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A B S T R A C T

Hydrogels resemble natural extracellular matrices and have been widely studied for biomedical applications.
Nano-crosslinked dynamic hydrogels combine the injectability and self-healing property of dynamic hydrogels
with the versatility of nanomaterials and exhibit unique advantages. The incorporation of nanomaterials as
crosslinkers can improve the mechanical properties (strength, injectability, and shear-thinning properties) of
hydrogels by reinforcing the skeleton and endowing them with multifunctionality. Nano-crosslinked functional
hydrogels that can respond to external stimuli (such as pH, heat, light, and electromagnetic stimuli) and have
photothermal properties, antimicrobial properties, stone regeneration abilities, or tissue repair abilities have been
constructed through reversible covalent crosslinking strategies and physical crosslinking strategies. The possible
cytotoxicity of the incorporated nanomaterials can be reduced. Nanomaterial hydrogels show excellent
biocompatibility and can facilitate cell proliferation and differentiation for biomedical applications. This review
introduces different nano-crosslinked dynamic hydrogels in the medical field, from fabrication to application. In
this review, nanomaterials for dynamic hydrogel fabrication, such as metals and metallic oxides, nanoclays,
carbon-based nanomaterials, black phosphorus (BP), polymers, and liposomes, are discussed. We also introduce
the dynamic crosslinking method commonly used for nanodynamic hydrogels. Finally, the medical applications of
nano-crosslinked hydrogels are presented. We hope that this summary will help researchers in the related
research fields quickly understand nano-crosslinked dynamic hydrogels to develop more preparation strategies
and promote their development and application.
1. Introduction

Hydrogels are a class of polymers characterized by a three-
dimensional (3D) network of crosslinked hydrophilic chains. Since
hydrogels have a structure and function similar to those of the natural
extracellular matrix (ECM), they can be widely used in the biomedical
field [1–5] as drug-delivery platforms [6–9], wound dressings [10–13],
and tissue engineering repair materials [14–21]. Although hydrogels
exhibit some remarkable properties, they still have many properties, such
as a low mechanical strength, poor thermal stability, rapid degradation
rate, and no self-healing ability after damage, that limit their biomedical
applications.

Injectable hydrogels have attracted great interest because of their
good biocompatibility, simple handling, easy formation, and noninvasive
drug delivery by injection [22–24]. In addition, injectable hydrogels are
potentially attractive for clinical applications because they can signifi-
cantly reduce patient discomfort, risk of infection, recovery time, and
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treatment costs, especially in irregular wound repair [25]. Injectable
hydrogels with shear-thinning properties are often subjected to me-
chanical forces that may disrupt the structural integrity of the hydrogel
network. This disruption not only negatively affects hydrogel functional
properties but also increases the risk of microbial invasion through
cavities or fissures [26,27]. Therefore, biomedical hydrogels require a
certain level of strain resistance. The mechanical properties of hydrogels
can be regulated by their concentration and crosslinking density. Spe-
cifically, the mechanical strength and durability of hydrogels can be
enhanced by increasing their concentration or crosslinking density;
however, the functionality of the hydrogel may be affected. For example,
the hydrogel porosity may decrease and the hydrogels may become more
difficult to degrade, which is detrimental to the growth of cells and
regenerative tissues [28]. Therefore, the key to obtaining good structural
and functional integrity is to endow hydrogel materials with a
self-healing ability.

Self-healing materials are a class of smart materials with an inherent
Pan).
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ability to automatically repair damage without external intervention.
Compared with conventional hydrogels, self-healing hydrogels possess
dynamic and reversible 3D network structures that can restore their
initial structure and function after damage. Due to their flexibility,
biocompatibility, and easy functionalization, many self-healing hydro-
gels with unique properties and extended application durations have
been developed through dynamic covalent or noncovalent interactions
for different biomedical applications [29]. Injectable hydrogels with
self-healing properties can be easily delivered in vivo without causing
significant damage to the body [30]. Thus, injectable self-healing
hydrogels have great promise for biomedical applications [31]. Howev-
er, for dynamic hydrogels, a balance between the mechanical properties
and injectability of the self-healing hydrogel must be achieved.
Self-healing ability is usually exhibited by soft polymers and gels, which
cannot provide stiffness to the hydrogel. Good mechanical properties,
which are basic demands in medical applications, especially for tissue
scaffold and drug-delivery materials, originate from relatively strong
covalent bonds, which have relatively weak dynamic properties. The
trade-off between these two factors should be considered for the con-
struction of hydrogels with injectability and self-healing properties [32].

Nanocrosslinked dynamic hydrogels exhibit self-healing properties
and can act as a responsive platform that resembles the natural cellular
matrix. These nanomaterial hydrogels also exhibit better biocompati-
bility and good cell viability, proliferation, and differentiation. The
incorporation of nanomaterials enhances the strength of hydrogels and
their responses to external stimuli (e.g., pH [12,33–35], thermal [36,37],
electromagnetic [38,39], etc.). The nature of the nanomaterials in the
hydrogel also determines the type and function of stimuli-responsive
hydrogels. In addition, the introduction of nanomaterials into hydro-
gels also improves their injectability and shear-thinning properties. Due
to the porous microstructure of hydrogels and the various interactions
between nanomaterials and hydrophobic polymer chains, nanomaterials
can modulate the rheological response of hydrogels through unique in-
teractions, resulting in better viscoelastic properties. The good dispersion
of nanomaterials in hydrogels results in good biocompatibility and more
effective functionality of nano-crosslinked dynamic hydrogels.

In this review, we focus on nanomaterials commonly used in hydro-
gels and summarize the nano-crosslinked dynamic hydrogels developed
in recent years through different reversible crosslinking strategies be-
tween nanomaterials and polymers and the biomedical applications of
these hydrogels.

2. Nanomaterials for dynamic hydrogel fabrication

Nanomaterials, with highly specific surfaces for achieving contact
with other particles and special nanosized properties, have been widely
used in medical applications, such as drug delivery, tumor treatment, and
tissue regeneration. However, the easy agglomeration of nanosized ma-
terials inhibits their effect. Cytotoxicity should not be ignored for clinical
applications. Hydrogels, especially hydrogels with self-healing ability
and injectability, have attracted increasing attention from researchers.
Since hydrogels have a 3D porous network structure identical to that of
the ECM, they are one of the most competitive candidates for materials
used in tissue engineering, wound repair, bone regeneration, etc. They
are suitable for repairing irregular defect structures and vulnerable parts
in particular. However, the balance between their mechanical properties
and injectability has limited their use, and functionalized hydrogels still
need to be further developed. Recent studies have shown the potential of
incorporating nanoparticles (NPs) into hydrogels to enhance crosslinked
networks or endow hydrogels with certain biological properties [40].
Nano-crosslinked dynamic hydrogels with both excellent mechanical
properties and various functionalities have been developed. For these
hydrogels, stiffness was significantly enhanced without sacrificing dy-
namics, which suggests the obvious superiority of these materials as
tissue support materials used for tissue regeneration or drug delivery.
Similar to other hydrogels, most of these nanoparticle-crosslinked
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hydrogels have been shown to have good biocompatibility and the
ability to support cell adhesion and proliferation [41], and some were
even capable of inducing cell differentiation [42]. The results showed
that the mechanical properties may be stabilized by the introduction of
NPs into the crosslinked network as a component of the gel skeleton, with
the stiffness of the nanomaterial contributing to the hydrogel mechanical
properties. The variation and modification of nanomaterials were
feasible for the preparation various hydrogel materials with different
functions for applications under the corresponding conditions. According
to the different composites of the nanomaterials used in hydrogels, these
nanomaterials are mainly classified as metals and metallic oxides,
nanoclays, carbon-based nanomaterials, black phosphorus (BP), poly-
mers, liposomes, etc. In the hydrogel matrix, these nanomaterials act as
crosslinkers or crosslinking points, endowing hydrogels with many sig-
nificant properties.

2.1. Metals and metallic oxides

Nanosized metals and metallic oxides have been widely used in the
biomedical field. They are also used in the fabrication of injectable self-
healing hydrogels. Current self-healing hydrogels exhibit good inject-
ability under certain pressure (i.e., shear thinning) and rapidly return to
their original gel state after injection (i.e., self-healing). However, the
introduction of common crosslinking agents may lead to irreversible
crosslinking (affecting self-healing properties), thus limiting their appli-
cations (such as in tissue scaffolds and drug delivery). Metals andmetallic
oxide nanomaterials can be used for the crosslinking of self-healing
hydrogels [43–45]. In nano-crosslinked hydrogels, the introduction of
metal/metallic oxide components can improve the rigidity of the
hydrogel by reinforcing the skeleton. Moreover, the performance of the
introduced nanocomposite can endow the hydrogel with functionality,
which can produce hydrogels such as photothermal dynamic hydrogels
used for photothermal therapy in tumor treatment, injectable self-healing
antibacterial hydrogels used for wound repair, and self-healing magnetic
double-network hydrogels used for image monitoring and controlling
drug release. Among various metal and metallic oxides, nanogold, silver,
and Fe3O4 are excellent candidates in this regard.

Xing et al. facilitated the in situ mineralization of collagen–gold
hybrid hydrogels based on the self-assembly of biomolecules [46]. The
assembly process was mainly related to the electrostatic interactions
between the positively charged collagen molecular chains and the
negatively charged [AuCl4]- ions (Fig. 1). Gold NPs (AuNPs), formed by
in situ mineralization, played the role of regulating the mechanical
properties of the hydrogels. The noncovalent interactions between
AuNPs and collagen molecular chains conferred shear-thinning and
self-healing properties to the hydrogels. This synthetic strategy is also
applicable for other biopolymers (e.g., chitosan (CS), gelatin (Gel), etc.)
to fabricate functional hydrogels. Such hydrogels can be used as
drug-delivery carriers that can effectively deliver drugs to lesions and
tumors, where the drugs can be retained in situ and a long and slow
release can be achieved. Experiments have confirmed that during tumor
treatment using hydrogels, the drug was enriched at the tumor site after
120 h. This resulted in a lower drug dosage and minimized damage to
normal tissues. In addition, due to the presence of Au NPs, this hydrogel
can also be used for photothermal therapy (PTT) for tumor treatment.

Perez-Rafael et al. developed multifunctional hydrogels for chronic
wound management through the self-assembly of thiolated hyaluronic
acid (HA-SH) and bioactive silver-lignin NPs (Ag@Lig NPs) [47]. The
hydrogel showed not only shear-thinning and self-healing properties but
also zero-order kinetics in the release of antimicrobial silver in response
to infection-related hyaluronidase (Fig. 2). It inhibited the generation of
the major enzymes myeloperoxidase and matrix metalloproteinases that
respond to wound chronicity in wound exudate due to the antimicrobial
property of silver. They also established a rat diabetes model, and the
results showed that the HA-SH/Ag@Lig NP hydrogels induced complete
tissue remodeling and restoration of skin integrity.



