener. Thus, further
exploration of polysaccharides is necessary to meet the higher
practical application requirements.
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(2) Mathematic and simulated models of polysaccharide-
based networks. Little is known about the establishment of
theoretical models to quantitatively calculate the mechanical
properties of these hydrogels under a given composition and
the contribution of different factors, such as sacrificed physical
and chemical bonds, inhomogeneity degree, cross-linking
density, concentration, entanglement, and network structure.
Meanwhile, molecular simulations are reasonably necessary for
polysaccharide-based DN hydrogels to (i) accelerate the
simulation of a large and complex DN hydrogel model; (ii)
develop new force fields to precisely analyze the contributions
of the above factors; (iii) evaluate the mechanical properties of
a particular composition before experiment; and (iv) design
polysaccharide-based DN hydrogels depending on the required
ability and application, such as analyses of ion and electron
transport in energy storage and conversion. Efforts should also
focus on explaining the mechanical behavior of polysaccharide-
based DN hydrogels around the yield point.

(3) Fabrication. The fabrication method of the poly-
saccharide-based DN hydrogel can also be further studied.
First, 3D printing is still a prospective method for designing
tough DN hydrogels with custom and complex shapes.
Moreover, the preparation of strong DN hydrogel micro-
spheres by using microfluidic technology, the inverse emulsion
method, and shear is in the early stages of research. The DN
hydrogels can also be coated onto stiff substrates as hydrogel
coatings to prepare materials with unique features such as
extreme mechanical strength, bioactivity, and lubrication.
Furthermore, the Hoffmeister effect has been proven efficient
to greatly enhance the mechanical properties of hydrogels and
DN hydrogels, which provides an efficient physical approach to
fabricating tough polysaccharide-based DN hydrogels.

(4) Network structure. It is a future development trend to
develop new polysaccharide-based DN hydrogels with novel
networks, such as fully physical cross-linked networks and
networks with unique cross-links. The new networks should
endow the DN hydrogels with outstanding functionalities such
as self-healing, fast self-recovery, recyclability, and biodegrad-
ability. Elaborate network structures are needed for the DN
hydrogels as biomaterials to mimic the ECM, tissues, and
organs such as dynamic bonds and programmable hierarchical
polymer orientations. These structures need to endow the
biocompatible and supportive scaffolds with high toughness
and durability for cells to grow, proliferate, migrate, and
differentiate.

(5) Mechanical strength. Many polysaccharide-based DN
hydrogels with highlightable mechanical properties have been
extensively studied, whereas the development of supertough
DN hydrogels to prepare materials with comparable extreme
mechanical properties as natural tissues remains a major
challenge for researchers. Meanwhile, extreme applied environ-
mental conditions of these DN hydrogels on mechanical
properties need to be considered, such as the pH, temperature,
and ionic strength. This issue may be eliminated by combining
multiple enhancements to meet the intended application of the
material such as three-network hydrogels. For biomedical
usage, polysaccharide-based DN hydrogels with underwater
adhesion and injectability as implant biomaterials remain
lacking.

(6) Application. Studies on polysaccharide-based DN
hydrogels applied in some attractive fields are still in their
infancy, such as injectability and 3D printing, optical, electric,
and magnetic tough materials, actuators, ionotronics, flexible

electronic skins, and impact-resistance materials. Nevertheless,
the inherent outstanding mechanical properties and cytocom-
patibilities brought by the polysaccharide-based DN concept
provide an effective way to apply these hydrogels in many
fields.
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HACC, 2-hydroxypropyltrimethyl ammonium chloride chito-
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acrylate; KGM, konjac glucomannan; Odex, oxidized dextran;
QCE, quaternized ammonium cellulose; XG, xanthan gum; κ-
CG, κ-carrageenan; ELP-HYD, hydrazine modified protein;
MBAA, N,N′-methylenebisacrylamide; NVP, N-vinyl-2-pyrro-
lidone; PAAc, poly(acrylic acid); PAAm, polyacrylamide;
PAMPS, poly(2-acrylamido-2-methylpropanesulfonic acid);
PDA, polydopamine; PEG, polyethylene glycol; PEGDA,
polyethylene glycol diacrylate; PEGDE, poly(ethylene glycol
diglycidyl ether); PNAGA, poly(N-acryloyl glycinamide);
PNV, poly(N-acryloyl glycinamide-co-vinyl imidazole); PVA,
polyvinyl alcohol; SMA, stearyl methacrylate; TPEG, tetra-
PEG; VI, vinyl imidazole; 4-arm-PEG-NHS, four-armed
poly(ethylene glycol) succinimidyl; 4-arm-PEG-NH2, four-
armed poly(ethylene glycol) amine; A-aGO, alginate-function-
alized amino-graphene oxide; DLS, dynamic light scattering;
DN, double-network; DOPA, 3,4-dihydroxiphenylalanine;
EDL, electric double layer; GO, graphene oxide; HAP,
hydroxyapatite; LysAAm, Nε-acryloyl L-lysine; Na3cit, sodium
citrate; SANS, small-angle neutron scattering; SAXS, small-
angle X-ray scattering
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