Fig. 1. (A) Schematic diagram of the fabrication of an injectable collagen-based hydrogel containing gold nanoparticles based on a biomineralization-triggered self-
assembly process (B) Tumor volumes of mice after different treatments; Tumor weights of different treatment groups (inset: photographs of the resected tumors from
each group obtained after 23 d of treatment). All data are presented as mean � SD (n ¼ 4); Histology images of tumor slices (with H&E staining) from mice at different
treatment groups. Scale is equal to original magnification � 100; Body weights of mice in different groups after treatment. Reproduced with permission [46].
Copyright 2016, John Wiley and Sons. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (A) Schematic representation of hydrogel formation (B)Possible polymer-NPs interaction leading to self-assembling. (C) Scheme on the in vivo mouse model
(top) and representative photos of full thickness skin wounds before and after application of the nano-enabled hydrogels. (D) Hematoxylin-eosin-stained sections of the
wound tissues at sacrifice (day 15 post-surgery). Blue six-pointed stars indicate the epidermis, blue arrows indicate new granulation tissue and the red arrows indicate
the blood vessels. Reproduced with permission [47]. Copyright 2021, Elsevier B.V. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Functional composite materials made of NPs and hydrogels with
unique magnetic properties can be used in image monitoring and
controlled drug release after implantation. Therefore, they have attracted
much attention in the biomedicine field [48]. Gang et al. utilized the
interactions between magnetic Fe3O4 and a CS-polyolefin matrix to
prepare novel self-healing magnetic double-network hydrogels (Fig. 3)
[39]. Fe ions, which acted as binding sites on the HCl-etched magnetic
Fe3O4 surface, underwent coordination with different carboxyl/hydroxyl
groups, increasing the dispersion of Fe3O4 in the hydrogels. The interplay
between ionic coordination, hydrogen bonding, and π-π stacking in-
teractions enhanced the mechanical properties, self-healing, and
4

anti-swelling abilities of the hydrogels. Moreover, nano-Fe3O4 endowed
the hydrogel with excellent magneto-induced effects and magnetic
resonance (MR) imaging capabilities.
2.2. Nanoclays

Nanoclays possess characteristics such as plasticity, large specific
surface area, electronegativity, and nontoxicity, which make them a
popular choice of material for medical applications due to their good
biocompatibility, simple functionalization, low toxicity, and affordability
[49–52]. Recent studies have shown that the incorporation of nanoclay

mailto:Image of Fig. 2|tif


Fig. 3. A strategy for improving the strength and self-healing properties of magnetic hydrogels while endowing them with cytocompatibility and 3D printability.
Reproduced with permission [39]. Copyright 2019, Royal Society of Chemistry.
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into dynamic hydrogels resulted in improved mechanical properties,
such as increased strength and toughness, due to the integrity of the
nanoclay [53].Additionally, the self-healing properties of these hydrogels
were attributed to noncovalent interactions, such as hydrogen bonding,
coordination, and electrostatic interactions [54].

Nanosilicate (laponite XLS) is a synthetic nanoclay material with a
disk shape, diameter of 20–30 nm and thickness of ~1 nm. Nanosilicates
are positively charged at the edges and negatively charged at the top and
bottom surfaces. Thus, they can participate in reversible electrostatic
interactions with charged polymers. The reversible properties of this
electrostatic interaction allow the hydrogels to recover immediately after
injection, thus restoring the prestrain modulus when the shear force is
removed. Gao et al. synthesized stretchable, tough, and self-healing
nanocomposite hydrogels by the in situ polymerization of acrylamide
in the presence of exfoliated montmorillonite (MMT) platelets [55]. The
hydrogels exhibited a fracture strain of approximately 11800% and a
fracture energy of up to 10.1 MJ m�3. Due to the reversible
Fig. 4. Schematic illustration showing (A) the design rationale of the composite collo
applications in bone regeneration. Reproduced with permission [56]. Copyright 202
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desorption/reabsorption of polymer chains, the hydrogels recovered at
room temperature after stretching or by a drying-reswelling procedure.
Dou et al. obtained hydrogels that were self-healable and injectable via
the electrostatic assembly of Gel NPs and nanoclay particles (Fig. 4) [56].
The hydrogel showed remarkable mechanical properties reflected by the
maximal elastic modulus reaching ~150 kPa and a high self-healing ef-
ficiency. They also revealed that the hydrogel showed excellent inject-
ability and moldability.

Nanosilicates easily participate in noncovalent interactions with
charged particles and segments. They can be used for the controlled
release of bioactive molecules, including drugs, proteins, and vaccines,
because their high specific surface area and anisotropic charges enable
the sustained release of loaded bioactive molecules. In addition, nano-
silicates are degradable, and the degradation products can be readily
absorbed by the body, facilitating bone tissue regeneration. Basu et al.
synthesized an injectable hydrogel with sustained-drug-release proper-
ties utilizing the noncovalent interactions between deoxyribonucleic acid
idal gels composed of gelatin nanoparticles and nanoclay particles and (B) their
3, IOP Publishing.
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(DNA) and nanosilicates (Fig. 5) [57]. First, the DNA denaturation and
rehybridization mechanism was used to form hydrogen bonds between
complementary base pairs of adjacent DNA chains. Then, the attractive
electrostatic interactions of the nanosilicates with the DNA backbones
were used to generate additional crosslinking sites, which enhanced the
mechanical properties of the hydrogels. The results showed that the
addition of nanosilicates led to a decrease in the pore size of the
hydrogels, which indicated a more compact network with a higher de-
gree of physical crosslinking. The oscillatory shear rheology tests showed
that the elasticity and storage modulus of the nanocomposite hydrogels
increased due to the electrostatic interactions between the nanosilicates
and DNA backbones. The rapid recovery of the hydrogels and the re-
covery of the energy storage modulus under dynamic oscillatory shear
tests indicated their dynamic nature. The good thermal stability and
minimal cytotoxic effects of the nanocomposite hydrogels showed that
they are good candidates for medical applications. DNA-based nano-
silicate hydrogels can be used to deliver drugs. The maintained
shear-thinning properties of the hydrogel after drug loading confirmed
its potential as an injectable drug-delivery system. The slow drug release
was attributed to the addition of nanosilicates resulting in compact
hydrogel structures with smaller pore sizes. The biological activity of
dexamethasone release was confirmed in a rat cranial defect model by
the osteogenic differentiation of human adipose stem cells in vitro and
bone formation in vivo.

2.3. Carbon-based nanomaterials

Carbon-based nanomaterials are one of the earliest developed nano-
materials. Carbon nanomaterials with different forms and particle sizes
have since been developed. Nanosheets, nanospheres, nanotubes, nano-
rods, and nanodots are commonly and widely used in many fields. In the
study of dynamic hydrogels for medical applications, carbon-based nano-
materials, such as carbon nanotubes (CNTs) [58] and graphene oxide (GO)
[59], are also widely used [60,61]. GO is a type of carbon material with
monolayer carbon atoms in a hexagonal lattice. It has attracted much
attention because of its excellent optical and electronic properties. The
multiple water-soluble functional groups, such as hydroxyl, carboxyl, and
epoxide groups, in the crystal lattice allow them to easily disperse in water
Fig. 5. (A) Schematic representation of the design strategy for the development of DN
a highly porous structure (scale bar ¼ 100 μm). (C) Tan δ (G00/G0) profiles for the
Frequency sweep experiments performed in the range of 0.01–10 Hz. (E) Recovery da
while subjecting them to alternating high (100%) and low (1%) strain conditions.
Copyright 2018, American Chemical Society.
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to form solutions with strong negative potentials. These properties enable
GO to interact covalently or noncovalently with other materials. Many
multifunctional, injectable and self-healing hydrogels with sensitivity to
stimuli, such as pH, light, heat, and magnetism, have been fabricated and
are useful in biomedical applications.

Recently, Bai et al. prepared pH-sensitive hydrogels using polyvinyl
alcohol (PVA) and GO [33]. The large number of hydroxyl, epoxide, and
carboxyl groups on the surface of GO sheets can form hydrogen bonds
with the hydroxyl-rich PVA chains. One PVA chain can interact with two
or more GO sheets to form crosslinking sites. GO/PVA hydrogels exhibit
pH-induced gel-sol transition and can be used for the loading and se-
lective release of drugs. Han et al. used GO nanosheets as crosslinking
sites to obtain CS-based supramolecular hydrogels [62]. When the
hydrogel was prepared with 8.0 wt% CS and 0.2 wt% GO, it underwent a
thermally reversible sol-gel transition. CS/GO hydrogels that showed
self-healing properties after damage were also prepared at room tem-
perature by controlling the concentration and ratio of CS and GO (8.0 wt
% CS/0.3 wt % GO). Wang et al. synthesized PVA/graphite oxide
self-healing hydrogels with pH sensitivity and enhanced thermal prop-
erties [34]. Dual crosslinks were introduced in the hydrogels: one set of
PVA crosslinks induced by freezing/thawing methods to confer
self-healing properties to the obtained hydrogels, and the other set pro-
vided by GO as a two-dimensional crosslinker for enhancing pH sensi-
tivity and thermal stability. The hydrogel showed not only self-healing
ability without external stimuli or the addition of any healing agent but
also pH sensitivity and thermal stability. The preparation method
involving environmentally friendly components (PVA and GO) and a
simple synthesis (freezing/thawing treatment) may pose little threat to
the environment.

Zhang et al. synthesized injectable self-healing supramolecular
hydrogels with electrical conductivity for skin regeneration based on the
host–guest interactions of quaternized CS-graft-cyclodextrin (QCS-CD),
quaternized CS-graft-adamantane (QCS-AD), and reduced graphene
oxide (rGO) (Fig. 6) [63]. After incorporating rGO, which has good
antibacterial activity, into the hydrogels, these hydrogels possessed
electrical conductivity, which can modulate cellular activity, including
cell adhesion, proliferation, and migration, and thus accelerate wound
healing. In addition, full contact between the sharp nanowalls of rGO and
A–nSi injectable hydrogels. (B) SEM images of the DNA-based hydrogel showing
nanocomposite hydrogels over a range of frequency from 0.01 to 10 Hz. (D)
ta obtained by monitoring the storage modulus of the nanocomposite hydrogels
(F) Tan δ values in the range of 25–45 �C. Reproduced with permission [57].

mailto:Image of Fig. 5|tif


Fig. 6. Schematic illustration of injectable self-healing photo-thermal antibacterial hydrogel and its characterization of self-healing, injectable, and conductivity.
Reproduced with permission [63]. Copyright 2020, Elsevier B.V.
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bacterial cell membranes, as well as good charge transfer between bac-
teria and nanowalls, led to bacterial cell membrane damage and thus
inhibited bacterial activity. The rGO incorporated into hydrogels elimi-
nated pathogenic bacteria from the wound area due to its good anti-
bacterial ability, maintained a suitable moist and sterile wound-healing
environment, greatly reduced the risk of bacterial infection, and
recruited more fibroblasts during the wound-healing process to promote
the wound repair process.

2.4. Black phosphorus

BP has been developed as a new two-dimensional material in recent
years. Due to its inherent semiconductor properties, BP shows excellent
photothermal conversion efficiency and has attracted the attention of
biomedical researchers. BP nanosheets also have good biocompatibility
and can degrade into nontoxic phosphates and phosphonates in water,
providing good nucleation sites for biomineralization in vivo and further
regulating bone formation [64]. The homo-layers of BP nanosheets are
not in the same plane as the atoms but have an anisotropic folded hon-
eycomb structure. This high-specific-surface-area structure facilitates
drug loading and modification for the development of multifunctional
biomaterials. BP nanosheets require proper modification for biomedical
use, as BP itself tends to precipitate in water or organismic microenvi-
ronments, leading to inhomogeneous photothermal effects. Therefore,
some typical strategies have been developed, such as the modification of
polymers by simple physical mixing or chemical treatment [65].

Miao et al. developed a dynamic DNA hydrogel supporting BP
nanosheets (BPNSs) integrated with 3D-printed polycaprolactone (PCL)
scaffolds to construct bioactive hydrogel scaffold structures for enhanced
angiogenesis and bone regeneration (Fig. 7) [66]. The average lateral size
of the BPNSs was approximately 200 nm, and they had good crystallinity.
The BPNSs were dispersed into DNA hydrogels and then vortexed and
mixed to produce nano-DNA hydrogels. As BPNSs were incorporated into
the DNA hydrogel matrix, the viscosity of the hydrogel increased
accordingly. In addition, the increase in shear rate led to a decrease in
viscosity, indicating the shear-thinning properties of the nano-DNA
hydrogels, which are essential for injectable hydrogels. Fourier
7

transform infrared (FTIR) spectra of the hydrogels indicated changes in
the DNA molecular environment and the presence of interactions be-
tween the BPNSs and the DNA backbone. Oscillatory rheological analysis
showed that the incorporation of BPNSs significantly increased the
storage modulus of the DNA hydrogels. Oscillatory strain amplitude tests
showed the complete recovery of the storage modulus of the DNA and
BP/DNA hydrogels within a few seconds after several cycles of strain
changes, indicating the self-healing ability of the physically crosslinked
network. These results were possibly attributed to physical interactions,
including π-π stacking between the six-membered BPNS ring and the DNA
backbone. These interactions modulated the mechanical stability of the
BP/DNA hydrogels, and the formation of additional crosslinking sites
may have been responsible for the observed increase in storage module
(G’) values. The introduction of BPNSs led to a significant decrease in the
pore size of the hydrogels, suggesting the formation of a dense nano-
composite network with a higher degree of physical crosslinking. The
addition of BPNSs to the physical crosslinking networks allowed their
stability to be maintained in physiological environments. In physiolog-
ical environments, vascular endothelial growth factor (VEGF) was prone
to degradation and loss of its biological activity. VEGF was adsorbed on
the BPNS surface or embedded in the interlayer space through electro-
static interactions, and encapsulation of VEGF with biomaterials not only
maintained its activity but also lead to the sustainable release of VEGF at
specific defect sites. Injectable BP/DNA nano-crosslinked hydrogels
could be used as a promising VEGF delivery vehicle and biocoating. The
in vivo results from a rat cranial defect model showed that the hydrogel
scaffold structures were able to promote the growth of mature blood
vessels and induce osteogenesis to promote new bone formation, indi-
cating that the strategy of integrating dynamic nano-crosslinked hydro-
gels with 3D-printed scaffolds has high application potential in bone
tissue engineering.

2.5. Polymers nanomaterials

Polymers such as polyethylene glycol (PEG), alginate (ALG), poly-
lactic-co-glycolic acid (PLGA), polycaprolactone (PCL), and hyaluronic
acid (HA) have good biocompatibility, nontoxicity, degradability, and

mailto:Image of Fig. 6|tif


Fig. 7. (A) Schematic illustration of the integration of a 3D-printed PCL scaffold with BPNS-containing DNA hydrogels loaded with VEGF for vascularized bone
regeneration. (B) The photograph, FTIR spectra, and rheological analysis of BP/DNA hydrogels (C) H&E staining images of cranial defects after the implantation of gel-
scaffold constructs for 4 and 8 weeks, NV indicated by the arrow represented for new blood vessels, and NB represented new bone tissue. *p < 0.05, **p < 0.01, ***p
< 0.001. Reproduced with permission [66]. Copyright 2023, Elsevier B.V.
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rigidity. They are widely used in medical applications. Nanoparticle
polymers can also be used as crosslinkers in self-healing hydrogels for
improved mechanical properties and multifunctionality [67,68].

Fenton et al. synthesized a class of injectable and self-healing
hydroxypropylmethylcellulose (HPMC) polymer nanoparticle (PNP)
hydrogels for cytokine release and recruitment of dendritic cells (DCs)
[69]. PNP hydrogels were formed utilizing hydrophobically modified
dodecyl HPMC (HPMC-C12) and PEG-b-PLA polymers of different block
molecular weights (specifically PEG2k-b-PLA16k and PEG5k-b-PLA20k)
(Fig. 8). Each PEG-b-PLA polymer was transformed into NPs by nano-
precipitation. Both PEG-b-PLA NPs were similar in diameter (Dh ~ 80
nm), but the PEG brushes differed in length (2 or 5 kDa) and were small
enough to facilitate hydrogel formation by inducing the polymer
bridging of multiple NPs. In addition, the higher-molecular-weight PEG
block improved the mechanical properties of the PNP hydrogels and
resulted in a shorter self-healing time. Model protein therapies were
released from the hydrogels in vitro for approximately 1 week and in vivo
for approximately 5 days, with subtle differences in the release rates
between several of the hydrogels. The effects of hydrogel recruitment on
immune cells were tested by subcutaneously injecting PNP hydrogels
loaded with C–C motif ligand 21 (CCL21) in a mouse model. The
experimental results showed that the CCL21-loaded PNP hydrogels
preferentially recruited DCs to the injection site in vivo compared to the
non-CCL21-loaded hydrogels. In summary, this PNP hydrogel system,
which is capable of recruiting specific immune cell populations to the
injection site, has the potential to be applied for in vivo immunomodu-
lation after minimally invasive subcutaneous injection.

Cellulose nanofibers (CNFs) have nanoscale characteristics, good
biocompatibility, suitable rheological properties, and high mechanical
strength. They have been used as an enhancer and hydrophilic inter-
penetrating polymer in hydrogels [70]. Cui et al. designed a hydrogel with
a CNF-reinforced oxidized alginate (OSA)/Gel semi-interpenetrating
network through a facile one-step approach without a crosslinker [71].
The hydrogel showed good injectability and self-healing ability because of
its dynamic imine bonds and hydrogen bonds. Due to the introduction of
CNFs, the notable compressive modulus of the OSA/Gel/CNF hydrogel
Fig. 8. (A) Schematic representation of PNP hydrogels comprising hydrophobically
Localized recruitment of DCs into a subcutaneously injected cytokine-free or CCL21-im
of dashed line) and the PNP hydrogel (right of dashed line). (blue ¼ DAPI, purple ¼ a
American Chemical Society. (For interpretation of the references to color in this figu
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reached 361.3 KPa. By combining this result with its enhanced preosteo-
blast cell (MC3T3-E1) viability (>96%), proliferation, osteogenic differ-
entiation, and splendid biomineralization (Ca/P � 1.69), it was concluded
that the OSA/Gel/CNF hydrogel is an excellent candidate for bone
regeneration, especially in minimally invasive conditions.

2.6. Liposomes

Liposomes are artificial membranes made from lecithin and ceramide.
They have a hollow structure and a bimolecular layer that is the same as
that of the skin cell membrane. These spherical vesicles self-assembled
from phospholipid bilayers endow hydrogels with good biocompati-
bility, low toxicity, and good drug loading with both hydrophilic and
hydrophobic drugs. Such bilayers can be formulated from a variety of
phospholipids that may even have a targeting component or respond to
external stimuli (e.g., temperature or shear stress). Hydrogels crosslinked
by liposomes have been well fabricated and used for drug delivery by
modifying drugs that target the liposome surface. Drug release could be
controlled by external stimulation. Stalder et al. formulated an on-
demand drug-delivery hydrogel system containing liposomes for osteo-
arthritis treatment. The synthetic liposomes were 100 nm large uni-
lamellar vesicles extruded from 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) and 20 mol% of admixed 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylethanolamine (DPPE) [72]. The addition of
DPPE coated the surface of the liposomes with amine groups that could
react with functional groups such as aldehydes. The hydrogels were
formed by the reaction between aldehyde-containing oxidized dextran,
the amines on the surface of the liposome and copolymer poly-
ethyleneimine (PEI) to form imine bonds. The imine bonds were tolerant
to an aqueous environment at physiological pH, the reaction produced no
byproducts, and the formed chemical bonds were dynamic, allowing the
hydrogels to degrade over time. The hydrogels were mechanically
responsive. When subjected to mechanical forces, the hydrogels with
liposomes loaded with drugs transferred the applied mechanical forces to
the bound liposomes, thus triggering the release of the drugs carried
within the liposomes and allowing the drug to act for a longer period of
modified hydroxypropylmethylcellulose (HPMC-C12) and PEG-b-PLA NPs. (B)
pregnated PNP hydrogel. Dashed line represents the border between tissue (left
nti-CD11c Alexa Fluor 647). Reproduced with permission [69]. Copyright 2019,
re legend, the reader is referred to the Web version of this article.)
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time. Uchida et al. developed a novel hydrogel composed of three layers
of polymeric micelles and PEI for the sustained release of hydrophilic
compounds [73]. The hydrogels were formed from PEI (as the main
chains of the hydrogels) and vesicular trilayer polymeric micelles (as the
crosslinkers and carriers of the hydrophilic compound). The viscoelastic
properties of the hydrogels were altered by adjusting the molecular
weight, concentration, and pH of the constituent components of the
hydrogels. In addition, the structural differences of the micelles affected
the gelation properties of the hydrogels. Hydrogels formed from
three-layer polymeric micelles with vesicle-like flexible structures
exhibited a higher storage modulus than those formed from two-layer
polymeric micelles with highly stacked hard structures. The micro-
structural differences of the crosslinkers induced macroscopic changes in
the properties of the hydrogels. These hydrogels can encapsulate hy-
drophilic drugs for sustained drug release in medical applications.
Fig. 10. Schematic illustration of a dynamic hydrogel formed by oxidized alginate
Reproduced with permission [76]. Copyright 2020, Elsevier B.V.

Fig. 9. (A) Pictures of the hydrogel gelation and dissolution process. (B) Schematic i
healing in the CMC/DACNC hydrogel. (C) Schematic diagram of the fabrication of
wound healing. Reproduced with permission [74]. Copyright 2018, American Chem
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3. Strategies for nano-crosslinked dynamic hydrogel fabrication

3.1. Reversible covalent interactions

3.1.1. Imine bonds
Imine bonds are some of the most active and common dynamic co-

valent bonds. They can be formed by Schiff base reactions. Non-
dissociative or dissociative dynamic interactions occur under the
stimulation of heat, water, and acid. Therefore, self-healing imine bonds
are usually used for preparing self-healing materials. Regarding nano-
crosslinked hydrogels, dynamic imine bonds have recently been used
for crosslinking to form porous network structures by Schiff base re-
actions between amine groups and active carbonyl groups (aldehydes
and ketones). The hydrogel materials showed self-healing properties due
to the intrinsic self-healing property conferred by the imine bonds.
-modified HA nanoparticles and carboxymethyl chitosan through imine bonds.

llustration of reversible and dynamic imine bonds (�C¼N�) formation and self-
an on-demand dissolvable self-healing hydrogel for deep partial-thickness burn
ical Society.

mailto:Image of Fig. 10|tif
mailto:Image of Fig. 9|tif


Fig. 11. Schematic illustration of the preparation (A), self-healing ability (B), and application in infected skin tissue repair (C) of the dynamic nano-crosslinked protein
hydrogel. (D) The gelation of the SH-Gel solution after the addition of CuS2 NPs. (E) SEM of the hydrogel. (F) In vitro degradation of the hydrogel. (G) Self-healing
process of hydrogel blocks. (H) Injectability and remolding process of the hydrogel. (I) Dynamic oscillatory frequency sweeps (strain ¼ 1%), (J) strain amplitude
sweeps (frequency ¼ 1 rad/s), and (K) step-strain sweeps (strain ¼ 1% or 2000%, frequency ¼ 1 rad/s) of the dynamic hydrogel. Reproduced with permission [78].
Copyright 2022, Royal Society of Chemistry.
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Many dynamic hydrogels with different functions have been prepared
by imine bond interactions. Huang et al. prepared a novel injectable
nanocomposite self-healing hydrogel using water-soluble carboxymethyl
chitosan (CMC) and rigid rod-like dialdehyde-modified cellulose nano-
crystals (DACNCs) (Fig. 9) [74]. The hydrogel was crosslinked by dy-
namic imine bonds between the amine groups of CMC and the aldehyde
groups of the DACNCs. The large aspect ratio and specific surface area of
the DACNCs increased the number of crosslinking sites within the
hydrogel, which could be easily damaged and reorganized, thus enabling
the hydrogel to rapidly self-heal. The DACNCs as nanoreinforced fillers
improved the strength of the hydrogels. The hydrogel exhibited high
self-healing efficiency (~5 min), injectability, good mechanical strength,
and a high equilibrium swelling rate of 350%. In addition, the hydrogel
had the unique ability to dissolve on demand in an amino acid solution,
resulting in painless removal during wound dressing changes. Moreover,
3D cell encapsulation demonstrated that the hydrogel had the potential
to be used as an ECM to support cell growth, with 97.3% cell viability
after 7 days of incubation. The hydrogel was injected to cover large and
irregularly shaped wounds to maintain a moist environment and absorb
large amounts of wound exudate, which was then easily removed from
the wound by dissolving the hydrogel on demand. In vivo trials showed
that the self-healing hydrogel effectively treated deep partial-thickness
burn wounds, with only 0.6% of wounds unclosed and without scar
formation after 2 weeks of healing. In conclusion, on-demand dissolvable
nanocomposite self-healing hydrogels have multiple advantages and
good potential as wound dressing materials for patients with deep
partial-thickness burns.

The presence of amino groups on DNA can react with the aldehyde
groups on OSA to form imine bonds. Basu et al. designed a nano-
composite DNA-based hydrogel crosslinked with OSA via the formation
of reversible imine linkages [75]. The formulated hydrogel functioned as
an injectable carrier for the sustained delivery of a small-molecule drug,
simvastatin. The hydrogel exhibited self-healing and shear-thinning
properties due to the reversible nature of the covalent imine bonds
formed between the aldehyde groups of OSA and the amine groups
present in the DNA nucleotides. Ma et al. designed and fabricated
Fig. 12. (A) Illustration of the nano-crosslinked hydrogels by dynamic borate este
0.1–400%) at a fixed frequency of 1 rad/s; (C) step-strain test at a fixed frequency o
printed cone and hollow cylinder 3D patterns. Reproduced with permission [60]. Co
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injectable hydrogels based on OSA-modified HA NPs and CMC via imine
bonds (Fig. 10) [76]. The hydrogel showed good mechanical properties
and the interface compatibility of the modified HA particles to organic
matrices, suggesting its potential as a material for bone regeneration. Lin
et al. reported the fabrication of a self-healing hydrogel by crosslinking
biodegradable difunctional polyurethane (DFPU) nanoparticle disper-
sions and CS [77]. The self-healing property of the hydrogel originated
from the imine bonds between DFPU and CS at room temperature. The
low immune response in a rat 14-d implantation model revealed that
these hydrogels are promising newmaterials for biomedical applications.

3.1.2. Disulfide bonds
Disulfide bonds, essentially those based on the thiol/disulfide dy-

namic exchange reaction, are another type of dynamic covalent bond for
self-healing hydrogels. To achieve disulfide bond crosslinking, thio-
lation/sulfhydrylation is needed. Sulfhydrylation treatment of biological
macromolecules such as Gel and CS has been used to provide thiol groups
for crosslinking. Our group designed a dynamic hydrogel based on CuS2
NPs and thiolated Gel (Fig. 11) [78]. By introducing CuS2 NPs into the
hydrogel as the main skeleton, the mechanical properties were enhanced.
Rapid photothermal sterilization and accelerated wound healing were
realized because of the photothermal properties of copper sulfide under
infrared light irradiation (808 nm).

3.1.3. Boronic ester bonds
Through the formation of reversible boronic ester bonds, self-healing

hydrogels can be obtained. Boronic ester bonds are generally formed by
condensation reactions of compounds containing boric acid (phenyl-
boronic acid) groups with alcohols (phenols) containing hydroxyl
groups. They exhibit good stability under neutral or alkaline conditions,
while they dissociate under acidic conditions. Therefore, these bonds
facilitate the preparation of dynamic hydrogels. Many pH-responsive
hydrogels have been developed using this strategy and used as plat-
forms for controlled drug release and tumor treatment. He et al. devel-
oped high-quality magnetic self-healing hydrogels through the
Kabachnik�Fields (KF) reaction [79]. Dynamic borate ester linkages
r bond formation. (B) dependence of moduli on strain amplitude sweep (γ ¼
f 1 rad/s (1% or 400% of strain); (D) viscosity measurement at 1% of strain; (E)
pyright 2019, American Chemical Society.
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formed between phenylboronic acid (PBA) and phosphonic acid (PA)
groups. The surface of iron oxide NPs (IONPs) strongly interacts with PA
groups. The hydrogel was obtained by mixing PA groups and PVA con-
taining IONPs. Huang et al. described injectable self-healable nano-
composite (NC) hydrogels with good mechanical strength and
mussel-inspired adhesive properties (Fig. 12) [60]. These hydrogels
were obtained by solution-mixing poly(N,N-dimethylacrylamide-sta-
t-3-acrylamidophenylboronic acid) (PDMA-stat-PAPBA), poly(glycerol
monomethacrylate) (PGMA), and poly(dopamine)-coated chemically
reduced graphene oxide (rGO@PDA) in an alkaline environment. During
the network formation process, boronic ester dynamic covalent bonds
(DCBs) played a major role, while rGO nanosheets homogeneously
Fig. 13. (A) Injectability and printability properties of the G–NapBA/Kþ hydrogel (vit
the self-healing ability of the G-quadruplex hydrogel. (C) Optical images of the self-h
hydrogel, and a hang test confirms the healed gel. (D) Schematic representation of th
Self-healing mechanism. (F) Graphical representation of the formation of G-quadrup
50:25:25 mM). Reproduced with permission [80]. Copyright 2020, American Chemic
reader is referred to the Web version of this article.)
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dispersed in the hydrogel matrix acted as both 2D crosslinkers and
reinforcing fillers.

Ghosh et al. prepared injectable, self-healable, and biocompatible
dynamic hydrogels by molecular self-assembly and reversible covalent
bond formation with low-molecular-weight hydrogelators. (Fig. 13)
[80]. They prepared G-NapBA/Kþ hydrogels with a columnar structure
by multicomponent self-assembly and reversible bond formation be-
tween guanosine (G) and 1-naphthaleneboronic acid (1-NapBA) in the
presence of the monovalent cation Kþ. G-quartets were formed by the
supramolecular Hoogsten-type hydrogen bonding interactions between
the guanine units, and the Kþ ions exerted a stabilizing effect.
Self-assembly occurred for 1-NapBA and the cis diols of guanosine units
amin B12-loaded gel was extruded through a 24 G syringe). (B) Demonstration of
ealing process. Sequence of self-healing observed by the methyl red dye-doped
e self-healing process in the presence of dynamic reversible boronate esters. (E)
lex, leading to the formation of a self-supporting hydrogel (G/1-NapBA/KOH ¼
al Society. (For interpretation of the references to color in this figure legend, the
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by the formation of cyclic boronate esters. Furthermore, stronger su-
pramolecular G-quadruplex nanofibrous hydrogels with columnar
structures were obtained by π�π stacking interactions between adjacent
naphthalene moieties and cation-templated hydrogen-bonded G-quartet
motifs. Rheological experiments confirmed that the hydrogels had good
mechanical and thixotropic properties, injectability and printability. Its
good biocompatibility and controlled drug release of important bio-
molecules/drugs such as vitamin B 2, vitamin B 12, and doxorubicin
suggested its potential application in the medical field.
3.2. Noncovalent interactions

3.2.1. Coordination interactions
Coordination interactions occur between ligands (donate electrons)

and one positively charged transition-metal ion. The covalent coordina-
tion bond is strong and has been used to prepare highly adhesive, elastic,
and self-healable materials. The sticky feet of mussels, which are attrib-
uted to the coordination of Fe3þ and catechol ligands, are a typical
example of the strength of this bond in nature. Reversible metal-ligand
coordination is also widely used in designing self-healing hydrogels.
Au and Ag ions with good biocompatibility and special medical functions
are commonly used in nano-crosslinked hydrogels. They usually form
dynamic thiolate-Au/Ag interactions. These functional groups can also
be used to modify fragments to produce functionalized dynamic
hydrogels.

The coordination between metal and ligands are commonly used to
prepare dynamic hydrogels [45,81–83]. Qin et al. developed a dynamic
hydrogel strategy by taking advantage of the coordination between noble
metal ions and ligands [82]. First, they developed gold NP/PNIPAM
(GNP) hydrogels using the dynamic thiolate-Au (RS-Au) interaction. Due
to the RS-Au coordination and the remarkable photothermal effect of the
NPs, the hydrogels achieved rapid self-healing within 1 min under
near-infrared (NIR) light (808 nm). The design and synthesis of GNP
hydrogels are shown in Fig. 14. N,N-Bis(acryloyl)cystamine (BACA)
containing a disulfide bond reacted with Au NPs to form RS-Au bonds.
The hydrogels were used as photo-controlled drug carriers for biomedical
applications due to the thermally responsive PNIPAM polymer chains
and optothermal gold NPs in the hydrogels. The hydrogel showed
shear-thinning performance. The hydrogel recovered quickly after in-
jection, suggesting its usefulness in drug delivery. Due to the
Fig. 14. Schematic illustrations of gold-thiolate interaction-triggered self-healing n
monomers used for the polymerization of hydrogels. (B) Schematic formation of G
polymerizations. (C) Schematic mechanism for the dynamic and reversible RS–Au
[82]. Copyright 2017, Elsevier B.V. (For interpretation of the references to color in
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photothermal effect, the hydrogels enabled the intelligent control of Dox
release under NIR laser irradiation.

Subsequently, anisotropic and self-healing silver (Ag) NP/poly-
acrylamide (PAM) (SNPP) hydrogels with rapid and efficient multi-
responsiveness were synthesized [84]. The SNPP hydrogels showed
excellent stretchable behaviors and mechanical anisotropy. The me-
chanical anisotropy of the hydrogels was attributed to the coordination
interactions between Ag NPs and sulfur-containing molecules as well as
surface-induced S–S bond cleavage. The fast and efficient self-healing
properties of the SNPP hydrogels were attributed to the dynamic coor-
dination interaction of RS-Ag in the hydrogel network under NIR irra-
diation and low pH conditions. Recently, ultrastretchable, self-healing,
and conductive hydrogels as conductors were prepared with Ag nano-
wires (AgNWs), wrinkled rGO nanosheets, and PAM (Fig. 15) [85]. The
AgNW/rGO aerogel-PAM (ARAP) hydrogels possessed great stretch-
ability with an elongation of 3250%, strong endurance to knotted and
twisted deformations, and excellent stability with a resistance change of
223% at 2000% strain. The addition of AgNWs and rGO greatly increased
the sliding friction of the hydrogels and improved the crack resistance
during the stretching process. The rGO nanosheets, as crack bridges,
prevented severe crack propagation and stabilized the structure. The
Ag-SR coordination bonds in the ARAP hydrogels endowed them with
excellent response healing properties. Since the Ag-SR bonds were
temperature-sensitive, the heat generated by the photothermal conver-
sion of AgNWs under NIR irradiation triggered the breaking/generation
transition of the Ag-SR bonds. With this reversible crosslinking of dy-
namic Ag-SR bonds, the hydrogel network can be rebuilt, allowing for
healing of the ruptured region of the hydrogels. The hydrogels can be
applied in stretchable conductors and electronic devices.

Coordination interactions can also be used to fabricate functional
dynamic hydrogels. Recently, our group prepared dynamic hydrogels
with small-molecule compounds by using the coordination of Au and S to
boost chondrogenesis [86]. The hydrogel design mainly involved the
coordination between collagen and metal ions (Fig. 16). The chon-
droinductive factor kartogenin (KGN) was enveloped via CD by supra-
molecular interactions for medical applications. The good injectability
and self-healing ability of hydrogels suggested their suitability for
minimally invasive procedures. The results showed that the hydrogel
significantly facilitated the expression of cartilage matrix components
(aggrecan and type II collagen) in articular chondrocytes and did not
anocomposite hydrogels. (A) Schematic structure of gold NPs and a list of co-
NP hydrogels with modified gold NPs as large crosslinkers in situ free-radical
bonding under NIR laser irradiation (808 nm). Reproduced with permission
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 15. (A) Schematic illustrations of the fabrication process. (i) Macroscopic level: cellular monolith. (ii) Microscopic level: film-like cell wall. (iii) Nanoscopic level:
AgNW network covered with the wrinkled RGO nanosheets and PAM chains. (B) SEM image of the compartmental wall of the AgNW/RGO aerogel. (C) Top-view SEM
image of the ARAP hydrogel. (D, E) Magnified SEM images in (C). (f) Side-view SEM image and (G) EDS spectra of the hydrogel. Scale bars: 50 μm. Optical and SEM
images of the knotted (H, J) and twisted (I, K) hydrogels. Reproduced with permission [85]. Copyright 2021, American Chemical Society.

Q. Wang et al. Materials Today Bio 20 (2023) 100640
affect cell proliferation and migration. The functional hydrogel repaired
bone defects by mitochondrial reinforcement, suggesting its application
potential in cartilage repair.
15
3.2.2. Electrostatic interactions
The design and preparation of dynamic hydrogels by electrostatic

interactions is an alternative strategy. Electrostatic interaction refers to

mailto:Image of Fig. 15|tif


Fig. 16. Schematic illustration of metal ions and collagen-based dynamic hydrogel loaded with KGN promoting cartilage regeneration by enhanced mitochondrial
functions. (A) Gelatin is mercaptoized with Traut's reagent to form mercapto gelatin (SH-Gel). (B) Self-healing ability is endowed by introducing gold chlorate,
followed by mixing with cyclodextrin-encapsulated KGN. (C) The “cutting and healing” remoldable network structure was achieved through an “Au–S00a dynamic
bond. (D) In vivo injection of hydrogel facilitates cartilage repair following injury through refinement of mitochondrial polarization and redox balance. Reproduced
with permission [86]. Copyright 2022, Elsevier B.V. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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the interaction between two charged particles. This interaction can also
be used in the formation of hydrogels. Hydrogels contain components
with positive charges on the surface and components with negative
charges. Two charged segments can undergo crosslinking to form
hydrogels by electrostatic interactions. The intrinsic self-healing property
of the hydrogels makes them dynamic. Charged polymer, particle, sheet,
and even macromolecular fragments can be used as reactants for pre-
paring hydrogels. Functionalization and modification can also be carried
out. Due to fast complexation reaction kinetics and reactivity to a variety
of external stimuli (e.g., temperature, pH, cations, anions, etc.), electro-
static interactions are one of the most intriguing dynamic bonds used in
hydrogel fabrication.

Shen et al. proposed a new strategy combining dressing management
and chemotherapy with low-intensity high-pulse nonthermal laser ther-
apy (LLLT) by designing a highly integrated and structurally simple ul-
trasmall drug-composite hydrogel wound dressing (Fig. 17) [87]. This
nanocomposite hydrogel consisted of oxidized hyaluronic acid (OHA),
ε-polylysine-grafted human-like collagen (HLC-EPL), and curcumin-Fe
(III) coordination polymer nanodrugs (Cur-Fe (III) ICPs) doubly cross-
linked by imine bonds and NP–polymer interactions. NP–polymer in-
teractions were mainly dynamic interactions between the positively
charged Cur-Fe (III) ICP NPs and the negatively charged hydrogel
backbone molecules. Cur-Fe (III) ICPs, the nanodrugs in the hydrogels
with nearly uniform small sizes, enhanced the biological activity of Cur.
The carrier-free and ultrasmall (9.14 � 1.25 nm) Cur-Fe (III) ICPs
exhibited minimal light scattering and light absorption, which allowed
the drug-loaded hydrogels to retain good light transmission (>90.1%).
Due to the coordination structure of Cur-Fe (III) ICPs, this nanocomposite
16
hydrogel (Cur-Fe (III)-HEO) depolymerized and released Cur during the
inflammatory phase in response to the acidic microenvironment of the
wound. The “off-on” fluorescence change before and after drug release
allowed visual monitoring of chemotherapy during wound healing. The
electrostatic interactions and imine bonding in the hydrogels allowed the
nanocomposite dressings to achieve 84.6% crosslinking reconstruction
efficiency in 10 min, making them more adaptable to burns. Animal
experiments showed in a major reduction in closure time from 21 days to
9 days for surface full-layer burn wounds and the accelerated recon-
struction of skin structures. This rapid self-healing hydrogel wound
dressing offers a new strategy for burn treatment.

3.2.3. Hydrogen bonds
Hydrogen bonds are the most common noncovalent interactions in

nature. They occur between positive hydrogen atoms and electronegative
acceptor atoms, such as oxygen, nitrogen, or fluorine. The association
and dissociation of hydrogen bonds can occur in a matter of picoseconds
or even less than a picosecond. As a common physical interaction,
hydrogen bonds are commonly used in preparing hydrogels. Hydrogel
materials can be prepared by the crosslinking of components with ter-
minal hydrogen atoms and negative particles. Due to its self-healing
property, the resulting hydrogel can have dynamic properties.
Hydrogen bonds also contribute to the mechanical properties of hydro-
gels. However, these bonds are always used together with other in-
teractions for the preparation of dynamic hydrogels due to the weakness
of the hydrogen bond.

Deng et al. reported self-healing conductive hydrogels based on β-CD,
N-isopropylacrylamide (NIPAM), multiwalled CNTs, and nanostructured
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Fig. 17. Schematic illustration of the preparation of the Cur-Fe(III)-HEO nanocomposite hydrogel (A) and the programmed dressing-chemo-LLLT combination therapy
of burn wounds based on it (B). Reproduced with permission [87]. Copyright 2021, Elsevier B.V.
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polypyrrole (PPY) [88]. The addition of CNTs and PPY in the hydrogels
lead to the formation of hydrogen bonds with NIPAM, which together
with the host-guest interactions endowed the hydrogels with self-healing
properties and improved the electrical conductivity of the hydrogels. The
characterized thermal response properties of the PNIPAM hydrogels
typically resulted in sharp phase transitions and fast swelling/drying
rates. These hydrogels showed expansion rates with temperature similar
to those of pure PNIPAM hydrogels. The hydrogels showed a rapid
response not only to thermal radiation but also to NIR light. Conductive
nanomaterials, such as CNTs or PPYs, exhibit the ability to absorb NIR
light and efficiently convert NIR light into heat. In the hydrogel, the CNTs
17
served as a physical crosslinking agent, and the soft PNIPAM chains
formed a good elastic network to prevent mechanical damage and frac-
ture of the rigid PPY nanoaggregates. Hydrogels can also exhibit photo-
thermal properties when these conductive components are doped into
the hydrogels. When the temperature exceeded the volumetric phase
variable (VPTT), the PNIPAM-based hydrogels contracted and exhibited
significant photothermal behavior. When the laser exposure was turned
off, the shrinkage of poly (NIPAM-co-β-CD)/CNT hydrogels ceased
accordingly, and these hydrogels gradually recovered to their original
shape after water absorption. The hydrogels exhibited good reversibility
during compression and relaxation. The mechanism of the good elasticity

mailto:Image of Fig. 17|tif


Fig. 19. (A) Schematic representation of the preparation of polymer–nanoparticle (PNP) hydrogels utilizing noncovalent interactions between core-shell nanoparticles
(NPs) and (B) hydrophobically modified hydroxypropylmethylcellulose. (C) NPs composed of either poly(styrene) (PS; nondegradable) or poly(ethylene glycol)-block-
poly(lactic acid) (PEG-b-PLA; biodegradable). Reproduced with permission [89]. Copyright 2015, Nature Publishing Group.

Fig. 18. (A) Schematic representation of the synthesized OSA/Gel/CNF and suggested chemistry of the materials. Self-healing behaviors (B), cyclic G0 and G00 values of
the hydrogel (C), healing efficiency test (D), and the synergistic self-healing mechanism (E) of hydrogels. Reproduced with permission [71]. Copyright 2022,
Elsevier B.V.
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and fast recovery properties of the hydrogels was attributed to the elastic
macroporous and soft-hard bicontinuous network structures of the poly
(NIPAM-co-β-CD)/CNT/PPY hydrogels, consisting of rigid CNT and soft
PNIPAM chains. In addition, the compressive stress of the hydrogels
increased from 2.9 kPa to 10.2 and then to 20.5 kPa with the sequential
addition of the rigid conductive component (CNT/PPY) under 70%
18
stretch. Due to their excellent properties, these conductive hydrogels
have a wide range of promising applications in the fields of smart elec-
tronics and biomedicine, such as pressure sensors, large-scale human
motion monitoring sensors, and self-healing electronics.

As mentioned above, the hydrogen bond strategy is used together
with other interaction strategies to obtain dynamic hydrogels. Cui et al.
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synthesized OSA/Gel/CNF hydrogels through a CNF-reinforced OSA/Gel
semi-interpenetrating network under the synergistic effects of dynamic
imine bonds and hydrogen bonds without a crosslinker (Fig. 18) [71].
The results showed that when the hydrogels were cut in half, the dynamic
imine and hydrogen bonds broke and produced free reactive groups at
the fractured interface. These groups exhibited strong propensities for
conformational rearrangement. Then, the dissociated reactive groups
reacted with the cleaved surfaces to form new imine bonds and hydrogen
bonds. Therefore, the self-healing of hydrogels has been realized under
the synergistic effects of hydrogen bonds and imine bonds. Due to the
incorporation of CNFs, the swelling, water uptake capacity, degradation
behavior, and compressive modulus of the hydrogels were improved. By
combining these results with the bioactivity, biomineralization capacity,
and osteogenic activity results, it was concluded that the OSA/Gel/CNF
hydrogels are promising bone injury repair materials.
Fig. 20. Preparation and characterization of the CNTs/HAPAAm hydrogels. (A) Schem
The photographs of (I) the HAPAAm hydrogel and (II) the CNTs/HAPAAm hydroge
SEM images of (D) the HAPAAm hydrogel and (E) the CNTs/HAPAAm hydrogel. Re
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3.2.4. Hydrophobic interactions
Hydrophobicity endows aqueous solutions of nonpolar compounds

with unusual properties and plays a key role in a variety of chemical and
biophysical phenomena, such as the folding of proteins or the self-
assembly of amphiphilic compounds into micelles and membranes. Hy-
drophobic interactions differ from other noncovalent interactions in that
they do not depend on direct intermolecular attraction between inter-
acting species and instead are driven by the tendency of water molecules
to retain their hydrogen bonds network around nonpolar solutes. They
vary according to temperature, the presence of cosolutes, and the size of
nonpolar species. Hydrogels formed by hydrophobic interactions can be
obtained by introducing hydrophobic sequences within or at the termini
of hydrophilic polymer chains. The transient network formed by inter-
chain interactions depends on the polymer concentration, the ratio of
hydrophobic molecules, and the polymer structure. Due to the dynamic
atic illustration of the preparation process for the CNTs/HAPAAm hydrogel. (B)
l. (C) XRD patterns of CNTs, HAPAAm hydrogel, and CNTs/HAPAAm hydrogel.
produced with permission [90]. Copyright 2020, American Chemical Society.
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and reversible nature of the junctions, the resulting hydrogels may
exhibit self-healing capabilities.

Hydrogels cross-linked by hydrophobic interaction can also be used
for drug delivery [89]. The hydrogel exerted a self-healing effect through
hydrophobic interactions between HPMC-x derivative polymer chains
and NPs. Specifically, the hydrophobic interaction between the hydro-
phobic part of the HPMC chains and the hydrophobic chains of
Fig. 21. (A) Schematic representation of the functionalization of MoS2 by β-cyclodex
on the host-guest interactions between an adamantane-modified gelatin matrix and
Investigation of the host-guest interactions and molecular recognition macroscopica

Fig. 22. (A) Designation and preparation of multifunctional stimuli-responsive hy
frequency (10 rad/s) at 25 �C of poly(NIPAM-co-β-CD)/CNT/PPY hydrogels; Alternat
¼ 400%) with 100 s for every strain interval at a fixed angular frequency (10 rad/
hydrogel. Reproduced with permission [88]. Copyright 2018, American Chemical So
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poly(ethylene glycol)-block-poly(lactic acid) (PEG-b-PLA) NPs was
enhanced by the hydrophobic modification of HPMC-x, where x refers to
hexyl (C6), adamantyl (AD) or dodecyl (C12) functional groups, which
enhanced the adsorption of HPMC on NPs and thus generated
polymer-NP (PNP) hydrogels (Fig. 19). The presence of poly(ethylene
glycol) chains on the PEG-b-PLA NPs significantly reduced the inherent
affinity between HPMC and NPs and increased the shear storage modulus
trin. (B) Schematic representation of functional supramolecular hydrogel based
cyclodextrin-functionalized exfoliated MoS2. (C) Self-healing of MoS2gel. (D, F)
lly. Reproduced with permission [91]. Copyright 2021, Elsevier B.V.

drogels. (B) Strain amplitude sweep test (γ ¼ 0.1%–500%) at a fixed angular
e step strain sweep test with small strain (γ ¼ 1.0%) to subsequent large strain (γ
s) at 25 �C; Storage modulus and loss modulus profiles for original and healed
ciety.
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by a factor of 30 compared to that of pure HPMC. Therefore, the strong
adhesion properties between HPMC-x polymers and PEG-b-PLA NPs and
the consequent formation of hydrogels require the presence of HPMC
with sufficiently long hydrophobic chain segments. In addition, dynamic
noncovalent interactions occurred within these materials, resulting in
stress-induced flow properties and self-healing properties. Transient and
reversible interactions between NPs and HPMC chains dominated the
self-assembly of PNP hydrogels, allowing flow under applied stress and
full recovery of their structural properties. The viscosity of the hydrogels
varied considerably from low to high shear rates, indicating that the
hydrogels possessed good injection properties. Since the PEG-b-PLA NPs
Fig. 24. Diagram, micro-CT, and VG staining images, quantitative analysis, evaluation
cranial defect model treated with gelatin/clay hydrogels. Diagram of the sinus augm
permission [56]. Copyright 2023, IOP Publishing.

Fig. 23. Schematic of drug-loaded hydrogel assembly by host–guest interactions. R
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in the PNP hydrogels contained both hydrophilic and hydrophobic
structures, these materials can double encapsulate and control the release
of therapeutic drugs. The PNP hydrogels contained PEG-b-PLA NPs that
acted as structural components of the materials as well as carriers, thus
enabling the simultaneous encapsulation of multiple therapeutic drugs
and their release in different ways.

Nanomaterials (e.g., CNTs) can enhance the interfacial interaction
with the hydrogel matrix through hydrophobic interactions, resulting in
an extremely scalable, highly resilient, and fatigue-resistant conductive
nanocomposite hydrogel (Fig. 20) [90]. CNTs were integrated into poly
(acrylamide-co-lauryl methacrylate)-based hydrophobically associating
of bone formation in New Zealand rabbit (A) sinus augmentation model and (B)
entation model. (* p < 0.05, ** p < 0.01 and *** p < 0.001) Reproduced with

eproduced with permission [92]. Copyright 2022, Royal Society of Chemistry.
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polyacrylamide (HAPAAm) hydrogels, and poly (lauryl methacrylate)
(PLMA) fragments formed hydrophobic interactions with carbon nano-
tubes. The carbon nanotubes enhanced electrical conductivity while
enhancing the mechanical properties of the material. The hydrogel
possessed excellent mechanical properties and good electrical conduc-
tivity and could be used as a reliable biosensor.

3.2.5. Host–guest recognition
Host–guest recognition is ubiquitous in organisms. The specific

identification involved in this recognition makes it advantageous to use
in targeted drug delivery and disease treatment. It has also been used in
designing nanomaterial dynamic hydrogels. Taking advantage of the
large specific surface area of nanomaterials, nanomaterials can be used as
the host agent, and the guest agent can be used to modify the surface,
thus resulting in the formation of a hydrogel through the interactions
between the host and guest. Due to the intrinsic self-healing ability
endowed by noncovalent host–guest recognition, the hydrogel can have
excellent dynamicity. Many hydrogels with different functions have been
Fig. 26. (A) Antibacterial activity, self-healing, and adhesion of CMCS-brZnO hydro
alternate low (1%) and high (500%) strain at a fixed angular frequency of 10 rad/s; (
interference microscope. Reproduced with permission [43]. Copyright 2022, Elsevie

Fig. 25. (A) Formation of injectable hydrogel based on oxidized alginate and carboxy
with or without KA hydrogel; Statistical results of wound area at different times; H&
epidermis. (Red arrow: the renascent epidermis. Black arrow: the blood capillary); EG
14 days (Scale bar is 200 μm), and the blue fluorescence was the cell nucleus labeled
interpretation of the references to color in this figure legend, the reader is referred
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obtained owing to the easy modification of nanostructures.
Zohreband et al. constructed an injectable, self-healable, and flexible

supramolecular hydrogel by host-guest interactions between an
adamantane-modified Gel matrix and CD-functionalized exfoliated MoS2
(Fig. 21) [91]. The mechanical properties of the hydrogels were
enhanced. The incorporation of almost 1 wt% CDMoS2 into a Gel matrix
with a 1 cm2 cross-section produced a hydrogel that was able to tolerate
one hundred grams. Additionally, the storage modulus (G0) and loss
modulus (G00) of the obtained hydrogel were 10 and 25 times higher than
those of neat Gel, respectively.

Deng et al. synthesized multifunctional stimuli-responsive hydrogels
based on β-CD, NIPAM, multi-walled CNTs, and nanostructured PPY
(Fig. 22) [88]. Among these components, β-CD served as the host mole-
cule, NIPAM served as the guest molecule, CNT served as the physical
crosslinker and conducting substrate, and PPY served as the highly
conductive component. The obtained hydrogels exhibited flexible and
elastic mechanical properties, self-healing properties, high conductivity,
and rapid stimuli-responsive properties for both temperature and NIR
gel. (B) G0 and G00 of CMCS-brZnO-1 (i) and CMCS-brZnO-2(ii) hydrogel under
iii) Self-healing process of the CMCS-brZnO-2 hydrogel monitored by differential
r B.V.

methyl chitosan. (B) Representative photographs of the wound of SD rats treated
E staining result of the renascent skin (scale bar: 1 mm); Thickness of renascent
F immunofluorescence (FITC, green fluorescence) images of the renascent skin at
by DAPI. Reproduced with permission [102]. Copyright 2022, Elsevier B.V. (For
to the Web version of this article.)
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light. Multifunctional hydrogels are excellent candidates for application
in stimuli-responsive artificial organs and electrical devices.

Through supramolecular assembly by host–guest interactions, cyclo-
dextrin nanoparticles (CDNPs) were crosslinked by adamantane-
modified hyaluronic acid (AD-HA) to yield an injectable self-healing
hydrogel [92]. The hydrogel was formed by the supramolecular associ-
ation of the guest and host components, while the host–guest interactions
of the CDNPs allowed host sites to form in the nanoparticle interior for
drug retention (Fig. 23). The NP hydrogel locally modulated cell-specific
phenotypes and was capable of a wide range of sustained drug release.
Fig. 27. Schematic diagram of the preparation and application of the PC/GO/Met hy
(CS-DA-LAG) and (B) phenylboronic acid and benzaldehyde difunctionalized p
polydopamine-coated rGO (rGO@PDA). (D) Schematic diagram of the structure, pH
diabetic foot ulcer and athletic wound healing. (E) Representative pictures of the PC
[12]. Copyright 2022, American Chemical Society.
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4. Biomedical applications of nano-crosslinked dynamic
hydrogels

4.1. Bone regeneration

Bone defects are a common ailment in daily life. They are always
caused by severe trauma, osteonecrosis, osteochondritis, or end-stage
osteoarthritis [93]. Patients with bone injury suffer from extreme pain,
joint limitation, or movement limitation. The regeneration of bone is
particularly important [94]. However, the self-repair and
self-regeneration of bone are almost impossible to realize due to the lack
drogel. (A) Preparation of dihydrocaffeic acid and L-arginine-cografted chitosan
olyethylene glycol-co-poly (glycerol sebacic acid) (PEGS-PBA-BA) and (C)
, and glucose-responsive mechanism of the PC hydrogel and its application in
hydrogel adhesion, compression, and stretching. Reproduced with permission
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of blood vessels, lymph, or innervation of cartilage bone [95,96]. Ac-
cording to the mobility of the articulation, high-strength hydrogel scaf-
folds with self-healing properties, such as dynamic hydrogels, show
special advantages in bone regeneration. Their injectability makes them
suitable for minimally invasive treatment and irregular trauma. Their 3D
network structure similar to that of the natural ECM of normal tissue
facilitates cell migration, differentiation, and nutrient transfer to pe-
ripheral tissues [97–99]. By adding growth factors or nanomaterials with
special functions into hydrogels, the hydrogels can be introduced into the
damaged site to accelerate repair and regeneration.

Dou et al. developed adaptable and osteogenic composite colloidal
gels with high self-healing efficiency and injectability via the electro-
static assembly of Gel NPs and nanoclay particles (Fig. 24) [56]. A sinus
bone augmentation model and critical-sized cranial defect model were
designed. The results confirmed that the composite hydrogels were able
to adapt to local complexity, including irregular or customized defect
shapes and continuous on-site mechanical stimuli, and to realize
osteointegrity with the surrounding bone tissues and eventually be
replaced by newly formed bone.

Moreover, 3D bioprinting technology can be customized to person-
alize tissue-engineered scaffolds for precise and personalized treatment
[100]. Because the molecular structure of hydrogels is similar to that of
the natural ECM in living organisms, hydrogels can provide structure and
nutrients to surrounding living cells. Hydrogels can be applied as
3D-printed bioinks for bone regeneration. Zhai et al. synthesized nano-
composite hydrogels using N-acryloyl glycinamide (NAGA) and nano-
clay, which is the first report of the application of 3D-printed
high-strength hydrogel scaffolds in bone regeneration [101]. The prin-
ted hydrogel scaffold could be bent at will and could even withstand
being crushed by a car and recovered its original shape quickly, and the
structure of the scaffold was well maintained after bearing high pressure.
Furthermore, the hydrogel scaffold did not swell significantly and had
good stability after long-term immersion in PBS solution, which is
essential for the maintenance of the shape of 3D-printed hydrogel scaf-
folds after printing. In vitro and in vivo experiments showed that the
Fig. 28. (A) Structure of an injectable liposome gel at rest (left) and under shear for
well, and a given sample is added to the upper chamber. The samples are (1) DMEM
μg/mL); (4) gel of hmCþ Doxil (Dox, 400 μg/mL); (5) gel of hmCþ Doxil (Dox, 320 μg
photographs from trypan blue staining after 11 days. Reproduced with permission
references to color in this figure legend, the reader is referred to the Web version o
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active ions (e.g., Mg2þ, Si4þ, etc.) contained in the nanoclay promoted
the proliferation and differentiation of osteoblasts on the scaffold and
effectively promoted the growth of new bone tissue at the defect site or
even inside the scaffold, which provides the possibility of developing a
variety of bioinks for the 3D printing of biological scaffolds to achieve the
personalized repair of degenerated load-bearing tissues.

4.2. Wound dressing

Wound dressing is frequently used for trauma treatment. Ideally, it
should be used throughout the entire wound-healing process. Wound
repair includes the processes of hemostasis, immune reaction, anti-
inflammation, granulation generation, and vascellum formation, which
last a long time. The study of wound dressings focuses on attachment
capacity, regulation of macrophage polarization, anti-infection ability,
and acceleration of granulation and angiogenesis. Nanomaterial hydro-
gels with cell mobility, nutrient transportation, air/water permeability,
and multifunctional agents have been used in wound treatment [43,47,
87,102]. The results showed that they are the most promising wound
dressing material, even for patients with diabetes.

Ma et al. functionalized an injectable OSA/CMC hydrogel (KA
hydrogel) [102]. The hydrogel demonstrated injectability and
self-healing ability and contained keratin NPs (Ker NPs), which facilitate
epithelization capability, and nanosized EGCG covered with Ag NPs (AE
NPs), which have radical scavenging capability (Fig. 25).

Hu et al. synthesized an injectable multifunctional hydrogel (CMCS-
brZnO) by incorporating fusiform-like zinc oxide nanorods (brZnO) into
CMCS (Fig. 26) [43]. In the hydrogel, brZnO acted as not only a cross-
linker but also a nanofiller. The study showed that the hydrogels signif-
icantly promoted wound healing and reduced the inflammatory response
by controlling the sustainable release of antibacterial Zn2þ.

Diabetes is the largest chronic disease in the world and poses a serious
risk to human health. Diabetic foot wounds take longer to heal, and the
resulting chronic wounds may even lead to amputation. Some hydrogels
can be used as dressings for the treatment of diabetic foot wounds. Liang
ce (right). (B) Schematic of the experimental setup. SK-BR-3 cells are plated per
media (control); (2) solution of 13 mg/mL hmC; (3) solution of hmCþ Dox (180
/mL); and (6) gel of hmCþ Doxil (Dox, 280 μg/mL). (C) Cell viability results and
[107]. Copyright 2012, American Chemical Society. (For interpretation of the
f this article.)
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et al. developed pH/glucose dual-responsive multifunctional phenyl-
boronic acid and benzaldehyde bifunctional poly (ethylene glycol)-co-
poly (glycerol sebacic acid)/dihydrocaffeic acid and L-arginine cografted
CS (PEGS-PBA-BA/CS-DA-LAG, denoted as PC) hydrogel dressings
(Fig. 27) [12]. The hydrogel displayed self-healing properties due to its
double dynamic bonding, imine bonds, and phenylboronic ester. The
imine bond structures in the hydrogels were pH-sensitive and unstable
under acidic conditions, which led to increased drug release. The dy-
namic phenylboronic ester structure in the hydrogel was responsive to
glucose. Therefore, hydrogel dressings facilitated the repair of low-pH
and high-glucose diabetic wounds. In addition, the double dynamic co-
valent bonds conferred good self-healing properties to the hydrogel,
which allowed potential damage associated with hydrogel rupture to be
avoided and showed advantages in the repair of foot wounds. In a rat
type II diabetic foot model, PC hydrogels promoted wound healing by
reducing inflammation and enhancing angiogenesis. It was confirmed
that PC hydrogels with the addition of metformin (Met) and GO
possessed electrical conductivity and exerted hemostatic effects, which
contributed to the transmission of electrical signals in biological tissues
and promoted wound healing. In conclusion, stimuli-responsive
PC/GO/Met hydrogels have been shown to promote wound healing in
Fig. 29. Therapeutic nanoparticle erosion enables long-term modulation of the MF ph
by MF. (B) Binding sensorgrams between celastrol and CD, assessed at increasing con
uptake of unloaded (CDNP) and drug-loaded (CDNP-Cel) nanoparticles. (E) Anti-infl
Reproduced with permission [92]. Copyright 2022, Royal Society of Chemistry. (For i
to the Web version of this article.)

25
chronic athletic diabetic wounds and provide a therapeutic strategy for
the controlled release of medication for type II diabetic foot wounds.
4.3. Drug delivery

Drug delivery plays a vital role in disease treatment. During the drug
delivery process, several factors affect treatment efficiency. The hydro-
phobicity of a drug can prevent it from reaching the lesion site. The storm
release of the drug within a certain period can seriously affect treatment
efficacy and increase treatment cost by necessitating multiple adminis-
trations. The toxicity and side effects of drugs also need to be considered.
Therefore, effective drug loading, biocompatibility, and biodegradability
of drug carrier systems are necessary aspects to be evaluated. Hydrogels
are also widely used in drug delivery, especially hydrogels that utilize
liposomes [103–105]. When drugs are placed inside the liposome core
and the liposomes are contained in the hydrogel network, the drugs can
reach the specific site with ease because of the bilayer structure of the
liposome and the 3D network structure of the hydrogels, which allows
the drugs to maintain their structural and functional integrity and bio-
logical activity. In addition, the drugs can be continuously released, thus
reducing the drug dosage and toxicity to normal tissues [35,75,106].
enotype. (A) Schematic of drug-loaded CDNP release from hydrogels and uptake
centrations of celastrol. (C) Cumulative erosion of hydrogels. (D) RAW264.7 cell
ammatory activity of drug-release samples, investigated with RAW Blue™ cells.
nterpretation of the references to color in this figure legend, the reader is referred
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Additionally, crosslinking of the drug in the hydrogel network is bene-
ficial for its controllable release. Nanomaterial hydrogels with dynamic
properties are superior in drug delivery due to their injectable and
self-healing properties. They can realize local drug delivery, which de-
creases drug side effects on organs.

Lee et al. developed injectable hybrid hydrogels based on the inter-
action between hydrophobically modified chitosan (hmC) and liposomes
(Fig. 28) [107]. The hydrophobic chain segments of hmCwere embedded
in the hydrophobic interior of liposomes to form injectable hydrogels.
Dox solution and Doxil (a commercial adriamycin-encapsulated liposome
formulation) solution were mixed with hmC. Dynamic rheology tests
showed that hmC converted the liposome-containing Doxil solution into
hydrogel, while the Dox solution remained in solution. The steady-shear
rheology showed that DoxilþhmC hydrogels exhibited shear-thinning
behavior, which made them injectable, and the hydrogels could be suc-
cessfully passed through a 30G1/200 syringe needle without difficulty.
Moreover, the hydrogels rapidly recovered from shear force and achieved
a sufficiently high elastic modulus to ensure positioning at the injection
site. Cationic solutes, such as the anticancer drug adriamycin (Dox),
could be encapsulated in these liposomal hydrogels. Kinetic studies
showed that solute release from these hydrogels could last more than a
week. Thus, hmC-linked liposome hydrogels have been proven to be a
promising class of injectable biomaterials.

A shear-thinning and self-healing hydrogel was formed through the
simple mixing of host NPs (CDNPs) and a guest-modified polymer (AD-
HA) in aqueous conditions (Fig. 29) [92]. The release of celastrol-loaded
NPs from the hydrogel arrested proinflammatory signaling in MF re-
porter assays for two weeks, indicating its great potential for long-term
immune modulation.

4.4. Tumor treatment

Tumors are the most serious detriment to human health. They are
composed of a new tissue that is different from normal body tissue and
are caused by abnormal gene changes induced by multiple factors.
Treatment focuses on tumor elimination and prevention of recurrence.
During the treatment process, hydrogel materials have the best perfor-
mance. Its structural similarity to ECM makes it suitable for clinical
application due to its good biocompatibility, cell fluidity, and easy
Fig. 30. Schematic of the synthesis and antitumor property of the Bi2S3-BSA nanoc
hydrogel in situ; (B) Bi2S3–BSA nanocomposite hydrogel-based PTT agents against tum
G) H&E staining of the tumor tissues, representative tumors and tumor volumes of m
III (808 laser irradiation, 0.75 Wcm�2), Group IV (Hydrogelþ808 nm laser irradiatio
Copyright 2018, John Wiley and Sons.
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functionalization. Dynamic hydrogels with functional agents can provide
nutrients required for normal tissue and also functional groups to kill
tumor cells. The mechanisms of tumor treatment include photothermal
therapy and magnetotherapy. Dynamic hydrogels produced from nano-
materials with photothermal properties have been investigated.

Dynamic hydrogels containing Au NPs can be used for tumor therapy.
Xing et al. fabricated collagen protein hydrogels with shear-thinning and
self-healing properties through the self-assembly of biomolecules such as
peptides and proteins [46]. The hydrogel formed by the intercalation of
electrostatic complexation between inorganic anionic cluster [AuCl4]-

ions and positively charged collagen chains. During the formation of
these hydrogels, Au NPs acted as crosslinkers, not only providing flexible
and controllable mechanical properties but also acting as photothermal
agents owing to their high absorbability under laser irradiation at 635
nm. The collagen–gold hybrid hydrogel effectively suppressed tumor
growth after one intratumoral injection with laser irradiation without the
pathologic lesion of normal tissue.

Wang et al. proposed and fabricated Bi2S3–BSA nanocomposite
hydrogels with tunable networks and injectability and self-healing ability
(Fig. 30) [108]. The dynamic hydrogels were formed by the rapid for-
mation of a protein–metal ion dynamic network. The high photothermal
efficiency of the dynamic hydrogels was attributed to the formation of
metal sulfides. The strong near-infrared (NIR) absorbance of the hydro-
gels suggests their application potential as injectable photothermal
therapy agents for tumor treatment. The temperature of tumorous sites
was increased to approximately 70 �C, and the tumor tissues were seri-
ously damaged after NIR laser irradiation for 5 min, while negligible side
effects were observed.

4.5. Other applications

With studies being undertaken all over the world, great progress in
nanodynamic hydrogels has been made. It has been used in many med-
ical fields. In addition to the above applications, it has also been used for
preventing epidural adhesion after laminectomy [109], prolonging the
codelivery of vaccine components to the immune system [110], neural
repair [111], myocardial infarction treatment [112], and inhibiting
peritoneal adhesions [113].

Myocardial infarction, especially acute myocardial infarction,
omposite hydrogel: (A) Preparation of the metal sulfide-protein nanocomposite
ors; (C, D) Photothermal property of Bi2S3–BSA nanocomposite hydrogels; (E, F,
ice after different treatments: Group I PBS (control), Group II (Hydrogel), Group
n, scale bar ¼ 100 mm); (H) Body weight. Reproduced with permission [108].
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Fig. 31. Scheme of the preparation of peptide-constructed pre-EMH and SaB-PDA NPs for the intramyocardial injection of SaB-PDA/pre-EMH with an in situ TGase-
responsive crosslinking process of EMH to achieve myocardial infarction treatment. Reproduced with permission [112]. Copyright 2021, Elsevier B.V.
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severely compromises human health and even life. In addition to primary
angioplasty, thrombolysis by drug is the first-line treatment. Drug de-
livery through dynamic hydrogels has become the preferred treatment.
Chen et al. prepared SaB-PDA/EMH drug-loaded hydrogels for the local
delivery of salvianolic acid B (SaB) (Fig. 31) [112]. With the addition of
SaB-loaded polydopamine NPs (SaB-PDA) to the hydrogel, the
self-healing ability of the elastin-mimic peptide hydrogel (EMH) was
enhanced. Injectability caused by the low viscosity and biocompatibility
was also achieved. In vitro and in vivo experiments showed that intra-
myocardial hydrogel injection is a goodmethod for myocardial infarction
treatment.

The SaB-PDA/EMH hydrogel was produced with SaB-PDA and EMH.
In the gelation process, SaB-PDA provided crosslinking sites, and its
catechol groups and benzene rings were crosslinked to the EMH meshes
and fibers by hydrogen bonding and π-π stacking. The coexistence of
chemical crosslinking and physical crosslinking in the hydrogels resulted
in their excellent self-healing ability and improved mechanical proper-
ties. The elastic modulus (G0) and viscous modulus (G00) of the SaB-PDA/
EMH hydrogel increased with the action of upregulated transglutaminase
27
(TGase) in heart tissue post-myocardial infarction, while the storage
modulus, which contributes to injectability, was significantly reduced.
Due to the superior dynamic ability of the hydrogel, the release of SaB
was dramatically slow, and the SaB-PDA/EMH hydrogel showed a sus-
tained release of ~17% at 96 h at the ventricular wall. The SaB-PDA/
EMH hydrogel inhibited ventricular remodeling and accelerated angio-
genesis for myocardial infarction treatment.

5. Conclusion and outlook

As discussed above, the dynamic nature of hydrogel biomaterials
including self-healing and injectable properties can be biomimetic
designed by dynamic crosslinking interaction of nanomaterials in the
hydrogel network. As tissue scaffolds or substitutes, these ECM-like dy-
namic hydrogel biomaterials thus show potentials in field including tis-
sue engineering, drug delivery, tumor treatment and so on. As known, the
reversible interactions in traditional dynamic hydrogels enable rapid
structural recovery of damaged regions that would be beneficial in in-
jection applications, while a proper balance between mechanical

mailto:Image of Fig. 31|tif


Table 1
Nanomaterials, synthetic strategies, and biomedical applications of nano-crosslinked dynamic hydrogels.

Nanomaterials Reversible interactions Function in the hydrogel (besides as
crosslinker)

Application Reference

Metals and metallic
oxides

Au Coordination interaction Improving the mechanical properties;
Photothermal properties; Catalytic
properties

Drug delivery; Tumor treatment;
Wound healing; Cartilage
regeneration

[71–73,86]

Ag Coordination interaction Antioxidant properties and antibacterial
activity;
Multi-responsive actuating capability

Wound healing; Artificial muscle [47,84,85,102]

Fe3O4 Coordination interaction Magnetic property Tissue regeneration; Cancer
treatment;
Image monitoring

[39,48,79]

brZnO Coordination interaction Antibacterial Tissue repair [34]
MgO Coordination interaction Antibacterial Wound healing [44]

Nanoclays nSi Electrostatic interaction;
Hydrogen bond

Enhancing mechanical properties Tissue engineering; Bone
regeneration;
Drug delivery

[53,54,56,57,75,
101]

MMT Hydrogen bond Reinforce chemically cross-linked Artificial muscle [55]
Carbon-based
nanomaterials

GO/rGO Electrostatic interaction;
Hydrogen bond; π-π
stacking;
Host-guest interaction

Improving mechanical properties;
Conductivity;
Photothermal property and pH sensitivity

Drug delivery;
Wound repair

[12,33,34,59–63]
[85]

CNTs Borate ester bond;
Hydrogen bond;
Hydrophobic interactions

Electrical conductivity; Photothermal
property;
Improving mechanical properties

Wound treatment [58,88,90]

Black phosphorus BPNS π-π stacking Improving mechanical properties;
Photothermal property

Photothermal cancer therapy;
Bone tissue engineering

[66]

Polymers nanomaterials PEG-b-PLA NPs Hydrophobic interactions Improving rheological properties Drug delivery;
Inhibiting peritoneal adhesions

[69,89,110,113]

PPY Hydrogen bond Photothermal property; Electrical
conductivity;
Improving mechanical properties

Neural repair; Monitoring sensors [88,111]

PDA Hydrogen bond;
Electrostatic interaction;
π-π stacking

Adhesive property;
Photothermal effect

Tissue engineering;
Arthrodial cartilage; Artificial
skin;
Myocardial infarction treatment

[53,59,68,112]

CNC/CNF Hydrogen bond;
Imine bonds

Improving mechanical properties Artificial electronic skins;
Bone regeneration; Wound
healing

[70,71,74]

CD Host-guest interaction High drug loading capacity Drug delivery [92]
Gel Electrostatic interaction Biocompatibility and biodegradability Bone regeneration [56]

Liposomes Liposomes Imine bond Excellent biocompatibility and low
toxicity

Drug delivery [72,73,107]
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properties and recovery rates remains a great challenge. Fortunately, this
problem could be well addressed by introducing nanomaterials into
hydrogels, in particular, nanomaterials-crosslinked polymer network. In
this review, we highlighted the use of nanomaterials for fabrication of
self-healing and injectable hydrogels, and then discussed their dynamic
crosslinking mechanism and biomedical applications. The various
organic or inorganic nanomaterials, synthetic and fabrication strategies,
and their applications of nano-crosslinked dynamic hydrogels were listed
in Table 1. Conceivably, increasing nanomaterials will show promise for
dynamic nanocomposite hydrogels in medical diagnosis and therapy. We
expect further efforts will be made for not only novel nanomaterials but
also polymer network and even functional biomolecules in the future.

Despite the rapid development and vast perspective, there are still
some issues that need to be solved in the development of nano-
crosslinked dynamic hydrogels dynamic nanocomposite hydrogels,
such as, the biodegradation of hydrogels (e.g., carbon-based nano-
materials), insufficient means to form reversible interactions, and the
nanotoxicity in long-term use. In fact, current developed dynamic
nanocomposite hydrogels cannot meet the growing demand in medical
diagnosis and therapy. We speculate that new fabrication strategies
should be continuously proposed, and currently existed means should be
collaboratively applied and combined with the modification of hydrogels
with functional groups or agents. These two concerns are highly depen-
ded on the advances of chemistry and material engineering. As ECM-
mimicking material scaffolds, the trade-off between dynamic property
28
and mechanical properties of nano-crosslinked hydrogels, in particular,
during the degradation process in vivo, greatly affect the outcome of
diagnosis and therapy, thus restricting its clinic application. Therefore,
how to design the dynamic nanocomposite hydrogels with proper me-
chanical properties or tissue adaptability is still a key problem. This is not
only for the scientists working in field of nano-crosslinked hydrogels, but
also for others in traditional dynamic hydrogel design. Although nano-
crosslinking can improve the mechanical properties of hydrogels, the
potential nanotoxicity of these hydrogels may be even more harmful than
that pure nanomaterial-based drug delivery, mainly due to the longer in
vivo retention time of hydrogel scaffolds. Thus, the biocompatibility of
nano-crosslinked dynamic hydrogels should be the first concern during
biomedical applications. The authors suggest to design nanomaterials
from biogenic molecules or matrices, and combinate current biogenic
polymers (nature-derived polymers) to form dynamically crosslinked
hydrogel networks. In spite of these obvious difficulties, the development
of nano-crosslinked dynamic hydrogels has been witnessed with a great
success, they have been considered as a now promising platform for
building dynamic biomimetic devices and systems, especially with 3D
printing innovations, in biomedical fields. We anticipated that, with the
development of nano-crosslinked dynamic hydrogels and advanced bio-
technologies, their combination may synergistically bring more promise
for the design of ECM-like biomaterials with tailored physicochemical
properties and biological functions, which will greatly promote the
progress in the field of medical diagnosis and therapy.
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